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The oblique angle configuration has emerged as an invaluable tool
for the deposition of nanostructured thin films. This review
develops an up to date description of its principles, including the
atomistic mechanisms governing film growth and nanostructuration
possibilities, as well as a comprehensive description of the applica-
tions benefiting from its incorporation in actual devices. In contrast
with other reviews on the subject, the electron beam assisted evap-
oration technique is analyzed along with other methods operating at
oblique angles, including, among others, magnetron sputtering and
pulsed laser or ion beam-assisted deposition techniques. To account
for the existing differences between deposition in vacuum or in the
presence of a plasma, mechanistic simulations are critically revised,
discussing well-established paradigms such as the tangent or cosine
rules, and proposing new models that explain the growth of tilted
porous nanostructures. In the second part, we present an extensive
description of applications wherein oblique-angle-deposited thin
films are of relevance. From there, we proceed by considering the
requirements of a large number of functional devices in which these
films are currently being utilized (e.g., solar cells, Li batteries,
electrochromic glasses, biomaterials, sensors, etc.), and subsequently
describe how and why these nanostructured materials meet with

these needs.
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1. Oblique angle deposition of thin films
1.1. Introduction

Surface engineering is a technological area of high scientific and industrial interest thanks to the
wide set of applications benefitting from its contributions. In addition to classical areas such as optics,
tribology and corrosion/wear protection, where high compactness and a low porosity are important
microstructural requirements, the advent of emerging technologies requiring porous or highly struc-
tured layers has fostered the development of thin film deposition procedures aimed at enhancing
these morphological characteristics. A typical experimental approach in this regard is the use of an
oblique angle geometrical configuration during deposition. Evidence of highly porous, optically aniso-
tropic thin films grown using this technique were first reported more than a hundred years ago [1,2],
but it was not until the 1950s-1970s that focus was given to the tilted columnar microstructure of
these films and the factors controlling its development [3-9]. Following these initial steps, the last
20-25 years have witnessed the systematic application of oblique angle deposition (OAD) procedures
for the development of a large variety of devices in fields such as sensor technology, photovoltaic cells,
magnetism, optical devices, electrochemistry and catalysis; all of which require strict control over
porosity, anisotropy and/or crystallographic texture of the film. A substantial number of papers, excel-
lent reviews and books [10-20] have been published during this period, providing a well-documented
background into both, the principles and the scientific/technological impacts of this synthesis method
as well as the films it can produce. The recent publication of a book on this exciting topic [21] clearly
demonstrates the ample, ongoing interest that the scientific community has in this subject, and read-
ers are addressed to these aforementioned reviews and books to acquire an initial insight into the
main features and possibilities of the OAD of thin films.

In general, the term OAD or other widely used alternatives such as “glancing angle deposition”
(GLAD), and “ballistic deposition”, are all associated in the literature with the physical vapor
deposition (PVD) of thin films prepared by evaporation, which usually entails electron beam
(e-beam) bombardment. Since the OAD concept can be more broadly applied whenever the source
of deposition particles and the substrate surface are obliquely aligned, it is used in this review to
describe a particular geometry in the deposition reactor rather than a particular technique. The intent
here is to critically discuss the OAD of thin films from a perspective that is not restricted to
evaporation, but also considers plasma- and laser-assisted deposition methods such as the magnetron
sputtering (MS) technique, in which the presence of gas molecules may induce the scattering of
particles and alter their otherwise rectilinear trajectory. Ion beam-assisted deposition procedures,
in which a significant amount of energy is released onto the film surface by obliquely impinging
particles, are also briefly discussed. A second scope in this review is to provide an atomistic insight
into the mechanisms controlling the morphological development of OAD thin films, particularly its
porosity, the tilt orientation of the nanostructures and any preferential texture. Although different
geometrical models and empirical rules have been proposed in the last few decades to roughly
account for these features in films prepared by e-beam evaporation, and to a lesser extent by MS,
we believe that the time is ripe to discuss with better accuracy the atomic mechanistic effects
controlling the development of morphology and crystallography of OAD thin films.

Overall, the increasing interest shown by the scientific community in these films has been a direct
consequence of their unique morphology, which has fostered the development of new applications
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and devices with specific functionalities. As such, the third and final scope of this review is the
description of some of the more outstanding applications and new devices that incorporate OAD thin
films.

1.2. Structure, organization and review content

This review is organized into five sections in addition to this introduction. Targeting readers with
no previous knowledge on this subject, Section 2 presents a phenomenological description of OAD thin
films and their unique morphology, which is formed from tilted nanocolumns promoted from the
so-called “surface shadowing” effects. The outline of this section is similar to that in other published
reviews and books [10-21], thus readers may complete their understanding of the basic principles by
consulting the relevant literature on the subject.

Generally speaking, the OAD term refers to a configuration in which the material flux arrives at the
surface of a substrate at an oblique angle. The most widely used approach to achieve this is the
evaporation of material from a crucible through the impingement of electrons, although OAD thin
films prepared by resistive evaporation under vacuum have also been reported [22-26]. Starting with
this concept, Section 3 describes the different thin film processing techniques in which restrictions
imposed by the deposition method or the presence of a gas in the chamber may alter the directionality
of the particles being deposited. Here, MS [27], plasma enhanced chemical vapor deposition (PECVD)
[28], pulsed laser deposition (PLD) [29] and vacuum liquid solid deposition (VLS) [30] are all consid-
ered and subjected to specific analysis. We also briefly discuss in Section 3 the effect of interaction
momentum and energy exchange between the substrate and obliquely impinging energetic particles.
High-power impulse magnetron sputtering (HIPIMS) [31] and ion-beam-assisted deposition (IBAD)
[32] are two typical examples of these latter procedures. For the presentation of the majority of the
results, we have assumed that readers are already familiar with common material characterization
techniques such as electron microscopy and X-ray diffraction. However, some mention has been made
on less conventional methods such as grazing incidence small-angle X-ray scattering (GISAXS) [33]
and reflection high-energy electron diffraction (RHEED) [34] that have been used recently in the study
of OAD thin films, and which have contributed to deepening the understanding of their properties.
Contrary to the organization typically adopted by other reviews into OAD thin films, where basic
properties such as their porosity, nanocolumnar shape or bundling association are correlated to their
tilted nanocolumnar microstructure, we have opted to include a discussion on these features in
Section 3. The main reason for this is that mechanistic factors other than the “surface shadowing
effect” are strongly affected, not only by the preferential oblique directionality of vapor atoms, but also
by additional specific energetic interactions that are discussed for the first time in this review. The
discussion on methods other than evaporation, along with the analysis of bundling effects, adsorption
properties and texturing effects in particular are all novel aspects that have not been systematically
addressed in previous reviews on this subject.

Section 4 accounts for the main OAD features described in Sections 2 and 3 from a mechanistic
perspective, aiming to explain the atomic-scale evolution of a thin film’s microstructure during
growth by e-beam evaporation and MS at oblique angles. Here, new fundamental ideas developed
in the last years by our group are introduced, with these concepts allowing our understanding of
the OAD phenomena to move beyond classical paradigms such as the tangent rule [9], as well as
consider the film growth by methods other than evaporation. Particularly relevant in this regard is
a systematic assessment of the mechanistic aspects involved in MS depositions that are not present
in conventional e-beam evaporation.

Section 5 describes a wide set of applications in which OAD thin films are incorporated into
devices. Unlike previous reviews and books [10-21], where a systematic and thorough description
of thin film properties constitutes the backbone of the analysis, we have elected in this review to
go directly to the end use so as to critically assess the many successful cases of OAD films being
employed. This exercise has resulted in an astonishing and overwhelming number of papers
(approximately 300) being identified from the last seven-to-eight years in which a new applications
or devices where OAD thin films have been introduced. To cope with such a volume of results
and to get a comprehensive description, we have relied on just a brief analysis of the expected
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Fig. 2.1. OAD processes and SEM image of a typical OAD thin film microstructure: (a and b) definition of deposition angles from
a punctual and large area source, respectively; (c) illustration showing the effect of shadowing during the initial and subsequent
stages of deposition and the control mechanism of the tilting angle of the nanocolumns; (d) cross sectional and normal (inset)
SEM micrographs of a series of TiO, thin films e-beam deposited at zenithal angles varying from 60° (top) to 85° (bottom). Note
the change in the tilting angle of the nanocolumns when varying the deposition angle [48].

performance of such films, providing a summary of the contributions made by different authors active
in the field.

Finally, Section 6 presents a short critical evaluation of the potentiality of up-scaling the OAD
technology for industrial production. It will become apparent throughout this review that a critical
shortcoming of OAD methods is their limited capability to be homogeneously applied over large
surface areas, or to coat a large number of thin-film samples in a reproducible and efficient manner.
This final section therefore discusses some of the more recent proposals and considerations to
overcome these limitations and make the OAD methodology commercially competitive.

Although the literature selected for this review encompasses the previously mentioned papers
extending from the beginning of the twentieth century to the present, we have focussed on only those
published in the last 10-15 years; or in the case of the applications and devices discussed in Section 5,
on the literature that followed the comprehensive review of Hawkeye and Brett in 2007 [16]. We
expect that this systematization of the most recent literature on the subject, its critical analysis,
and the proposal of new paradigms in thin film growth and description of emerging applications will
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be of particular interest to researchers already active in the field and, most importantly, attract new
scientists from other areas that may be able to contribute to the development of this exciting topic.

2. Shadowing effects and film morphology
2.1. Introduction

In this section, we address the basic concepts involved in the deposition and processing of thin
films in an oblique angle configuration by developing a comprehensive survey of the already
well-established knowledge on the topic. Though we describe the fundamentals of OAD by referring
to the available literature, this knowledge can be complemented by reading some of the cited reviews
on evaporated OADs [10-21]. This description is framed within the context of classical concepts in
thin-film growth such as the Thorthon’s structure zone model (SZM) and other related approaches
[35-37]. The core concept of this section is the so-called “shadowing mechanism”, which is the main
governing process responsible for the appearance of singular nanostructures within the OAD of thin
films.

2.2. Thin film deposition at oblique angles

The deposition of thin films at low temperatures (i.e., when thermally activated mobility processes
are rather limited), while keeping the substrate in a normal geometry with respect to the evaporated
flux of material, gives rise to compact thin films. Within the classical SZM [35,36], the resulting
microstructure is recognized as being Type I, which is characterized by very thin, vertically aligned
structures and a high compactness.

When the deposition flux arrives at an oblique angle at the substrate surface, an additional variable
is introduced into the growth process that has a significant influence on the development of the film’s
microstructure and compactness. It is generally accepted that the mechanistic factor controlling the
nanostructural evolution of the films is a “shadowing effect”, which prevents the deposition of
particles in regions situated behind initially formed nuclei (i.e., shadowed regions) [9,11]. Under these
conditions, the absence of any diffusion of ad-particles means that vapor particles are incorporated at
their point of impact, a process that is usually recognized as ballistic deposition giving rise to tilted
columnar and highly porous microstructures. Different descriptions and geometrical models
accounting for these shadowing effects can be found in previous publications on the subject
[38-41]. Although most recent mechanistic models for the formation of nanocolumns will be
described in detail in Section 4, we will recall here some of the basic concepts that intuitively account
for the importance of shadowing in controlling the microstructure of an OAD thin film.

2.2.1. Geometry of the deposition processes and shadowing effects

Fig. 2.1(a) and (b) presents two ideal OAD geometrical schemes for the deposition of atoms from a
small source or from a large area, respectively. The first scenario is typical of e-beam assisted evapo-
ration, which is the most common experimental arrangement for the OAD of thin films. With the
exception of a few thermal evaporation experiments [22-26], the second situation applies exclusively
to MS and other deposition techniques that are performed in the presence of a certain gas pressure, a
situation that is of relevance to the techniques and results reviewed in Section 3. These schemes
highlight the geometrical parameters relevant to the OAD of thin films, namely the zenithal angle
of alignment between the source and the film («), the azimuthal angle (¢) and the polar angles
(6) and (0). The zenithal and azimuthal angles are well defined in e-beam assisted evaporation
experiments, as the target source can be considered located at a fixed point. In contrast, the direction
from which deposition particles can arrive from a large source can vary significantly, and so, for the
sake of convenience, the value of « is in this case defined as the angle between the direction normal
to the substrate and the center of the target.

According to Fig. 2.1(c), which illustrates the most basic notions of OAD of thin films [9-12], the
first nuclei formed during the earliest stages of deposition project a shadow behind them that
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prevents the deposition of any further evaporated material within these "shadowed” regions. As depo-
sition progresses, these nuclei induce the formation of tilted and separated nanocolumns which, as
discussed in detail later in this section and in Section 3, is a feature that creates useable properties
such as porosity, birefringence and magnetic anisotropy. This relation has been recognized in early
works dealing with OAD thin films, and since then, several attempts have been made to correlate
the tilt angle of the nanocolumns () with the zenithal evaporation angle, o (see Fig. 2.1(b)). The
so-called tangent rule (Eq. (2.1)) [6,9] and cosine rule (Eq. (2.2)) [38] have to date been the two most
popular heuristic expressions correlating the oblique angle of evaporation and the tilt angle of the
nanocolumns:

tano = 2 tan f, (2.1)
B = o — arcsin(1 — cosa)/2. (2.2)

Although other, more complicated, empirical descriptions have also been proposed [42-44],
understanding the fundamental factors controlling the tilt angle of the nanocolumns is still an open
question that requires additional considerations, as explained in Section 4. Indeed, none of the
proposed semi-empirical expressions have completely succeeded in accounting for the tilt angle of
nanocolumns, particularly in the case of depositions with high zenithal angles (i.e., when o > 60°).
Systematic studies of a large variety of metals recently carried out by Zhao et al. [40,45] have clearly
demonstrated that the tilt angle of the columns is a material-dependent property, and therefore
cannot be solely attributed to simple geometrical relationships. Based on atomistic considerations,
we propose in Section 4.2 a model to explain why the tilt angle of the nanocolumns depends on
the chemical nature of the deposited material, as well as the characteristics of the deposition reactor
itself.

From a geometrical point of view, it is obvious that the shadowing effects associated with the direc-
tionality of the incoming particles will be relaxed when they are produced from a large area source
(Fig. 2.1(b)) and/or when their directionality is randomized through scattering processes by gas
molecules [46,47], as it is typically the case in MS, PECVD and PLD techniques. Yet, even under these
conditions, a preferential direction of arrival can be preserved to some extent, thereby inducing the
growth of OAD thin films with tilted nanocolumnar structures.

The simple geometrical considerations regarding shadowing that are shown schematically in
Fig. 2.1(b) have direct experimental implications with regard to the microstructural development in
the e-beam assisted OAD of thin films (i.e., when evaporation occurs from a well-defined punctual
source). The first issue is the critical sample size at which deposition is homogeneous. For instance,
in an experimental configuration such as that depicted in Fig. 2.1(a), the zenithal deposition angle
is at a maximum on the uppermost side of the substrate, and at a minimum on its lower side.
Consequently, the sample size needs to be constrained to within few square centimeters to maintain
a well-defined geometrical configuration (i.e., a well-defined angle of incidence, o). The up-scaling of
this OAD methodology has therefore been a significant impediment to its industrial implementation,
and recent proposals in this regard will be discussed in Section 6. Vapor collimation is another impor-
tant experimental factor, which as discussed in Section 4, may significantly affect the microstructure
of the thin film. Therefore, adjusting the target to substrate distance, or using slits and other alterna-
tives, favours the effective control over the nanostructuration mechanisms of OAD thin films.

2.3. Effects of temperature and deposition rate on the morphology of OAD thin films

A basic assumption made in the previous considerations on the evolution of OAD thin film
morphologies is that growth proceeds at low temperatures, and thus thermally activated diffusive
processes on the film surface make little contribution to the nanostructuration of the film. Within
the framework of SZM [35-37], this implies a transition from Zone I to Zone T; the latter occurring
when T,/T; > 0.3 (where T is the temperature of the substrate and Ty the melting temperature of
the deposited material). In Zone T, thin films deposited with a normal configuration possess a
microstructure formed by perpendicular and compacted columnar grains that are thicker than those
produced in Zone 1. Similarly, heating the substrate during OAD produces a change in microstructure
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w100 nm

Fig. 2.2. Selected SEM micrographs of OAD sculptured TiO, thin films obtained by moving the substrate during deposition.
Cross sectional SEM images of (a) zig-zag nanocolumns obtained by back and forth azimuthal turning of the substrate [63], (b)
spiral nanocolumns obtained by continuous azimuthal rotation (i.e., dynamic OAD) [87], (c) zig-zag plus spiral nanocolumns
(author’s unpublished results), (d) nanocolumns with width modulation obtained by azimuthal rotation and back and forth
polar angle tilting [87], and (e) vertical nanocolumns obtained by rapid azimuthal rotation at two different rates [65].

due to an increase in the mobility of ad-particles [49]. One way of rationalizing these nanostructural
changes is to assume that dominance of shadowing in controlling the film growth is partially reduced
by the diffusion of ad-particles from their point of impact to otherwise inaccessible “shadowed”
regions. Deposition rate also plays an important role in controlling surface diffusion and atom
relocation, as the rapid arrival of new particles could bury and/or interfere with particles diffussing
onto the substrate or thin film surface. It stands to reason that high temperatures and low deposition
rates would allow ad-particles to diffuse over greater lengths, with the opposite tendency being
expected at low temperatures and high deposition rates. This should be accompanied respectively
by either a decrease or increase in the nanocolumn tilt angle (), which was confirmed by Nakhodkin
and Shaldervan [50] for a large variety of materials. Nevertheless, in a systematic investigation of the
OAD of magnetic metals and alloys (Co, Ni, Fe), Hara et al. [51-56] showed that although the
aforementioned relation between temperature and deposition rate was generally maintained, other
effects besides diffusion must be involved to explain unexpected deviations in the growth tendencies
and the appearance of more complex morphological patterns. For a large variety of metals and
oxides deposited by DC magnetron sputtering, Deniz et al. [49] determined the nanostructuration
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Select sculptured thin films prepared by changing the geometry of deposition.
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TiO, Dye sensitized solar cells [63,64]
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TiO,/Mg F, Optical anisotropy [82]
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TiO, Narrow band pass optical filters [84]
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Si Rugote filters [87]
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No defined shape YSZ2 Thermal barrier coatings [89-91]
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temperature threshold 0r = T;/T;, above which ad-atom surface diffusion becomes dominant over
surface shadowing, thereby preventing the formation of a typical OAD nanocolumnar morphology.
For metals, this temperature threshold has been tentatively established at around 0.33Tf, while for
oxides the value is approximately 0.5T;.

Variation in the morphology of OAD thin films with deposition conditions was thoroughly explored
by Abelmann and Lodder [11] by considering that changes in temperature, deposition rate and the
extent of surface contamination by adsorbed impurities may have a significant influence on the tilt
angle of nanocolumns, as well as on other morphological characteristics such as their bundling
association. According to these authors, the diffusion of ad-particles in either a random manner, or
with specific directionality resulting from momentum exchange between the deposition particles
and the thin film surface, can be affected by all these factors. In Section 4, we will come back to the
importance of momentum exchange and other mechanisms in determining the morphology of OAD
thin films. Similarly, the bundling association of nanocolumns, a morphological feature generally
overlooked in the most recent literature on the subject, will be treated specifically in Sections 3.6.2
and 4.2.2.

In addition to the tilt angle, the shape and size of the OAD thin film nanocolumns can be altered by
changing the temperature and deposition rate. Although a quantitative evaluation of these changes is
not yet available, various works have addressed this problem and studied the morphological changes
and other nanostructures [57-59] induced as a function of temperature. For example, using a simple
nucleation model, Zhou et al [41] proposed that the evolution of the nanocolumn growth depends on
the diameter of the nuclei formed during the initial stages of deposition. That is, if larger nuclei are
formed at high temperatures and/or they possess a low melting point, then thicker nanocolumns will
develop during OAD. A thickening of nanocolumns and a decrease in their tilt angle has been clearly
observed in different materials by Vick et al. [60] and Tait et al. [38], who attributed these effects to an
enhanced diffusion of ad-particles during growth. However, in light of other results [11,53], it is
evident that the general use of these diffusion arguments to predict OAD thin film morphologies needs
to be critically discussed.

2.4. Sculptured thin films

A quick overview of the literature on OAD thin films reveals that the concept sculptured films is used
for both, the simple, tilted OAD morphologies hitherto discussed, as well as other more complex thin
film microstructures in which the orientation and/or width of the nanocolumns adopt a singular form
(e.g., oblique matchsticks, chevrons, multiple zigzags, S’s, C’s, helices and even superhelices) in
response to moving the substrate during deposition [61]. Interest in these sculptured thin films is
driven not only by scientific curiosity, but also because of the many potential applications that such
nanostructures might have [16-18]. Different sculptured thin films can be obtained by changing either
alternatively or simultaneously the zenithal («), azimuthal (¢) and/or polar (6) angle (c.f., Fig. 2.1
(a) and (b)) to alter the incoming direction of the deposition flux during growth. As demonstrated
by Monte Carlo simulation analyses [62], shadowing effects can be regarded as the main factor in
determining the large variety of nanocolumnar morphologies that can be achieved by moving the sub-
strate around its different axes along a predefined pattern. For illustrative purposes, Fig. 2.2 provides
some selected SEM micrographs of TiO, thin films that depict some of the different morphologies that
can be obtained by tilting and/or rotating the substrate during the deposition. Much work in this area
has been carried out by Brett et al. [16,17], who along with other authors [63-92], have systematically
employed different substrate movements to tailor the morphology of sculptured thin films.

To illustrate the possibilities that can be offered by such films, Table 2.1 gathers together a
selection of sculptured thin films and schematically describes their morphology, the substrate motion
responsible for their formation, the type of material, and any related properties and/or target applica-
tions. Note that rotating the substrate around the azimuthal axis (¢) in Fig. 2.1(a)) while maintaining a
constant zenithal angle («) provides a single degree of freedom to control the film nanostructure in
what is sometimes referred to as “dynamic” OAD. In this way, singular shapes such as zig-zags, helixes
or spirals, or vertical nanocolumns can be obtained by controlling the rate, direction, etc. of the
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Fig. 2.3. OAD of thin films on patterned substrates. (a) Schematic showing the effect of patterned features on shadowing effects.
Depending on the height, h, the distance between the patterned features, d, and their geometrical arrangement on the
substrate, different zones are selectively covered by the deposited material while others remain inaccessible to the particle flux.
SEM micrographs of different OAD layers on different patterned substrates, (b) Ta deposited on a substrate covered with packed
nanospheres (nanosphere lithography deposition) [112], (c) hexagonal arrays of W deposited over two time periods on an Al
lattice template produced by anodization [102], (d) hexagonal arrays of Ge deposited over increasing periods of time on a
patterned gold substrate [105], and (e) Si nanostructures OAD deposited on a nanoimprinted substrate with periodic stepped
and flat surfaces [106].

movement. For example, a zig-zag microstructure is obtained by tilting the substrate back and forth by
180° over set periods of time, while helical or spiral structures are obtained by slowly and continu-
ously rotating the substrate around the azimuthal angle. If the speed of rotation around ¢ is
sufficiently high, then a vertical nanocolumn is obtained due to an averaging of the incoming flux
angle during growth; the areal density and width of the nanocolumn being determined in this case
by the rotation rate. The control of this morphological quantity, therefore, represents a very simple
method of tuning the density and other macroscopic properties of thin films. In addition, S-type
microstructures can be obtained by combining a tilt movement with a rapid azimuthal rotation
during deposition. Similarly, tilting around the polar angle 0 (Fig. 2.1(a)) for a given period of time,
while simultaneously rotating the substrate around the azimuthal angle ¢, has been used to fine tune
the density and refraction index of thin films.

Besides azimuthal rotation at a constant zenithal (o) angle commonly used to average the growth
process and obtain perpendicular nanocolumns, tangential or flipping rotation of the sample substrate
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Fig. 2.4. Simultaneous OA co-deposition of Si and Ta from two sources onto a patterned substrate. (a) Schematic of the
deposition process. (b and c¢) Normal and cross sectional micrographs of the nanostructures obtained. The resulting features
appear well separated because the substrate is not flat, but instead presents a patterned structure to maximize the shadowing
effect [111].

(see the last rows in Table 2.1) has been proposed by some authors as a way to fabricate low density
films [89-92]. Even if such movements do not produce “sculptured microstructures” in the strict sense
of a well-defined and shaped nanostructure, we consider them here because they may represent an
interesting approach to up-scaling the OAD process (see Section 6).

Other sample rotations and/or movements include the so-called PhiSweep, wherein the substrate is
rotated back and forth around ¢, and left for controlled periods of time at each of these angular posi-
tions [93]. Meanwhile, with swing tilting rotation, the substrate is smoothly rotated back-and-forth
along its azimuth within an angular range of A¢, which is called the swing angle. These methods have
also been used to obtain 3D nanostructures on substrates with previously deposited seed patterns
[94,95] (see Section 2.5).

2.5. OAD on nanostructured substrates

Another way to control the surface shadowing effect so as to achieve specific morphologies and
layer properties is to carry out deposition using substrates with a well-controlled surface topography.
The idea of modifying the nanostructure of a film using a pre-deposited template is quite simple: it
exploits the shadow effect by utilizing features already present on the surface. This artificially gener-
ated shadowing mechanism is illustrated schematically in Fig. 2.3(a), where it is considered that no
deposition may take place behind an obstacle. The key point, therefore, is to control the shadow cast
by a series of patterned hillocks, protrusions or other well-defined features on the surface. Some
model calculations have been proposed to determine the dimensions of these features in ordered
arrays, their relative arrangement in the plane and the distances between them so as to effectively
control the shadowing effect and ultimately obtain new artificially designed nanostructures [96].

The simplest version of OAD on a template uses a rough substrate surface; the elongated mounds or
facets promoting the accumulation of deposited material onto the most prominent features, while at
the same time preventing the arrival of vapor flux at the shadowed regions [97]. Expanding on this
simple approach, the use of substrates with a well-defined lithographic pattern opens up a range of
new and unexpected possibilities for the nano-structuring of OAD thin films. To this end, patterned
substrates consisting of well-ordered nano-structured array patterns or seed layers have been
prepared through a variety of lithographic methods, laser writing, embossing or other top-down
fabrication methods [24,87,98-109]. Among these, the use of colloidal lithography (i.e., OAD on a
substrate pre-coated with packed nanospheres of different materials) has gained much popularity
over the last few years thanks largely to its simplicity [110-113]. With the aid of selected examples,
Fig. 2.3 illustrates the possibilities that these approaches provide for the tailored growth of all-new
supported nanostructures.

Other options for controlling the thin film morphology arise when the deposition onto a template
pattern is combined with the controlled movement of the substrate. For example, S-shaped 3D
photonic structures used as polarizers (c.f. Table 2.1) have been fabricated by Phisweep or
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swing rotation of substrates with a pre-deposited template structure [93,94]. At present, this use of
templates in the OAD of thin films has transcended pure scientific interest, and is now developed
for advanced technological applications. For example, mass-produced metal wire grid polarizers are
being fabricated via the OAD deposition of antireflection FeSi and SiO, layers on previously deposited
aluminum columnar arrays [87,114,115]. Other emerging applications in biomedical areas
[107,116,110,117], or for controlling the wetting properties of substrates [102,118], also rely on the
use of patterned surfaces rather than the direct OAD of thin films (see Section 5.5).

2.6. Evaporation from two sources

In most of the deposition techniques discussed thus far the evaporated material originates from a
single target source, and thus the chemical composition of the film produced is homogeneous. An
alternative methodology for the OAD of thin films relies on the use of two sources positioned at
oblique polar (5) angles to the substrate at an equal or different zenithal («) angle (Fig. 2.1(a)) in what
has been named glancing angle co-deposition (GLADCO) by some authors [119]. Typically, such a
configuration of evaporation sources produces nanocolumns with an inhomogeneous composition
when operated at constant evaporation rates. This inhomogeneous growth was critically evaluated
by Van Kranenburg et al. [10], who also studied the development of bundling associations between
nanocolumns in a direction perpendicular to the flux. This type of inhomogeneous growth process
was also studied theoretically by means of MC models [120], and more recently by statistical models
[45].

In the search for new functionalities and properties, different authors have used these two
aforementioned approaches to tailor the composition and distribution of components in a growing
nanostructure. Simultaneous or alternant evaporations have been used along with control over the
relative evaporation rate of each source to tailor the morphology and composition of OAD thin films.
A survey of the different possibilities offered by this technique was recently undertaken by He et al.
[19], who described new options such as controlling the nanocolumn composition along its length
or diameter, or incorporating nanoparticles into either single or more complex nanostructures by
simply moving the substrate. These principles have been applied by various authors to prepare later-
ally inhomogeneous nanocolumns [111,113,121,122], or to fabricate alloy or multicomponent
nanocolumnar films [123-129].

The combination of the template approach discussed in the previous section and evaporation from
two sources opens the possibility of simultaneously controlling both, the microstructure (i.e.
thickness, orientation, etc.) and the lateral composition of the nanocolumns. Fig. 2.4 gives an example
where OAD has been carried out using two sources on a substrate with packed nanospheres to
produce thick nanocolumns with a laterally inhomogeneous chemical composition. Yet despite these
advances, the possibilities offered by this method to further control the nanocolumnar morphology
and other properties of the films remain largely unexplored. This was made clear in a recent work
by He et al. [125], which demonstrated the possibility of enhancing the porosity of Si-Cu and SiO,-
Cu nanocolumnar arrays through the selective removal of copper with a scavenger chemical solution.

3. Alternative processes, and the microstructure and crystallographic structure of OAD thin films

It is likely considered that e-beam, and to a lesser extent thermal evaporation, have been the most
widely utilized methods for the OAD of thin films. This has certainly been true regarding the effective
control of the geometry of the nanofeatures through shadowing effects (e.g., the growth of sculptured
thin films); however, there are other alternatives that make use of the OAD geometrical configuration
to develop new microstructures, textures and general properties in films. In these other methods,
several physical mechanisms, including the thermal diffusion of ad-particles discussed in the previous
section, can affect the deposition process and the efficiency of shadowing mechanisms.

An interesting effect is the relocation of deposited particles through liquid-solid preferential
agglomeration at sufficiently high temperatures, which constitutes the basis of the so-called vacuum
liquid solid (VLS) method [30]. Another possibility is to alter the direction of the deposition particles
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Fig. 3.1. Side (left two panels) and top (right two panels) SEM images of Mo nanorods grown by OAD on a stationary substrate
at incidence angles of: (a and g) 0°, (b and h) 30°, (c and i) 45°, (d and j) 60°, (e and k) 75° and (f and 1) 85°. The white arrow in
each image shows the incident flux direction. Note that the scale bars in the figures vary due to the difference in thickness [151].

by introducing a gas to scatter them during their flight from the source to the substrate, thereby
inducing a certain randomization in their trajectories [46,130]. Such a situation is encountered
when deposition is carried out by MS, PLD and PECVD, among others. Total or partial randomiza-
tion of the particle trajectory leads to a softening of the geometrical constraints imposed by a pure
“line of sight” configuration, and in doing so causes the microstructure of the films to deviate from
the hitherto discussed typical morphological patterns. In the presence of a gas, not only is the
geometry of the deposition process critical to controlling the film microstructure, but also
the mean free path of the deposition particles. Consequently, in order to retain at least some of
the features typical of OAD growth, particularly the tilt orientation of the nanocolumns and a high
porosity, it is essential that the deposition particles arrive at the film surface along a preferential
direction, thereby allowing shadowing mechanisms to take over the nanostructural development of
the films.

3.1. Vapor-liquid-solid deposition

The vapor-liquid-solid (VLS) technique was first proposed by Wagner and Ellis [131] as a suitable
method for the fabrication of supported nanowires. It is a high temperature procedure, in which liquid
droplets of a deposited material act as a catalyst to dissolve material from the vapor phase, which then
diffuses up to the liquid solid interface and precipitates as a nanowire or nanowhisker. Typical VLS
growth therefore proceeds through two transition steps, vapor-to-liquid and liquid-to-solid, making
it vital to maintain the substrate temperature at a critical value capable of enabling these diffusion
processes. The combination of VLS with OAD has proven very useful in tailoring nanostructures with
very different shapes (nanowires, nanotrees, other branched structures, etc.). For example, by keeping
the substrate at typical VLS growth temperatures, crystalline Ge nanowhiskers with a nanostructure
determined by the angle of material flux have been obtained [132]. Fancy ITO (indium tin oxide)
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Fig. 3.2. SEM images of nanostructured columnar thin films fabricated by plasma and laser methods. (a) Carbon nanorods
obtained by PLD with the plum in a glancing configuration with respect to the substrate [173]. (b) Zig-zag Ag@ZnO nanowires
prepared by PECVD using a glancing configuration for the precursor flow relative to the substrate, as shown schematically in the
center of the figure [187].

2D-branched nanostructures have also been fabricated by combining VLS and OAD while azimuthally
rotating the substrate [133-137]. In this case, liquid indium-tin alloy droplets act as both the catalyst
and the initial nuclei for branch formation. This means that the final branched structure can be
controlled by rotating the substrate or varying the zenithal angle according to a predefined pattern
to adjust the shadowing effect created during the arrival of vapor flux (see Section 5.1) [134,135].

3.2. Magnetron sputtering

In the MS technique, a flux of sputtered atoms or molecules is produced by the bombardment of
plasma ions onto an electrically biased target. The sputtered atoms are then deposited onto a
substrate, which is usually placed in a normal configuration with respect to the flux direction and
therefore parallel to the target [27]. Owing to its high efficiency, reliability and scalability, this
technique is widely used industrially [138].

The MS technique has been also used in OAD configurations by placing the substrate at an oblique
angle with respect to the direction normal to the target (see Fig. 2.1(b)). Despite the complexity of the
mechanisms involved (see Section 4), no systematic correlations have yet been established between
the deposition parameters (e.g., gas pressure, electromagnetic power of the magnetron, pulse regime,
target-substrate distance, deposition angle, etc.) and the resulting thin film microstructure. Besides
the existence of particle scattering events, another significant difference with respect to the e-beam
evaporation is the large size of the material source (see Fig. 2.1(b)). In Section 4, we will discuss some
of the mechanistic effects that may induce changes in the microstructure of MS-OAD films.

While e-beam evaporation has been used for the deposition of a large variety of materials, includ-
ing amorphous and crystalline semiconductors [80,86,106,139,140], metals [29,141-146], oxides
[48,79,89,147-149] and even molecular materials [71,103,150], MS has been the most widely used
method for the deposition of metals and oxides when control over the crystalline structure and/or
surface roughness is an issue.

Within the scheme of SZMs [35-37], MS deposition results in films that grow in Zone T over an
ample range of pressures and temperatures. Moreover, new physical effects that can affect the
microstructure and crystallographic structure of the films can occur under OAD conditions. Never-
theless, the growth of separate nanocolumnar structures tilted usually in the direction defined by
“shadowing” mechanisms can be considered a characteristic feature of MS-OAD films. Fig. 3.1
shows a series of nanostructured Mo thin films deposited by MS at oblique angles, wherein the
tilt angle of the nanocolumns and their separation clearly increases with the zenithal angle of
deposition, « [151]. There are numerous examples of nanostructured thin films (mainly oxides,
nitrides and metals) in the literature on MS-OAD [68,69,151-172]; but in general, the quantifica-
tion of the nanocolumn tilt angle and film porosity is not as straightforward with MS as it is with
e-beam deposition. To approach conditions existing during vacuum evaporation and promote tilted
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nanocolumnar growth, MS deposition at low pressures and/or at short target-substrate distances
[60] has been proposed as a way of reducing gas-particle scattering effects. In a recent work on
gold deposition by MS, we studied the influence of gas pressure and substrate inclination on the
nanocolumnar development and porosity of films [172]. Through this, we identified a continuous
microstructural variation with pressure and tilt angle of the substrate from compact to porous
films, the latter being formed by tilted nanocolumns or continuous layers with elongated pores
extending along the deposition direction. The mechanistic factors controlling this evolution have
been rationalized within an extended structure zone model scheme that will be discussed in detail
in Section 4 (see Section 4.3.4).

Additional movement of the substrate, typically in the form of azimuthal rotation (i.e., dynamic
OAD), has also been used during MS-OAD to create modified thin-film microstructures. In general,
the effects obtained by incorporating this additional degree of freedom are similar to those reported
for the evaporation technique, except the microstructure may now progressively evolve from sepa-
rated nanocolumnar nanostructures to homogeneous porous layers by increasing the gas pressure
or target-substrate distance [68,151,170-172].

MS in OAD geometries has emerged as a powerful tool to tailor the crystallographic texture of films
along both out- and in-plane directions; i.e., it makes it possible to obtain layers in which individual
crystallites are aligned along preferential crystallographic directions perpendicular to the substrate
and/or parallel to the substrate plane. Crystallization is very common in metals, even when deposition
takes place at room temperature, and can occur in oxides if the substrate temperature is high enough.
Thus, crystallization can be promoted by increasing the energy and momentum given to the surface
via ion bombardment [11,157]. A more detailed description of the texturization effects in OAD thin
films will be presented in Section 3.7.

3.3. Pulsed laser deposition

In the PLD technique, a laser beam impinging onto a target ablates its uppermost layers that
form a plasma plume with numerous energetic particles. This plume is directed toward a substrate,
where the ablated material is deposited in the form of a thin film [29]. Remarkably, a key feature
in this technique is the conservation of the target stoichiometry when employing multicomponent
targets. Moreover, in general conditions, the highly energetic character of the species in the plume
promotes that thin films usually grow compact, although nanocolumnar and porous thin films can
be grown by intentionally introducing typical OAD geometries [173-178]. Much like the OAD of
thin films prepared by evaporation or MS, the main purpose in most cases is the effective control
of texture alignment so as to obtain a columnar microstructure and/or porous layers. For example,
in cobalt ferrite oxide thin films, preferential orientation along the [11 1] crystal direction and
compressive strain tunable as a function of film thickness can be obtained by PL-OAD, whereas
almost strain-free and random polycrystalline layers are produced when using normal-incidence
PLD under the same conditions [177]. Nanocolumnar mixed oxide thin films, including YBa,Cu30,
[179] and LagSro3MnOs [180], have been prepared by PL-OAD to take advantage of the preserva-
tion of the target stoichiometry. Thin films with simple composition, enhanced porosity and con-
trolled microstructure have also been deposited by PL-OAD, for instance to grow porous
nanocolumnar ZnO thin films [175,176] by controlling both, the zenithal and azimuthal angles
of deposition. Similarly, porous carbon thin films consisting of perpendicular nanocolumns [173]
(see Fig. 3.2(a)) or more complex zig-zag morphologies [174] were obtained through azimuthal
rotation of the substrate to an oblique angle configuration. In all these cases, even though the
plasma plume was full of highly energetic neutral and charged species, shadowing effects are still
of relevance during deposition, promoting the formation of an open film microstructure. This
means that parameters such as the temperature of the plume species (related to the power and
other characteristics of the laser pulses), the distance between the target and substrate, the pres-
sure in the deposition chamber and the effective width/length of the plume need to be carefully
controlled to effectively tailor the final morphology of a film.
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3.4. Plasma-assisted deposition

Plasma-assisted deposition, usually called plasma enhanced chemical vapor deposition (PECVD), is a
typical thin film fabrication technique employed to homogeneously coat large-area substrates that is
only rarely used for the preparation of layers with singular nanostructures [27,181]. In this process, a
volatile-metal precursor is dosed in a reactive plasma chamber, where it decomposes to deposit a thin
film, releasing volatile compounds (e.g., CO,, H,0, etc.) that are evacuated together with the gaseous
reaction medium. Depending on the plasma characteristics, thin films of metal, oxide, nitride, oxini-
tride or other compounds can be obtained. By definition, this procedure requires a certain plasma
gas pressure to operate, a feature that seems to preclude the intervention of shadowing effects asso-
ciated with the preferential arrival of deposition particles travelling in a particular direction. It should
be noted, however, that this does not exclude nanostructuration due to shadowing effects of randomly
directed species [46]. However, mechanisms inducing certain preferential directionality of deposition
species have been incorporated in plasma-assisted deposition by making use of particular effects. The
best known example of this is the preparation at elevated temperatures of supported carbon
nanotubes (CNTs) and other related nanostructures (e.g., graphene) [182-185]. The growth of CNTs
is catalytically driven by the effect of metal nanoparticles that are initially deposited on the substrate,
and which remain on the CNT tips during growth. During this process, it is assumed that the electric
field lines within the plasma sheath are perpendicular to the surface (a common feature of plasma-
conductive wall interactions), which is a decisive factor in the vertical alignment of the CNTs
[182,183]. As previously reported [185], tilted CNT orientations can be achieved by applying an
intense external electric field at an oblique angle to the substrate and introducing a precursor gas
parallel to it, which is believed to induce the preferential arrival of charged species along the
externally imposed electric field.

In the so-called remote PECVD processes, where the plasma source is outside the deposition zone,
the preferential direction of arrival of precursor species moving from the dispenser toward the
vacuum outlet has been used to fabricate metal-oxide composite layers consisting of well-separated
vertical and tilted nanocolumns, as well as other types of branched nanostructures [186-188]. An
example of such a nanostructure is depicted in Fig. 3.2(b), which shows a series of zig-zag Ag@ZnO
nanorods created by the plasma deposition of ZnO on substrates with deposited silver nanoparticles.
Note that in this experiment, the substrates were tilted to impose a preferential direction of arrival to
the precursor molecules. In addition to this geometrical OAD arrangement, plasma sheath effects and
the high mobility and reactivity of silver under the action of an oxygen plasma seem critical factors in
forming a nanocolumnar microstructure while inhibiting the growth of a compact film that would be
expected with conventional PECVD [189].

The possibilities offered by the combination of different plasma types and OAD to tailor the
microstructure of thin films and supported nanostructures are practically unexplored, and therefore
very much open to new methodological possibilities. A good example of work in this direction is that
of Choukourov et al. [190], in which tilted nanocolumnar structures of Ti-C nanocomposites were
fabricated by adding hexane to the plasma during the MS-OAD deposition of Ti, altering the
composition of the film and its microstructure. A significant number of other interesting examples
of the newly coined term “plasma nanotechnology” can be also be found in recent literature on the
subject [191].

3.5. OAD of thin films under the impingement of energetic species

In the previous section, it was indicated that in addition to deposition species, other neutral or
ionized particles generated in the plasma may interact with the film during its growth, particularly
in the case of PECVD, MS and PLD. That is, both the deposition particles and plasma species tend to
exchange their energy and momentum with the substrate surface. In early models dealing with the
analysis of OAD thin films prepared by evaporation, the influence of particle momentum on the
evolution of the film’s microstructure was explicitly considered [11], but its effectiveness in control-
ling the microstructure was not always clear due to the small amount of momentum exchanged in
most OAD processes. For instance, in thermal or electron beam evaporation processes, the energy of
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Fig. 3.3. GISAXS and SEM analysis of tilted nanostructures prepared by OAD. (Left) Ni-C composite films prepared by fully
ionized vacuum arc and OAD under different conditions, from top to bottom, with a decreasing proportion of Ni and changing
from 15 to 30 V of bias voltage during deposition [206]. (Right) OAD TiO, thin films prepared by evaporation at zenithal angles
ranging from 60° to 85° from top to bottom [48]. For the two families of films, the GISAXS spectra are asymmetric and display
well-defined maxima associated with the correlation distances existing in the system. In the OAD evaporated thin films, the
GISAXS patterns present two maxima (see the amplified pattern at the right for an example) that have been tentatively
associated with two correlation distances, one in the buffer layer (see the magnified SEM image at the right) and another
between the well-developed nanocolumns. The red arrows in the SEM micrographs indicate the flux direction. Note that the
tilting orientation of the nanostructures with respect to the flow direction is opposite for the evaporated and vacuum arc OAD
thin films.

the deposition particles is only in the order of 0.2-0.3 eV, and so its influence on the development of a
specific thin-film microstructure and/or crystalline structure can usually be neglected. Yet, in conven-
tional PECVD or MS, the kinetic energy of some species can reach much higher values in the order of a
few tens of eV due to ions impinging onto the growing surface, although the overall amount of energy
exchanged per deposited species usually stays low enough to not induce any appreciable change in the
film nanostructure. This situation changes, however, when the energetic interactions are increased
beyond a certain level [36]. In this section, we will address situations in which the arrival of deposition
material at the substrate is accompanied by a massive transfer of energy and momentum carried by
either the deposition particles themselves, or by rare gas ions and other molecules present in the
system. The pronounced transfer of energy and momentum to a surface along an oblique orientation
creates significant changes in the microstructure and other characteristics of thin films. Thus, even
if the supplied energy contributes to a higher compactness by increasing the mobility of
ad-particles [31,184], the film nanostructure may still keep some of the typical characteristics of an
OAD film such as morphological asymmetry (i.e., the appearance of a tilted pattern) or a preferentially
oriented crystallographic texture. Although a detailed description of the mechanisms involved is far
beyond the scope of the present review (readers are instead referred to more specific books or reviews
on this subject [32,192,193]), we will provide here some clues for the OAD of thin films prepared by
high-power impulse magnetron sputtering (HIPIMS) [31] and ion-assisted deposition (IAD) [32].

3.5.1. High-power impulse magnetron sputtering
This deposition method operates under extremely high power densities in the order of some
kW cm™2, with short pulses (impulses) of tens of microseconds and a low duty cycle (on/off time ratio
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<10%). Under these conditions, there is a high degree of ionization of sputtered material and a high
rate of molecular gas dissociation. The impingement of these charged species and their incorporation
onto the growing film also likely contribute to its densification [31], which is the most valuable feature
of HIPIMS from an application point of view. Another advantage of this technique is the fact that it
offers less line-of-sight restrictions than conventional MS, thus ensuring that small surface features,
holes and inhomogeneities are well coated. The combination of high densification, homogenization
and conformity are linked to the high energy and momentum of obliquely directed neutral particles
and the perpendicular incidence of plasma ions produced in the HIPIMS discharge.! This peculiar
transport behavior results in a variation in the flux, energy and composition of the species impinging
on the substrate as the deposition angle is changed. Specifically, the ion to neutral ratio is generally
higher and the average ion energy lower when substrates are placed perpendicular (i.e.,, in a OAD
configuration) to the target than instead of classic parallel configuration [194]. The composition of the
deposited films is also modified at oblique angles due to the angular distribution of the neutral species,
the ejection of which tends to be favored along the target normal direction. This combination of effects
has been utilized in controlling the composition and microstructure of ternary Ti-Si-C films [195], an
example of the so-called MAX phases [196] that are characterized by their attractive combination of
metallic and ceramic properties.

Although the influence of the deposition angle in combination with other deposition parameters on
the microstructure and texture of HIPIMS-deposited thin films has not been systematically investi-
gated, differences between conventional MS and HIPIMS have been observed in the deposition of
Cu and Cr films [197,198]. That is, with these two metals, it has been found that the tilt angle of
the nanocolumns is lower in HIPIMS-OAD than in conventional MS-OAD. For copper films grown at
room temperature, the tilt angle is independent of the vapor flux’s degree of ionization, whereas with
Cr at elevated temperatures it is affected by ionization. These differences, as well as the changes
induced in the crystallographic texture of the films, have been accounted for by a phenomenological
model that incorporates atomic shadowing effects during the early nucleation steps [197,198].

3.5.2. Ion-assisted deposition

Ion-beam-assisted deposition is a classic method for producing highly compact thin films through
the simultaneous impingement of deposition particles and energetic ions [32]. This term encompasses
a large variety of procedures, which vary depending on how the deposition species and ions are
produced or the ion energy range. Herein, we will comment only on the effect of low energy ions;
i.e., with typical energies in the order of some hundreds of eV or lower. In the first possible scenario
under these conditions, thin film growth initially occurs through the aggregation of neutral species,
being assisted by ions stemming from an independent source. For the sake of convenience, we shall
refer to this as ion-assisted OAD (IA-OAD) [199-204]. In the second case, a thin film is formed by
the impingement of a highly or completely ionized flux of deposition species arriving at the substrate
along an oblique direction. We will refer to this experimental arrangement ion-beam OAD (IB-OAD)
[205,206].

A straightforward application of the IA-OAD method concerns the control of the crystalline texture
of the deposited films [199,204]; i.e., the variation of the crystallographic planes of the crystallites
with respect to the substrate by changing the impingement angle of the ions. Moreover, as neutral
species are produced in IA-OAD by e-beam evaporation, this has been proposed as a method capable
of also controlling the film morphology (i.e., the tilt angle of the nanocolumns, areal density, etc.), and
possibly also the birefringence of the films [201,202,207-209]. Indeed, it has been demonstrated that
the tilt angle of the nanocolumnar structures can be increased in a large set of oxides and fluoride
materials [201], and their areal density generally decreased, when the growing films are bombarded
with neutralized ions with a kinetic energy of 390 eV. An enhanced surface diffusion of ad-particles
due to heating and/or momentum transfer from the accelerated species and/or sputtered particles
have been suggested as possible reasons for these morphological variations. However, the large
number of parameters involved in these experiments and the factors affecting the physical processes

! Plasma ions generally follow the lines of electric field in a plasma.
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involved (e.g., the effects of sputtering efficiency [203] and relocation phenomena on the angle of
incidence and energy of the impinging ions [210]) have so far prevented any predictive description
of tendencies.

The IB-OAD processes, wherein the majority of deposition species are ionized and impinge along a
well-defined off-normal angle with respect to the substrate, has not yet been extensively studied. A
nice example of the nanostructuration that can be achieved in the vacuum arc deposition of Ni and
C, given in Fig. 3.3(a) [206], shows a selection of cross-sectional electron micrographs and GISAXS
(glancing incidence small angle X-ray scattering) patterns of this type of thin films. The red arrow indi-
cates the impingement direction of the ionized atoms which, in this experiment, had energies ranging
between 20 and 40 eV. These micrographs show that the films are compact and formed from tilted
layers or lamellas containing C and Ni. They also show that a decrease in the tilt angle of the layers
and a widening of their periodic structure occur when the Ni content and ion energy are increased.
These results suggest that, on average, the ion-induced atomic mobilization in the growing film is not
random, but instead proceeds preferentially along the direction of momentum of the impinging ions.
The importance of momentum and energy transfer is further highlighted by the opposite tilting orien-
tation of the Ni and C lamellas with respect to that of the nanocolumns whenever they grow as a result
of surface shadowing mechanisms; e.g., by e-beam or MS OAD. This figure also shows other GISAXS
characteristics [211] for tilted nanocolumnar films prepared by e-beam OAD. Although this character-
ization technique has not yet been extensively used to study OAD thin films, it has been used recently
to obtain information regarding the tilting orientation of the nanostructures and the correlation
distances from the asymmetry and position of maxima in the GISAXS patterns [33,171,206].

3.6. Microstructure of OAD thin films

In the previous section, we implicitly assumed that the development of tilted and/or sculptured
nanostructures is the most typical morphological characteristic of OAD thin films. In this section
though, we develop a more detailed discussion of other relevant microstructural features such as
roughness, porosity or preferential association of the nanocolumns (a phenomenon usually referred
to as bundling); features that grant OAD films some of the unique properties required for a large
variety of applications. A discussion on the development of specific crystallographic textures will also
be presented later in this section. Although most of these characteristics stem from shadowing
mechanisms, the contribution of energetic interactions or other random deposition processes outlined
previously will also be taken into account as part of this analysis.

3.6.1. Surface roughness and nanocolumn width

The termination of the nanocolumnar features at the surface of a film generates a peculiar
topography that is characterized by a high surface roughness. Surface analysis of OAD evaporated thin
films by atomic force microscopy (AFM) reveals that the RMS surface roughness increases with the
deposition angle (o) and thickness of the films [70,212,213]. This tendency stems from the general
finding that the diameter of the nanocolumns increases with their length in a competitive process,
wherein the growth of some nanocolumns prevails against that of others; a situation that is shown
schematically in Fig. 2.1(c). Depending on film thickness and deposition angle, typical RMS roughness
values ranging from 2-3 to 15 nm have been reported for OAD thin films prepared by e-beam
evaporation [70,212,213].

The progressive widening of individual nanocolumns with film thickness has been systematically
analyzed within the context of the dynamic scaling theory of surface growth [214,215]. This concep-
tual framework analyzes the evolution of surface patterns and roughness with deposition time (i.e.,
with thin-film thickness) to give a scaling law of: w; ~ t?, where w; is the RMS roughness and p the
so-called growth exponent, a parameter whose value depends on the dominant mechanisms govern-
ing the film growth. This association between surface roughness and the width of column termina-
tions has prompted many authors to check for the existence of a similar power law correlating

nanocolumn width and height; i.e., w ~ d”, where w is the width of the nanocolumn at a certain
length, d, with respect to the substrate, and p’ is the growth/scaling exponent [22,23,109,216-221].



A. Barranco et al./Progress in Materials Science 76 (2016) 59-153 79

The validity of this relation has been proven for many metals and oxides, which paved the way for
different mechanistic studies of OAD thin film growth. Interesting morphological features, such as a
correlation in lengths between nanocolumns or an increase in nanocolumnar diameter, have been
related to the scaling parameter [219]. Furthermore, the influence of temperature on the power law
has also been recently examined along with the relations between the exponent values and the
growth process [220].

A simple power law description of nanocolumn width evolution with film thickness cannot hold
true when shadowing is not the prevalent mechanistic factor of growth, as is the case in MS-OAD
and other deposition processes discussed in Section 3.5. Thus, crystallization and growth in Zones II
or T of SZM clearly preclude any description of the growth mechanism according to simple rational
schemes based on dynamic scaling concepts [161]. For example, thin film crystallinity may signifi-
cantly alter the dependence of roughness on thickness when facetted growth of nanocrystals suddenly
occurs. An example of such a sudden modification in surface roughness in relation to crystallinity was
reported by Deniz et al. [171] in AIN MS-OAD thin films, where a sharp increase in RMS roughness was
found when a given nitrogen concentration was added in the plasma gas.

3.6.2. Correlation distance and bundling association

An initial assessment of the nanocolumnar arrangement in OAD thin films might suggest the
absence of any clear organization and a random distribution of nanocolumns within the film. How-
ever, some experimental evidence by AFM and SEM analysis of the surface and morphology of thin
films directly contradict this simple view [48,219-222]. For example, in the case of evaporated OAD
thin films, it has been found that well-defined correlation lengths and intercolumnar distances emerge
depending on the deposition conditions. What is more important, these can be formally described
with a power law scaling approach [219]. Similarly, through SEM analysis of the surface of a series
of OAD thin films, Krause et al. [222] identified repetitive correlation distances between surface voids
separating the nanocolumns that were dependent on the deposition parameters. Using AFM, Mukher-
jee et al. [220] were also able to determine the period of surface roughness features in different OAD
thin film materials, and correlated the values obtained with specific growth exponents.

To confirm the existence of correlations between nanocolumns in the interior of films, not just at
their surface, we have previously used a bulk technique such as GISAXS [33]. With this method, it is
possible to determine both the tilting orientation of the nanocolumns and the correlation distances
among them. Fig. 3.3 shows a series of GISAXS patterns corresponding to TiO, thin films that were
prepared by e-beam OAD at different zenithal angles. We see from this that while the asymmetric
shape of the patterns clearly sustains a tilted orientation of the nanocolumns, the position of the
maxima in each pattern provides a rather accurate indication of the correlation distances existing
in the system [33,48]. It is also interesting that these patterns depict two well-defined maxima,
suggesting the existence of a common correlation distance of about 14 nm in all the films, as well
as a second much longer correlation distance parameter that progressively increases from 30 to
200 nm with increasing film thickness and deposition angle. We tentatively attributed the smaller
of these correlation distances to the repetitive arrangement of small nanocolumns/nuclei in the initial
buffer layer formed during the first stages of deposition, with the larger of the two being attributed to
the large nanocolumns that develop during film growth. Owing to the bulk penetration of X-rays the
values obtained were averaged along the whole thickness of the film, the progressive increase
observed with thicker films confirming that the nanocolumn width extends from the interface to
the film surface.

In early studies of evaporated OAD thin-film materials [10,11,54,56], it was soon recognized
that nanocolumns can associate in the form of bundles; i.e., laterally connected groupings of
nanocolumns arranged in a direction perpendicular to the vapor flux. This bundling association has
since been reported in a large variety of OAD thin films prepared by either evaporation or MS
[143-145,223-226], and though development of this microstructural arrangement has been mainly
reported for metal thin films [10,11,54,56,144,145,223,224], it has also been utilized as a template
structure with oxides to develop new composite thin films (see for example [225] and [226]). Surpris-
ingly, aside from some detailed discussions in early reviews [10], this bundling phenomenon has not
attracted much attention in recent investigations on OAD thin films. In the present review, we therefore
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highlight its importance and refer the reader to Section 4, where we present a critical discussion of the
growth mechanisms contributing to the development of this microstructural arrangement.

3.6.3. Porosity and adsorption properties

For many applications such as sensors, electrochemistry, catalysis, electrochromism, and
antireflective layers, the porous character of an OAD thin film is a key feature in device fabrication
(see Section 5). Here, two related concepts need to be taken into account: porosity and effective
surface area. The former refers to the actual empty volume that exists within the films, whereas the
latter represents the effective area created by the internal surface of these pores that makes possible
the interaction with a medium through adsorption. Note that some pores might be occluded, in which
case their internal area would not affect the adsorption properties of the films.

Porosity can be assessed in an indirect way by determining the optical constants of thin films, and
then deriving the fraction of empty space by means of the effective medium theory [227]. However, as
this approach requires relatively complex optical models based on “a-priori” assumptions regarding
layer/pore structure and connectivity, its results can only be regarded as approximate at best.

A close relation seems to exist between porosity and the growth mechanisms and conditions. For
example, the porosity of a Cu OAD thin film is qualitatively related to its deposition rate and the
wetting ability of copper on a silicon substrate, in such a way that the initially formed nuclei control
the posterior evolution of the thin film’s microstructure and therefore also the final porosity of the film
[143]. Modeling the OAD thin film microstructure and growth by Monte Carlo (MC) simulation and
other numerical methods has been carried out to better understand the evolution of porosity as a
function of the deposition angle [93,228], with Suzuki et al. [62] deducing that evaporated OAD thin
films should present a maximum surface area at an evaporation angle of 70°. Interestingly,
experiments exploring different adsorptions from the liquid phase have confirmed a maximum
surface adsorption capacity at this “magic deposition angle” [63,229-231].

As these past approaches have relied on indirect measurements, calculations or qualitative assess-
ments of porosity or surface area, they have obvious limitations concerning the determination of the
true value of pore volume, internal surface area or pore size distribution. The traditional method of
analyzing porosity in a powder involves determining the specific surface area through the so-called
BET (Brunauer, Emmett and Teller) [232] method, in which the amount of N, or other gas/vapor
that is adsorbed at its condensation temperature onto the internal surface of open pores is quantified
[233]. By assuming a certain effective area for each molecule in the first adsorbed monolayer, it is
possible to determine from the amount of adsorbed gas both, the porosity and effective surface area.
The extrapolation of this procedure, however, is not straightforward in the case of OAD thin films
because of the relatively small amount of material available in the micron-thick or less layers, which
hampers the application of conventional BET instruments. To circumvent this limitation, modified
adsorption techniques based on the classical BET method have been developed. One of these is a
modified volumetric method based on Kr adsorption and a special set up, which was used by Krause
et al. [222] to determine the pore volume and pore size distribution of TiO, and SiO5 thin films. In this
particular case, the pore volume ratios were found to vary from 20% to 50% depending on the type of
material and the deposition geometry. This same method was also used to characterize the porosity of
[A-OAD thin films [202], showing that porosity and surface area decrease due to the ion-induced
mobilization of ad-particles. We have also developed a volumetric method using a quartz crystal
monitor to measure the adsorption of water by the pores in a film [234,235], with which we assessed
the porosity of TiO, and SiO, OAD thin films [48,63]. Analysis of the measured water adsorption
isotherms revealed that the overall OAD film porosity is made up of both meso- and micro-pores
(according to IUPAC, these terms are applied to pores with throats bigger and smaller than 2 nm,
respectively [233]), giving a total porosity of 50-60% relative to the total film volume depending on
the thickness and evaporation angle. The partition between micro and mesopores also changed with
film thickness and evaporation angle, with approximate volume percentages of 30-50% meso pores to
15-20% micro pores. Thus, as an initial approximation, the meso-pore volume can be related to the
intercolumnar space. This is clearly evident in SEM micrographs of OAD thin films, such as those given
Figs. 2.1 and 2.2. Assessment of micro-pores is less straightforward, as these must be distributed
within the interior of the nanocolumns. Nevertheless, the pore size distribution and surface area of
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Table 3.1
Crystalline properties of OAD thin films of different elements and compounds.
Material Deposition Crystallinity features Ref.
technique
Al Evaporation  Highly textured (111) films [250]
Si Evaporation  Crystallization suppressed for o > 40° [106]
Co Evaporation  No preferential orientation [25,141]
Cu MS Tilted (111) orientation for relatively thick films [251]
Evaporation ~ No preferential orientation [26,144]
Evaporation  Evolution from a (111) to (200) texture upon azimuthal rotation  [26,144]
HIPIMS Highly textured (111) films [197]
Cr HIPIMS Highly textured (110) films, tendency to biaxial orientation [197]
MS (110) to (200) texture change depending on process conditions [252]
MS Highly textured (110) films. Zig-zag films [67-70,164]
Fe (Fe/Pd bilayers) Evaporation Highly textured (110) layers [253]
Fe Evaporation  Texture highly dependent on substrate temperature [53-56]

Evaporation  (111) textured films. Development of biaxial films with substrate  [146]
controlled movement

Evaporation ~ Change in preferential texturing from (100) to (111) with pressure. [53-56,224]
Correlation between (100) and (111) textures with bundling

association
Co Evaporation {0001} crystal habits correlated with bundling association [223]
Ni MS Evolution of preferential texture with temperature from (110) to  [254]
(111) in the growing direction
Hf IBAD (110), (002) or (100) preferred orientations depending on [204]
impingement angle and ion to atom ratio
Ag IBAD (111) and (200) preferred orientations depending on the ion [200]
impingement angle
w MS (100) texture by controlled substrate rotation and some biaxial [152]
orientation
MS Phase evolution with deposition angle [218]
Ru MS {101 0} preferential texturing by OAD and substrate rotation [156,221,255]
MS Different textures developed depending on tilt angle and substrate [256]
rotation
Co-Cu IBAD Change of crystalline structure from hcp to fcc by ion beam [199]
irradiation
Co-Cr Evaporation  c-axis oriented along the nanocolumn axis [257]
and MS
Cd-Te Evaporation  Change from cubic to hexagonal structure depending on zenithal [139]
angle
AIN MS Sudden development of a preferential (0002) orientation along the [171]
nanocolumn axis with the concentration of N, in the plasma gas
MS Variation of c-axis (0002) orientation with geometry and other [165]
parameters
CrN MS Preferential formation of (001) films on single crystal MgO (001)  [258]
Fe,03 Evaporation  Textured (110) films, effect of temperature [149]
RuO, MS Crystalline films upon heating [49]
Sn0O, MS Crystalline films upon heating [49]
ITO VLS Nanotrees made of single crystals. Biaxial orientation [136]
ZnO MS Highly textured (002) films. Partial loss of preferential [169]
texturing with the deposition angle and oxygen in the plasma gas
Zn0 (M) MS Loss of (002) preferential texturing with pressure and magnetron  [168]
power
MS (002) texturing with substrate rotation [148]
Co-ferrite PLD Highly textured (111) films [177]
YSZ* MS (100) textured films. Change of zenithal angle by rotation [89]
Evaporation  Change from (111) to other textures upon substrate rotation to [90,91]

modify the zenithal angle

2 Yttria stabilized zirconia thin films obtained by rotating the substrate to change the zenithal angle, as reported in the last
row of Table 2.1.
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different oxides has been determined by Flaherty et al. [231] using a similar adsorption system con-
sisting of a quartz crystal monitor and different vapors condensed at room temperature. This con-
firmed that the maximum internal surface area per unit volume occurs when « = 75°.

An important consequence of the high porosity of OAD thin films of an oxide or other transparent
dielectric material is that depending on the environment [227], their optical constants vary in
response to the condensation of water in their pores. Thus, unless they are encapsulated, this effect
precludes their straightforward incorporation into real-world optical devices [48]. Surprisingly, this
effect has been generally overlooked in many works regarding the use of OAD thin films as an
antireflective coating or multilayer in solar cells or other related environmental applications
[236-238]. On the other hand, the development of humidity sensors takes advantage of this very
change in the optical constants of OAD films and multilayers due to the adsorption of water vapor
from the atmosphere [78].

Porosity, surface area and chemical adsorption capacity are not homologous concepts. This idea,
which is inherent to the field of adsorbents and catalysts, is not common when dealing with OAD thin
film devices as only very few works have specifically addressed this issue. Some time ago, Dohnalek
et al. [239] made use of a temperature programmed desorption (TPD) technique, very well known
in catalysis [240] to study adsorption processes on flat surfaces [241], to examine the adsorption
capacity of OAD MgO thin films. They experimentally determined that the fraction of active adsorption
sites in these thin films was higher than that of films prepared at normal geometry, and that the dis-
tribution of sites with different adsorption binding energies changed with deposition temperature.
Unfortunately, no systematic studies involving adsorption processes from the gas phase, together with
the subsequent desorption mechanism, have been pursued thereafter.

In the liquid phase of a photonic sensor incorporating dye molecules in transparent OAD thin films
(see Section 5.4), we have observed that the pH of the medium greatly modifies the adsorption
capacity of cationic or anionic organic molecules from the rhodamine and porphirine families
[229,230,242-248]. To account for this pH dependent behavior, we have used the classical zero point
of charge concept (zpc), which is widely used in colloidal chemistry [249]. According to this, the
surface of colloidal oxides becomes either positively or negatively charged depending on whether
the surrounding liquid has a pH that is lower or higher than the zpc of the investigated material. Thus,
by simply adjusting the pH of the solution and the concentration of dissolved molecules, it is possible
to control the amount of molecules adsorbed in the OAD thin film or selectively favor the adsorption of
one type of molecule over another. Pre-irradiation of the films with UV light to modify their surface
properties has been also utilized to control the type and amount of molecules adsorbed from a liquid
medium [242]. In the course of these studies, it was also demonstrated that the adsorption equilib-
rium of tetravalent porphyrin cations in a OAD TiO, thin film follows a Langmuir-type isotherm, while
the adsorption kinetics adjust to an Elovich model [244]. Undoubtedly, these preliminary studies are
insufficient to reach a sound general conclusion, but a tight collaboration between thin film material
scientists and colloidal chemists should help to deepen our understanding of the adsorption properties
of OAD thin films.

3.7. Texture and crystalline structure of OAD thin films

Crystalline and porous OAD thin films prepared by evaporation are needed for many different
applications (e.g., catalysis, photo-catalysis, sensors, etc.) in which a combination of porosity and a
well-controlled crystalline structure is essential. Most oxides deposited by e-beam evaporation at
room temperature are usually amorphous, but both metals and ceramics become crystalline when
their deposition is carried out at sufficiently high temperatures. Furthermore, the crystallization of
metals, oxides and other dielectrics deposited in OAD geometries is promoted when using MS, PLD
or other techniques that involve the exchange of energy and momentum with the growing film. In
most cases, in addition to being crystalline, these thin films present a well-defined texture; i.e., a
preferential orientation of the crystallographic planes of their individual crystallites. Both out- and
in-plane (i.e. biaxial) preferential orientation may occur in these thin films depending on the deposi-
tion conditions. In the case of the former, the crystallites exhibit a preferential orientation with a given
crystallographic axis perpendicular to the surface, whereas the other unit cell axes are randomly



Fig. 3.4. (Right) RHEED surface pole figures of MS-OAD Mo thin films deposited using different zenithal angles: (a) 0°, (b) 45°,
(c) 60°, (e) 75°, (f) 85°. The indices for the diffraction poles are labeled in (c) and (f). (Left) Schematic representation of the
crystal coordinate (vectors a, b and ¢) and substrate coordinate (vectors X, y and z) systems. Dashed arrows show the flux
direction. Panels (h) to (1) represent the different preferential orientations of the BCC crystallites for the previous polar plots. At
60°, 75°, and 85° the intensity of the poles becomes displaced and more localized, indicating a change from a (110)[110] to a
well-defined (11 1)1 1 2] biaxial texture. This implies that the orientation of the cubic crystallites experiences a clockwise
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rotation of 90° when going from (i) to (j) (i.e., vector c is rotated toward the plane of the page [151]).

Table 3.2
Summary of biaxially aligned OAD thin films.
Material Deposition Crystallinity features Biaxial texture?® Ref.
technique
Mg Evaporation [0001] direction moves toward the vapor (1010)[0001] [23,24,34]
flux when varying the deposition angle
Ge Evaporation Evolution with temperature from polycrystalline to  (001)[110] [140]
(230-400°C) biaxially oriented. Epitaxial effects
Cr MS Texturing increases with film thickness (100)[110] [161,166]
Mo MS Change of biaxial orientation with deposition angle (110110 o=45° [151]
(111)[1120] o=60°
Mo MS flipping Different morphologies possible. Continuous (110)110] [92]
rotation of variation of o during deposition
substrate
w MS flipping Different morphologies possible. Continuous (100)[110] [152,153]
rotation of variation of o
substrate
MgO MS Bundling association of crystallites (111)[100] [166,167]
TiN MS Dependence of biaxial orientation on experimental  (111)[100] [159,161]
parameters
YSZ MS Dependence of biaxial orientation on experimental (oo1)[111] [159-
parameters. Out of plane orientation changes to 161]
(111) when increasing the oxygen amount in the
system
TiAIN MS Biaxial alignment by tilting the substrate. Texturing (200)[111] [154,155]

decreases with temperature

2 Texturing is represented according to the following convention: parenthesis indicate the family of planes growing parallel
to the substrate (out-of-plane direction) and brackets the direction of facets defining the crystallite habits (which generally

grow toward the incoming flux of material).
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oriented. With the latter, however, individual crystals possess a similar orientation along the direction
perpendicular to the plane and parallel to the surface plane. This second situation is similar to that of a
single crystal, with the difference being that OAD polycrystalline thin films instead consist of small
crystallites with similar orientation. The development of preferential orientations during the OAD of
thin films has been the subject of an excellent discussion by Mahieu et al. [160,161], who studied
the out-of-plane texturing mechanisms of MS deposited thin films within the context of the extended
SZM. According to their description, preferential out-of-plane oriented films are obtained in Zones T
and II of SZM when sufficiently high ad-particle mobility leads to a preferential faceting of crystallites
along either planes with the lowest growing rate (Zone T) or highest thermodynamic stability (Zone
I). As a result, the films become textured with the fastest growth direction perpendicular to the
surface. In addition to this out-of-plane orientation mechanism, the growth of biaxial thin films by
OAD is favored by the preferential biased diffusion [11] of ad-particles when they arrive at the film
surface according to their direction. Obviously, this situation can be controlled by adjusting the orien-
tation of the substrate with respect to the target, in which case this preferential diffusion can be used
to ensure grain growth in the direction of the most favorable faceted crystal habit facing the incoming
flux of material. From a mechanistic point of view, both the mobility of ad-particles during growth and
the angular distribution of the incoming material flux are critical for the effective growth of biaxially
aligned thin films; the particles mobility favoring biaxial alignment and their angular spread con-
tributing to its randomization. Consequently, parameters such as pressure, target-substrate distance,
deposition angle, film thickness, bias potential of the substrate, temperature and the presence of
impurities may play an important role in determining the degree of biaxial orientation.

This strong dependence that the crystalline structure of OAD thin films has on the experimental
parameters means that although some trends in texture can be predicted [11,161], significant devia-
tions associated with the use of different deposition conditions and/or techniques (e.g., conventional
MS, pulsed MS, HIPIMS, temperature of substrate, bias, etc.) should be expected. A selection of
crystalline OAD thin films is presented in Table 3.1 to highlight the specific features of their crystal-
lographic structure. This gathered data broadly confirms that crystallization occurs when thin films
are grown within Zone T and II of the SZM; i.e., in evaporated films prepared at high temperatures,
or by using MS or other techniques that involve ion bombardment during deposition (e.g., IA-OAD).

Biaxially oriented thin films are of the utmost interest for many applications, for example the
synthesis of oriented high-temperature thin-film superconductors [259], magnetic-oriented systems
[260], coatings for mechanical applications [261], or controlling the heat transport properties of a
surface [262]. To determine the texture of such films, particularly their biaxial orientation, polar
X-ray diffraction analyses and, more recently, reflection high-energy electron diffraction electron
diffraction (RHEED) techniques [34,263] are typically employed. With the first of these methods the
retrieved information that stems from the bulk of the film, whereas in the second, it comes from
the outermost surface layers. As an example of the possibilities of this latter technique, Fig. 3.4 shows
selected RHEED pole diagrams illustrating the evolution of biaxial texturing during the MS-OAD of Mo
(the morphology of the same film is shown in Fig. 3.1) [151]. It is apparent from this figure that the
pole diagrams change with deposition angle, revealing the development of a (11 0)[1 10] biaxial
texture when o > 30° (note that Mo has a cubic structure), in which the [110] axis is oriented along
the out-of-plane perpendicular direction and the [110] axis is along an in-plane direction. The
sharpening of the pole patterns for oo = 45°, and the appearance of new poles for o > 60°, sustain
the development of a new texture when the deposition angle increases. The representation on the
right-hand side of this figure describes the nature of these textural changes, while additional
explanations are provided in the figure caption.

Table 3.2 summarizes some select examples of biaxial thin films prepared by OAD. Most of these
were prepared by MS, though the two metals prepared by evaporation have either a low melting point
(e.g., Mg) or are the product of thermally activated synthesis. This confirms the need to identify
experimental conditions that favor the controlled diffusion of ad-particles during film growth to
ensure effective control over the texture of the thin film. Another point worth noting from this table
is the possibility of changing the facet termination of the individual crystallites by changing the
deposition angle (e.g., Mg, Mo), and the fact that the selection of specific OAD conditions is generally
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critical to the development of a given biaxial orientation. In some cases, the clear prevalence of a given
orientation confirms the importance of the energetic factors related to the development of a given
crystallite facet for the control of texture. Thus, epitaxial effects (e.g., Ge) and the influence of
substrate roughness or film thickness in effectively controlling the texture confirm that mechanistic
conditions mediating ad-particle diffusion are quite important to controlling the biaxial orientation.
The bundling association of crystallites (e.g., MgO) is another interesting feature present in some
biaxially OAD thin films.

4. New concepts for process-control in oblique angle depositions: simulations and experiments

In this section we deal with the fundamentals of OAD by discussing them from an atomistic point
of view. Rather than a critical enumeration of previously reported models, we have focused this
discussion on a set of new concepts that provide an updated conceptual framework for understanding
the growth process by e-beam evaporation and MS at oblique angles. For a better assessment, these
concepts have been explained using classical models which, using mainly geometrical considerations,
have been previously proposed to describe the basic growth mechanisms of this type of films. In this
regard, numerous works and review papers have already dealt with both, the phenomenology and key
theoretical issues involved in the OAD of thin films by different deposition techniques [10,11,14,264].
The terms ‘simulations’ and ‘experiments’, which were intentionally included in the title of this
section, underline the importance of a combined approach when dealing with complex atomistic
phenomena such as those involved in the OAD of thin films. From a fundamental perspective, a key
model in this section is the SZM that was already mentioned in Sections 2 and 3 [35-37,142]. Despite
its phenomenological basis, it provides valuable information on the competition between surface
shadowing mechanisms and thermally activated diffusion, which is useful for introducing simplified
assumptions in growth models under various conditions [265].

This section is organized into two well differentiated parts. In the first of these we address the
problem of e-beam evaporation and consider the deposition of particles through a purely ballistic
model; i.e., we assume that there is no significant scattering of particles in the gaseous phase during
their flight from the source to substrate, and that the shadowing mechanism is the predominant
nanostructuration process. In the second we explicitly address MS deposition, in which scattering
interactions in the gaseous/plasma phase are considered so as to understand how they may affect
the microstructure of the film.

4.1. Methods to model the shadowing-dominated growth of thin films

When dominated by surface shadowing mechanisms, the aggregation of vapor particles onto a sur-
face is a complex, non-local phenomenon. In the literature, there have been many attempts to analyze
the growth mechanism by means of pure geometrical considerations; i.e., by assuming that vapor par-
ticles arrive at the film surface along a single angular direction [38,41]. Continuum approaches, which
are based on the fact that the geometrical features of the film (i.e., the nanocolumns) are much larger
than the typical size of an atom [42,266,267], have been also explored. For instance, Poxson et al. [228]
developed an analytic model that takes into account geometrical factors as well as surface diffusion.
This model accurately predicted the porosity and deposition rate of thin films using a single input
parameter related to the cross-sectional area of the nanocolumns, the volume of material and the
thickness of the film. Moreover, in Ref. [39], an analytical semi-empirical model was presented to
quantitatively describe the aggregation of columnar structures by means of a single parameter dubbed
the fan angle. This material-dependent quantity can be experimentally obtained by performing depo-
sition at normal incidence on an imprinted groove seeded substrate, and then measuring the increase
in column diameter with film thickness. This model was tested under various conditions [40], which
returned good results and an accurate prediction of the relation between the incident angle of the
deposition flux and the tilt angle of the columns for several materials.

Semi-empirical or analytical approaches have provided relevant information regarding film
nanostructuration mechanisms; however, molecular dynamics (MD) [14] and MC [62,120,268]
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Fig. 4.1. First stages of growth during the OAD of thin films. (a) Individual vapor species arrive at random locations on the
surface with a given tilt angle. (b) Deposited particles accumulate within certain regions in the form of grains of material that
then cast shadows over other surface zones where vapor species cannot be deposited. (c) Taller surface features are more likely
to grow, initiating a competitive growth process in which the taller a feature is the larger its shadow, thus forming tilted
columnar structures.

methods have provided further insights into the growth dynamics from atomistic and fundamental
points of view. The MD approach considers the incorporation of single species onto a film one by
one, describing in detail the trajectory of each particle by means of effective particle-surface interac-
tion potentials. Unfortunately, given the computational power presently available, this procedure only
allows simulations over time scales in the order of microseconds, even with hyperdynamic techniques
[269]. Since real experiments usually involve periods of minutes or even longer, this constraint
represents a clear disadvantage when comparing simulations to experimental data. In this way,
two-dimensional MD simulations carried out [270] with the intent of investigating the role of sub-
strate temperature, the kinetic energy of deposition particles and the angle of incidence on the film
morphology predicts that increasing substrate temperature and incident kinetic energy should inhibit
the formation of voids within the film and promote the formation of a smooth and dense surface.
Moreover, it was also found that increasing angles of incidence promote the appearance of tilted,
aligned voids that ultimately result in the development of columnar nanostructures. In contrast to
MD techniques, MC models approach the problem from a different perspective by allowing the
analysis over longer time and space scales. In this case, MD simulations are employed to describe
the efficiency of different single-atom processes using probabilities, which are then subsequently
put together. Although this strategy accelerates by some orders of magnitude the simulation time,
except in the case of athermal processes [212]), ad-atom diffusion must be excluded from the
calculations to obtain a realistic simulation of the growth of a thick thin film. This means that MC
simulations of the deposition process are suitable to conditions within Zone I of the SZM, which is
where the preparation of the majority of evaporated OAD thin films takes place. Nevertheless, since
thermal activation may also be involved in thin film growth [11,60,271], and may have certain
influence on the nanostructural evolution of the films, this activation has been explicitly considered
in some MC simulations of up to a few hundred monolayers of material. For example, a three-
dimensional atomistic simulation of film deposition [272], which included the relevant thermally
activated processes, was developed to explain the growth of an aluminum thin film onto trenches.
In another work, Yang et al. [273] employed a two-step simulation wherein arriving species are first
placed at the landing location point, with a kinetic MC then describing their subsequent diffusion.
Want and Clancy [274] included the dependence of atom sticking probabilities on temperature to
describe the deposition process, whereas Karabacak et al. [22] considered the ad-atom thermally
activated mobility by introducing a fixed number of ad-atom diffusion jumps onto the surface follow-
ing deposition.

When only surface shadowing is considered in the simulations, a classical MC model with cubic
geometry proceeds in the following way: punctual deposition species are thrown onto a two-
dimensional substrate that defines the x-y coordinate plane, with the z-axis being defined by the
direction perpendicular to it. The three-dimensional space is then divided into a N; x N; x Ny grid,
in which cells are assigned a value of 1 if they contain a deposited species, or are otherwise given a
value of 0. A cell with a typical size in the order of the distance between atoms in the material repre-
sents a species in the network. From an initial random position above the film, each deposition particle
is thrown toward the substrate following a direction defined by the spherical angles ¢’ and ¢’, where
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Fig. 4.2. (a) Definition of the A and II planes. (b) Angular broadening of the deposition flux indicating that vapor species arrive
at the surface following a Gaussian incident angle distribution function with a mean value of o and a dispersion angle of a. (c)
Top view of a simulated thin film, in which it is assumed that vapor species start moving from a random location and approach
the surface along a single direction defined by « = 80°. This simulated surface shows no trace of 3D nanocolumns, even though
the cross-sectional view indicates the presence of 2D tilted features. The formation of 3D nanocolumns is inhibited because
each slice of material in the IT plane is independent. (d-f) Same as (c), but with o set to (d) 1°, (e) 5° or (f) 10°.

(b)

¢ €0, m/2) is the polar angle of incidence (¢' = 0 is the direction normal to the substrate) and
@' € [0, 2m) is the azimuthal angle. By assuming periodic boundary conditions for the system, particle
movement proceeds along a straight line until it hits the surface at a given location, where it then
sticks (ballistic approach). For each deposition particle, the angles ¢' and ¢’ are randomly calculated
by defining an incident angle distribution function per unit time and unit surface, I(2), where
dQ =sin¢ d0'de’ and represents a differential solid angle.

The procedure hitherto described represents a very simple approach to simulating thin film growth
under general conditions, a quite complex process in which other mechanisms may be also present. A
brief summary of these additional issues are:

e Incoming vapor species may interact with the surface and not follow a straight trajectory, thus
other processes resulting from the proximity of the vapor species to the surface should be intro-
duced. As will be described later in this section (Section 4.2.1), this is straightforwardly connected
to so-called surface trapping mechanisms.

o Although most OAD films analyzed had been synthesized under conditions pertaining to Zone I of
the SZM model, thermally activated processes may also influence the film nanostructure to some
extent [11].

e Vapor species arriving at a landing location may carry enough energy to move or induce additional
displacements in the material’s network. As we will see later, this is relevant in MS depositions
where the vapor species may possess hyperthermal energies.

e When the plasma interacts with the film, there are numerous energetic species that may affect the
film nanostructuration; e.g., plasma ions or neutral species in excited states [275,276].

e High growth temperatures may promote the crystallization of the film and the appearance of sur-
face potentials that favor atomic displacements along preferential directions/planes of the network.

The full analysis of these processes is an active research area, and the study of their combined effect
on the film nanostructuration is an open field of investigation. In the following sections we discuss
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Fig. 4.3. (a) Illustration of the surface trapping mechanism, which unlike typical ballistic models where vapor species follow
straight trajectories, introduces the possibility that trajectories may bend within an effective shadowing region. (b) Cross
sectional views of simulated films for different values of ¢ and s, [282]. (c) Representation of the lateral sticking process implicit
in the trapping mechanism. (d) Simulated and SEM top views of different thin films. Simulations were made with the software
package STRONG [281].

some of the previous mechanisms by considering the results of some fundamental experiments car-
ried out under simplified conditions to highlight the influence of a particular process.

4.2. Evaporation at oblique angles under ballistic conditions

From a conceptual point of view, the sublimation of a given material in a vacuum reactor, and the
subsequent condensation of gaseous species on a solid surface, is a simpler problem than those
encountered in PECVD or reactive MS techniques, where a strong interaction between deposition
and plasma species may occur during the travel of the former from the material source to the
substrate (some specific interactions involved during the MS-OAD of thin films will be addressed in
Section 4.3). As mentioned in previous sections, a general picture of the OAD growth at low temper-
atures only considers a purely ballistic approach; i.e., vapor species arrive at the film surface along
straight, oblique trajectories and remain at the landing location, giving rise to a tilted columnar nanos-
tructure [277]. Fig. 4.1(a)-(c) schematically describes the first stages of growth that are believed to
occur during the oblique arrival of ad-atoms. In the first stage (Fig. 4.1(a)), individual vapor species
arrive at random locations on the surface along a tilted direction, which is defined by the angle o.
In the second stage (Fig. 4.1(b)), the deposited particles accumulate within certain regions in the form
of grains, which then cast “shadows” behind them, preventing other particles from depositing.
Through this shadowing effect, taller surface features are more likely to grow through the incorpora-
tion of new particles, whereas regions lower in height will scarcely develop due to the “shadow” cast
by the former (see Fig. 4.1(c)). This selective growth of taller surface features introduces a competitive
process whereby the taller a feature, the larger its shadow, which ultimately results in the formation
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Fig. 4.4. Results of the surface trapping model for different values of s; and o, together with experimental data for different
materials. Trends predicted by the tangent rule (Eq. (2.1)) and cosine rule (Eq. (2.2)) are also depicted [280].

of tilted columnar structures [43,278,279]. Karabacak et al. [217] introduced the so-called shadowing
length to describe nanocolumnar growth: a parameter that plays a similar role as the diffusion length
during the conventional development of island growth morphologies. As we will see later in this
section, the shadowing length concept has been extended to three-dimensional growth by introducing
a shadowing region and, more recently, an effective shadowing region.

In general, the low kinetic energy of a vapor species that lands on the surface (the energy of
evaporated atoms is around 0.2 eV) ensures that no kinetic energy-induced processes are likely to take
place when using the evaporation technique. Furthermore, the competitive growth that gives rise to a
tilted columnar nanostructure is directly dependent on the angle at which the vapor species arrives
[228]. The connection between the value of  and the tilt angle of the columns, $, is of outmost impor-
tance to controlling the film’s properties [39,41,44], and has been roughly described by means of the
heuristic tangent rule [11] (Eq. (2.1)). In most cases, this rule accurately describes the relation between
both angles when o < 60° [270]. More recently, Tait et al. [38] proposed the so-called cosine rule (Eq.
(2.2)), which succeeds in describing the relation between both angles for some materials, but fails with
others. Indeed, one of the main problems posed by these two equations is the implicit assumption that
the relation between both angles is purely geometric, and therefore leaves aside any material- or
experimental reactor-dependent influence. Based on recently published results [280-282], we
describe in the next section how these factors influence the nanocolumnar evolution of OAD thin films
prepared by evaporation

4.2.1. Nanocolumn tilt angle and the surface trapping mechanism

One of the most common misconceptions when considering the OAD growth of evaporated thin
films lies in the idea that particles arriving at the substrate along a single angular direction, o, give rise
to three-dimensional columnar structures. In Fig. 4.2(c) we see a top view of a film surface that was
simulated by assuming a unique angle of incidence for the vapor species, « = 80°, from which it is
clear that this condition would never give rise to volumetric three-dimensional columnar structures.
This is attributed to a lack of correlation among IT planes (see Fig. 4.2(a) for its definition), meaning
that each slice of material parallel to the IT plane is independent of the one that follows, which pre-
cludes the formation of columnar, cylindrical structures. This implies that the classical description
presented in Fig. 4.1(a)-(c) corresponds to a two-dimensional model, in which the tilted structures
do not develop in three dimensions. Actually, in real experiments, it is most likely that the evaporation
source is non-punctual and that some unlikely collisions may take place among vapor species. These,
and other experimental effects, may slightly broaden the angular distribution of evaporated particles
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along the nominal direction defined by the o angle. In Refs. [280,282], the effect of this broadening on
the microstructure of a thin film was studied by assuming that the distribution of momentum
amongst species in the gaseous phase was Gaussian (see Fig. 4.2(b)), with a mean value of o and a
variance of ¢. As it is seen in Fig. 2.4(d), a slight broadening of the momentum flux when ¢ = 1° is
enough to induce the formation of a tilted three-dimensional columnar volumetric structure. The
influence of ¢ on the film microstructure is also evident in Fig. 4.2(d)-(f), where higher values of ¢
can be seen to produce an increase in the diameter of individual nanocolumns. However, this exper-
imental parameter alone cannot explain the different tilt angle of the nanocolumnar structures found
with different deposited materials.

According to Refs. [280,282], an atomistic process called the surface trapping mechanism can
account for the existence of short-range interactions between vapor species and the growing film sur-
face, which is a classical phenomenon that has been discussed in the literature for decades [120]. In
contrast with typical ballistic models of thin film growth, where evaporated species in the gaseous
phase are assumed to follow straight trajectories [215], the surface trapping mechanism considers that
vapor species passing within a few angstroms from the surface may deviate in their trajectory and
deposit at a nearby location (see Fig. 4.3(a)). A way of accounting for the interaction potential between
vapor species and the film surface is by defining the surface trapping probability, s;, according to the
following rules:

(i) when a vapor species impinges head-on onto the surface, its probability of sticking at that
location is 1, and

(ii) when a vapor species moves over the surface at a distance of less than 4-5 A, its probability of
sticking at that position is s;.”

The trapping probability concept should not be confused with the sticking probability, which
accounts for the overall probability of a particle to be deposited onto a surface regardless of its
particular location. Furthermore, most studies into particle sticking on surfaces have only considered
a perpendicular incidence and therefore only accounted for head-on sticking processes [215].

From a physical point of view, the trajectories of species in the vapor phase near the surface should
depend on the interaction potential between them (chemical nature, distance, etc.), as well as their
relative velocity. Typical van der Waals and electrostatic attractive forces mostly operate within dis-
tances of a few angstroms, which is in line with the assumptions of the surface trapping mechanism.
Thus, the low kinetic energy of vapor species under typical evaporation conditions and the oblique
incidence geometry should favor trapping, as under these conditions, particles would move longer
distances in the vicinity of the surface before landing. The value of s; would therefore depend on
the chemical nature of both, the interacting species and the surface; i.e., on the chemical nature of
the sublimated material.

Simulations of the influence of ¢ and s; on the columnar microstructure of a thin film are presented
in Fig. 4.3(b), while the effect of ¢ and s; on the tilt angle of the nanocolumns as a function of « is
shown in Fig. 4.4, along with the trends derived by applying the tangent and cosine rules. Since the
simulation results for s; > 0.1 are weakly dependent on the particular value of g, results for ¢ = 6°
are presented. Meanwhile, for s, = 0, calculation results are presented for both ¢ = 0° and o = 6°.
Overall, it is found that the higher the value of s;, the less tilted the columns are. This tendency sup-
ports the notion that surface trapping effectively modifies the geometrical shadowing mechanism,
which must now be described through an effective shadowing area (see Fig. 4.3(a)). This concept
describes the actual region around the surface features of the film that are able to trap flying vapor
species, and in doing so, cast a shadow over the surface. It is worth noting in Fig. 4.3(b) that the model
results seem to follow the tangent rule when « < 60°, a coincidence which indicates that the surface
trapping mechanism is not relevant at low incident angles, but rather only introduces important
deviations with respect to a pure geometrical model at high incident angles.

2 Note that the trapping probability, s;, is introduced per next neighbor. That is, if the vapor atoms encounter N next neighbors at
a given position, the trapping probability is 1 — (1 — st)N .
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Further confirmation of the existence of an effective shadowing area is provided by the results pre-
sented in Fig. 4.4. This plot shows a series of experimental and simulated values of 8 as a function of «
for TiO,, SiO,, Ta,0s, ITO and Ti (all grown using the same experimental setup at low temperature),
and for Ni, Al, Si and TiO, (also grown at low temperature, but in a different reactor) [40]. The good
concordance evident between the experimental values of  for any given material and the simulations
for a given value of s, indicates that this parameter only depends on the chemical nature of the
sublimated material and the composition of the film. The results for the TiO, and Ti thin films are well
described by the pairs of values s, = 0.1 and ¢ = 6°, and s; = 0 and ¢ = 6°, respectively, with the com-
mon value of o = 6° suggesting that the angular broadening of the deposition flux only depends on the
characteristics of the deposition setup (geometry of the reactor, operating pressure, size of the source,
etc.). Further discussion regarding the effect of these two parameters on the tilt angle of the nanocol-
umns for thin films of other materials has been published previously in Refs. [280-282].

4.2.2. Surface area, roughness and bundling association of nanocolumns in OAD films

In Section 3, we mentioned that the actual surface area of the films, their roughness and accessible
pore volume are all relevant microstructural quantities for the use of OAD films in different applica-
tions. Substantial simulation work has therefore been devoted to predicting the most appropriate
experimental conditions required to maximize the actual surface area of OAD thin films [283]. With
this in mind, Suzuki et al. [62] used a three-dimensional MC model to show that films grown at
o ~ 70° have the maximum surface area. This prediction agrees with the efficiency results of
dye-sensitized solar cells and the performance of other devices [48,63,284,285], wherein it was found
that the maximum yield of films deposited with o ~ 70° was justified by their maximum adsorption
capability [222].

The surface roughness of OAD thin films is another relevant microstructural feature that is associ-
ated with the termination profile of nanocolumns at the film surface. The evolution of both the nano-
column width and surface roughness as a function of the thin film thickness has been theoretically
analyzed within the premise of the Dynamic Scaling Theory (see Section 3.6.1) [215]. This framework
has been widely utilized to model the growth of a large variety of thin films, and has made it possible
to correlate some empirically determined critical exponents with the mechanisms involved. For
example, the width of nanocolumns, w, as a function of column length, d, has been found to follow

a power law dependence w ~ d”, where p’ is the so-called growth exponent [22]. In the same paper,
a MC model was used to prove that if surface shadowing dominates the growth, then the value of this
exponent is p’ = 0.5, while it drops to a lower value when surface diffusion plays a relevant role [220].
The tight correlation between the growth exponent and the shadowing mechanism was further
demonstrated by Buzea [219] for Si thin films prepared by dynamic OAD. This author showed that
the value of p’ strongly depends on the tilt angle of the vapor flux, and that it directly controls the
distance between nanocolumns.

The evolution of the surface roughness, ws, of OAD thin films has also been analyzed under similar
premises, and found to generally follow the power law [215]:

WSﬂt) lf L >> Lcrossouer

N . , 4.1
L, if L« Lerossover ( )

wi(t) ~ {
where L is the linear size of the substrate on which the film grows, Lessover iS the length at which
saturation of the roughness, wy,, occurs and 7 is the roughness exponent used to describes surface
roughness evolution at small scales of length. In addition, wy, fulfills the law Wy — Weq(0) ~ o,
where wq,(0) is the surface roughness of a reference film grown with o« = 0° and « is the saturated
roughness exponent. In Ref. [286], it was found that the roughness of OAD thin films of Ti grown
by evaporation can be described by the exponent k = 7.1 £ 0.2, which agrees well with the value of
K = 6.7 + 0.4 that was determined by three-dimensional MD calculation [216].

In Section 3.6.2, we presented the relevant effects encountered during the OAD of thin films in
relation with the anisotropic coalescence of nanocolumns into bundles. However, despite the
relevance of this to numerous applications, no systematic analysis of the meso-scale development
of this bundle association has yet been carried out [82,287]. Herein, we would like to address how
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the trapping mechanism already presented in Section 4.2.1 in connection with the tilt angle of the
nanocolumns may also account for the formation of bundles. Fig. 4.3(c) illustrates how the trapping
process also occurs with vapor species passing laterally near a growing nanocolumn. A consequence
of this preferential trapping would be a faster lateral growth of nanostructures in the direction per-
pendicular to the vapor flux, ultimately provoking columnar coalescence along this same direction.
To prove this hypothesis, Fig. 4.3(d) shows three simulations of equally-thick thin films grown under
the assumption of an angular broadening of 6° and trapping probabilities, s;, of 0, 0.12 and 1. When
s = 0, the columns are small in diameter and grow separately, creating a homogeneous distribution
over the substrate. With higher trapping probabilities, the column diameter increases and the nano-
columns merge in the direction perpendicular to that of the vapor flux, leaving elongated gaps among
these ‘columnar fronts’. These simulations are compared with selected scanning electron microscopy
images of Ti, TiO, and SiO, thin films created under the conditions defined in Fig. 4.4.% The concordance
between the experimental data and simulations demonstrates that at least in the case of the three mate-
rials investigated, the trapping mechanism is a reasonable hypothesis to explain the different tendency
for bundle formation exhibited by the thin films of this series. Furthermore, even though this analysis is
restricted to a limited set of materials, it is believed that this semi-quantitative justification of bundling
formation provides an indication of its general character, and will be further validated by additional
studies. The challenges that clearly need to be faced here, however, are to perform first principles calcu-
lation of the trapping probability for a given evaporated material, or achieve experimental control of the
angular broadening of the evaporated material. There is also a clear need for new paradigms in relation
to the quantitative analysis of other processes, such as thermally activated diffusion during growth at
high temperatures [288], as well as the existence of anisotropic surface potentials associated with crys-
tallization rearrangements.

4.3. Magnetron sputtering deposition at oblique angles

Numerous works in the literature have dealt with the fundamentals of MS deposition at normal
incidence [289-295]. From this, it is known that classical MS depositions, in which the growth surface
is parallel to the target, usually yield dense and compact films, thanks mostly to the high energy of the
deposition particles and the impingement of plasma ions during growth [296,297]. In contrast, when
deposition is carried out in an OAD configuration, other processes may play important roles in the
development of columnar and porous nanostructures [212].

The main challenges facing the MS deposition of thin films center around the control over the
chemical composition of the layers, the deposition rate and the film nanostructure. There are many
excellent reviews dealing with the first two issues when working under a normal configuration
[298,299], but the third has only been scarcely addressed, even under simplified conditions. In this
section, we will focus on some of the mechanistic aspects that are important to account for the
MS-0AD of thin films in connection with the development of a columnar nanostructure. For this
analysis, we have avoided the use of complex models for the transport of sputtered particles inside
the plasma, and have instead employed a simplified approach based on effective thermalizing col-
lision (ETC) theory [47,130,300,301]. This has already provided numerous results and straightfor-
wardly applicable mathematical formulae pertaining to the deposition rate and final
microstructure of MS thin films.

In the following subsection, we analyze the main differences between evaporation and MS in terms
of atomistic processes. Following this, we briefly describe the mechanism of sputtering and explain
the transport of sputtered particles by means of ETC theory. This theory will then be employed to
deduce a formula that describes the deposition rate at oblique angles. Finally, the influence of depo-
sition conditions on the films’ morphology is described.

4.3.1. MS-OAD of thin films versus evaporation
When comparing evaporation and MS techniques, the following key differences become apparent:

3 Note that the values of s, agree with those reproducing the tilt angle of the nanocolumns in Fig. 4.4 for Ti, TiO, and SiO».
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e Plasma-generated species in contact with the film during growth: In MS-OAD deposition, the plasma
contains numerous energetic species such as positive or negative ions, or highly reactive species
that may impinge on the film during growth and affect its nanostructure and chemical composition
[293,302].

e Size of the material source: Under typical e-beam evaporation conditions, the material is sublimated
from pellets situated very far away from the film (1 m or more). In MS deposition, the size of the
source (target) is within the same order of magnitude as the target/film distance. Thus, the depo-
sition particles stem from a wide area racetrack, meaning that the deposition angle is not fixed but
rather varies over a relatively large interval (see Fig. 2.2(b)).

o Kinetic energy of vapor atoms: In MS, the mean kinetic energy of sputtered particles is in the order of

5-10 eV, whereas under typical evaporation conditions it is in the order of 0.2-0.3 eV. Since the

typical energy threshold required to mobilize atoms deposited on the surface is ~5 eV, the

impingement of vapor atoms onto the film may cause the rearrangement of already deposited spe-

cies [212,303-305].

Collisional processes in the vapor phase: The working pressures in MS are much higher than in typical

e-beam evaporations, where the mean free path of evaporated species is typically greater than the

source/substrate distance. In contrast, the pressure in MS can be varied within a relatively broad
interval, meaning that sputtered particles can experience a large number of collisions before their
deposition [162]. These collisions have a direct impact on the kinetic energy and momentum dis-
tribution (including the direction of arrival) of the sputtered particles when they eventually reach
the film surface [302,306-308].

All these differences are of great relevance for the control of fundamental atomistic processes
involved in the growth of a thin film, and make the previously introduced surface trapping probability
and angular broadening concept insufficient to describe the nanostructural development of MS-OAD
thin films.

4.3.2. Sputtering and transport of sputtered particles in plasma

The sputtering of atoms in MS is caused by positive ions of the plasma, which are accelerated
toward the target within the plasma sheath [289]. These ion-solid interactions are complex, and as
such have been the subject of study over many decades [32]. For the purposes of this review on
OAD, the quantities of interest have been limited to the so-called sputtering yield and the energy
distribution of sputtered particles. The former takes into account the number of ions ejected from the
target surface per ion arriving, whereas the latter function determines the energy and angular
distribution of ejection. Based on standard binary collision approaches [309], the sputtered particle

distribution at the target can be calculated to be proportional to E(E + U)~> cos &, where E is the kinetic
energy, U the solid target binding energy and ¢ the ejection angle. Thus, sputtered atoms preferentially
leave the target along a direction perpendicular to the surface with an average energy of around U/2; i.
e., an energy much higher than the thermal energy of gaseous species inside the reactor.

Even if the sputtered atoms leave the target with energies in the order of 5-10 eV and a high pref-
erential directionality, collisional processes with (predominantly) neutral species of the plasma gas
may drastically alter both the energy distribution function and the directionality of the particles when
they reach the substrate. Sputtered particles arriving at the film surface can be broadly separated into
three categories depending upon their collisional transport: (i) particles that have not collided with
any gas atoms and arrive at the film surface with their original kinetic energy and direction, (ii) those
that have experienced a large number of collisions with background plasma/gas atoms and therefore
possess low (thermal) energy and an isotropic momentum distribution, and finally, (iii) those that
have undergone several collisions, but still possess significant kinetic energy and some preferential
directionality. This transport has been thoroughly studied in the literature by means of MC models
of gas phase dynamics using different elastic scattering cross-sections to determine the energy and
momentum transfer in each collision [162]. However, the complexity of the mechanisms involved
makes it difficult to find analytical relations between quantities of interest and experimentally
controllable parameters. With the aim of simplifying the description and deducting general analytic



94 A. Barranco et al./ Progress in Materials Science 76 (2016) 59-153

20

T T T T
v from Ref. [311] 3 L [Exp. Theory .
18 1 O 0.15Pa
L] — %
Wi, O 05 Pa --- a
16 2t o -
144 <
E | o -]
12 £ e SRR T
N e N
8 10 4 s o : t t t
© Exp. Theory
8 ® A 10 Pa -
6] g 02} |v 15 Pa —-—- g
K A
4 < e ot
01F A i
2 ] T
(a) si Al [ g (b)
0 T T T T T T T T 0.0 1 L L L
00 02 04 06 08 10 12 14 16 18 40 50 60 70 80 90
M /M, Substrate angle « (°)

Fig. 4.5. (a) Number of collisions required to thermalize a sputtered particle in plasma as a function of the ratio between the
mass of the plasma gas and sputtered atoms. The solid line is a calculation of Westwood [310], which was made by assuming an
initial kinetic energy of 5 eV and Ar as the sputter gas, while the dots are the results of a numerical fitting of the Keller-Simmons
formula obtained by ETC formulation [292]. (b) Deposition rate of Ti thin films as a function of the experimentally obtained
substrate tilt angle and background pressure, and the expected trend based on ETC theory and Eq. (4.6) [130].

relations, the effective thermalizing collision (ETC) approximation has been successfully applied to
describe the collisional transport of sputtered particles in a plasma [47,300,301]. This theory intro-
duces the concept of effective thermalizing collision: an effective scattering event between a sputtered
atom and gaseous species that results in the former losing its original kinetic energy and initiating a
random thermal motion in the gas. As we will see next, this enables the deduction of simple analytical
equations that relate the main fundamental quantities, though the connection between actual
collisional quantities in the plasma/gas and this effective mechanism remains the main issue for
the practical application of these ideas. A summary of the main concepts and approximations utilized
within this theory to assess the division between ballistic and thermalized species is presented next,
but interested readers may get a more detailed description in Refs. [47,300,301].

One of the most relevant quantities describing the collisional transport of particles in a gas is the
mean free path, 1 =1/Nag,, which represents the typical distance covered by a sputtered particle
between two consecutive collisions in the plasma/gas. Here, g,, is defined by the cross-section of an elas-
tic scattering event, while N is the density of gas atoms. The ETC theory also introduces what is known as
the thermalization mean free path, /r, to account for the typical average distance covered by a sputtered
atom in the plasma/gas before becoming thermalized. Likewise, a so-called thermalization cross-
section, or, is introduced through the relation /r = 1/No7. In this way, the flux of ballistic (non-
thermalized) sputtered atoms at a distance of L from the target can be expressed as @, exp(—L//r), where
@, is the flux of sputtered particles at the source (target). The amount of thermalized sputtered atoms per
unit of time in the plasma/gas is also given as: ®[1 — exp(—L/2r)]. Using these formulae, it is possible to
account for the Keller-Simmons (K-S) formula, which is a well-known empirical equation in classical MS
deposition (i.e., in non-oblique configurations) with a single sputter gas [301]. This formula describes the
dependence between the deposition rate and relevant experimental parameters such as the plasma g