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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 TiO2 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].
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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 (a), the azimuthal angle (/) and the polar angles
(d) and (h). 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 a 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 (b) with the zenithal evaporation angle, a (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:
tana ¼ 2 tanb; ð2:1Þ
b ¼ a� arcsinð1� cosaÞ=2: ð2:2Þ
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 a > 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, a). 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 Ts=Tf > 0:3 (where Ts is the temperature of the substrate and Tf 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 I. Similarly, heating the substrate during OAD produces a change in microstructure
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Fig. 2.2. Selected SEM micrographs of OAD sculptured TiO2 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].
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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 (b), 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



Table 2.1
Select sculptured thin films prepared by changing the geometry of deposition.

Microstructure Movements involved Material Application/properties Ref

zig-zag

Azimuthally turned by 180� φ
TiO2 Dye sensitized solar cells [63,64]

Enhanced birefringence
Cr Mechanical properties [68,69]
Alq3 Polarization effects (also spiral) [71]
Mn Electrochemical capacitors [72]
Eu:Y2O3 Selective polarization transmission of fluoresced

light (also spiral)
[73,74]

Helical, spiral

Continuous, slow azimuthal rotation

φ
Cu Highly textured [26]
SiOx nanostructures [75]
Fe Optical circular dichroism [76]
TiO2 Chiral and magnetic films [77]
Au, Ni, Circular polarizers
Polystyrene Helical structures as a template for perforated

helical thin films
[78]

TiO2 Selective reflection of polarized light [79]

Vertical and s-shaped nanocolumns
Fast azimuthal rotation

φ
SiO2 Vertical templates for Si nanotubes [80]
TiO2 Mechanical properties [65]
TiO2/Si Scaffold for ALD⁄. Humidity sensors [81]
TiO2/Mg F2 Optical anisotropy [82]

Azimuthal tilting plus fast rotation TiO2 (s-shape) Selective transmission of linearly polarized light [83]

Thickness variation with depth φ

θ

Polar and azimuthal

movements

TiO2 Narrow band pass optical filters [84]
TiO2 Bragg reflector [85]
Si Rugate filter oxidation of Si [86]
Si Rugote filters [87]
ITO1 Conductive Bragg microcavity [88]

No defined shape
θ

α

YSZ2 Thermal barrier coatings [89–91]
Mo Development of in-plane texture [92]
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temperature threshold hT ¼ Ts=Tf , 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 0:5Tf .

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 filmmorphologies 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 (a), azimuthal (/) and/or polar (h) 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 TiO2 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 (a) 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.
SEMmicrographs 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].
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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 h (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 (a) angle commonly used to average the growth
process and obtain perpendicular nanocolumns, tangential or flipping rotation of the sample substrate



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].
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(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 D/, 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 SiO2 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 (d) angles to the substrate at an equal or different zenithal (a) 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 SiO2–
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



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 l) 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].
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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)



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].
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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, a [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 [1 1 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 YBa2Cu3Ox

[179] and La0.7Sr0.3MnO3 [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., CO2, H2O, 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



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 TiO2 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.
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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.1 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
1 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 (a) 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: ws � tp, where ws 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 � dp0 , where w is the width of the nanocolumn at a certain
length, d, with respect to the substrate, and p0 is the growth/scaling exponent [22,23,109,216–221].
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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 AlN 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 TiO2 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 N2 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 TiO2 and SiO2 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
IA-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 TiO2 and SiO2 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 SEMmicrographs 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



Table 3.1
Crystalline properties of OAD thin films of different elements and compounds.

Material Deposition
technique

Crystallinity features Ref.

Al Evaporation Highly textured (111) films [250]
Si Evaporation Crystallization suppressed for a > 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
controlled movement

[146]

Evaporation Change in preferential texturing from (100) to (111) with pressure.
Correlation between (100) and (111) textures with bundling
association

[53–56,224]

Co Evaporation {0001} crystal habits correlated with bundling association [223]
Ni MS Evolution of preferential texture with temperature from (110) to

(111) in the growing direction
[254]

Hf IBAD (110), (002) or (100) preferred orientations depending on
impingement angle and ion to atom ratio

[204]

Ag IBAD (111) and (200) preferred orientations depending on the ion
impingement angle

[200]

W MS (100) texture by controlled substrate rotation and some biaxial
orientation

[152]

MS Phase evolution with deposition angle [218]
Ru MS f1 0 �1 0g preferential texturing by OAD and substrate rotation [156,221,255]

MS Different textures developed depending on tilt angle and substrate
rotation

[256]

Co–Cu IBAD Change of crystalline structure from hcp to fcc by ion beam
irradiation

[199]

Co–Cr Evaporation
and MS

c-axis oriented along the nanocolumn axis [257]

Cd–Te Evaporation Change from cubic to hexagonal structure depending on zenithal
angle

[139]

AlN MS Sudden development of a preferential (0002) orientation along the
nanocolumn axis with the concentration of N2 in the plasma gas

[171]

MS Variation of c-axis (0002) orientation with geometry and other
parameters

[165]

CrN MS Preferential formation of (001) films on single crystal MgO (001) [258]
Fe2O3 Evaporation Textured (110) films, effect of temperature [149]
RuO2 MS Crystalline films upon heating [49]
SnO2 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

texturing with the deposition angle and oxygen in the plasma gas
[169]

ZnO (M) MS Loss of (002) preferential texturing with pressure and magnetron
power

[168]

MS (002) texturing with substrate rotation [148]
Co-ferrite PLD Highly textured (111) films [177]
YSZa MS (100) textured films. Change of zenithal angle by rotation [89]

Evaporation Change from (111) to other textures upon substrate rotation to
modify the zenithal angle

[90,91]

a 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 a ¼ 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, Dohnálek
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 OADMgO 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 TiO2 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 c) and substrate coordinate (vectors x, y and z) systems. Dashed arrows show the flux
direction. Panels (h) to (l) 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 ð1 1 0Þ½1 �1 0� to a
well-defined ð1 1 1Þ½1 1 �2� biaxial texture. This implies that the orientation of the cubic crystallites experiences a clockwise
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
technique

Crystallinity features Biaxial texturea Ref.

Mg Evaporation [0001] direction moves toward the vapor
flux when varying the deposition angle

ð1 0 �1 0Þ½0 0 0 �1� [23,24,34]

Ge Evaporation
(230–400 �C)

Evolution with temperature from polycrystalline to
biaxially oriented. Epitaxial effects

(001)[110] [140]

Cr MS Texturing increases with film thickness (100)[110] [161,166]
Mo MS Change of biaxial orientation with deposition angle ð1 1 0Þ½1 �1 0� a ¼ 45�

ð1 1 1Þ½1 1 �2 0� a ¼ 60�
[151]

Mo MS flipping
rotation of
substrate

Different morphologies possible. Continuous
variation of a during deposition

ð1 1 0Þ½1 �1 0� [92]

W MS flipping
rotation of
substrate

Different morphologies possible. Continuous
variation of a

ð1 0 0Þ½1 �1 0� [152,153]

MgO MS Bundling association of crystallites (111)[100] [166,167]
TiN MS Dependence of biaxial orientation on experimental

parameters
(111)[100] [159,161]

YSZ MS Dependence of biaxial orientation on experimental
parameters. Out of plane orientation changes to
(111) when increasing the oxygen amount in the
system

(001)[111] [159–
161]

TiAlN MS Biaxial alignment by tilting the substrate. Texturing
decreases with temperature

(200)[111] [154,155]

a 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).

A. Barranco et al. / Progress in Materials Science 76 (2016) 59–153 83



84 A. Barranco et al. / Progress in Materials Science 76 (2016) 59–153
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
II). 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 ð1 1 0Þ½1 �1 0� biaxial
texture when a > 30� (note that Mo has a cubic structure), in which the [110] axis is oriented along
the out-of-plane perpendicular direction and the ½1 1 0� axis is along an in-plane direction. The
sharpening of the pole patterns for a ¼ 45�, and the appearance of new poles for a > 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 lowmelting 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]



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.
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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 NL � NL � NH 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 h0 and u0, where



Fig. 4.2. (a) Definition of the D and P 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 a and a dispersion angle of r. (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 a = 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 P plane is independent. (d–f) Same as (c), but with r set to (d) 1�, (e) 5� or (f) 10�.
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h0 2 ½0; p=2Þ is the polar angle of incidence (h0 ¼ 0 is the direction normal to the substrate) and
u0 2 ½0; 2pÞ 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 h0 and u0 are randomly calculated
by defining an incident angle distribution function per unit time and unit surface, IðXÞ, where
dX ¼ sin h0 dh0du0 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:

� 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.

� 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].

� 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.

� 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].

� 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



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 r and st [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].
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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 a.
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



Fig. 4.4. Results of the surface trapping model for different values of st and r, 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].
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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 a and the tilt angle of the columns, b, 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 a 6 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 somematerials, 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, a, 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, a ¼ 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 P planes (see Fig. 4.2(a) for its definition), meaning
that each slice of material parallel to the P 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



90 A. Barranco et al. / Progress in Materials Science 76 (2016) 59–153
along the nominal direction defined by the a 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 a and a
variance of r. As it is seen in Fig. 2.4(d), a slight broadening of the momentum flux when r ¼ 1� is
enough to induce the formation of a tilted three-dimensional columnar volumetric structure. The
influence of r on the film microstructure is also evident in Fig. 4.2(d)–(f), where higher values of r
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, st , 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 Å, its probability of
sticking at that position is st .2

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 st 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 r and st on the columnar microstructure of a thin film are presented
in Fig. 4.3(b), while the effect of r and st on the tilt angle of the nanocolumns as a function of a is
shown in Fig. 4.4, along with the trends derived by applying the tangent and cosine rules. Since the
simulation results for st P 0:1 are weakly dependent on the particular value of r, results for r ¼ 6�

are presented. Meanwhile, for st ¼ 0, calculation results are presented for both r ¼ 0� and r ¼ 6�.
Overall, it is found that the higher the value of st , 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 a 6 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, st , is introduced per next neighbor. That is, if the vapor atoms encounter N next neighbors at
a given position, the trapping probability is 1� ð1� stÞN .
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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 b as a function of a
for TiO2, SiO2, Ta2O5, ITO and Ti (all grown using the same experimental setup at low temperature),
and for Ni, Al, Si and TiO2 (also grown at low temperature, but in a different reactor) [40]. The good
concordance evident between the experimental values of b for any given material and the simulations
for a given value of st indicates that this parameter only depends on the chemical nature of the
sublimated material and the composition of the film. The results for the TiO2 and Ti thin films are well
described by the pairs of values st ¼ 0:1 and r ¼ 6�, and st ¼ 0 and r ¼ 6�, respectively, with the com-
mon value of r ¼ 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
a � 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 a � 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 � dp0 , where p0 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 p0 ¼ 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 p0 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]:
wsðLÞ �
wsat; if L � Lcrossover
Lc; if L 	 Lcrossover

�
; ð4:1Þ
where L is the linear size of the substrate on which the film grows, Lcrossover is the length at which
saturation of the roughness, wsat , occurs and c is the roughness exponent used to describes surface
roughness evolution at small scales of length. In addition, wsat fulfills the law wsat �wsatð0Þ � aj,
where wsatð0Þ is the surface roughness of a reference film grown with a ¼ 0� and j 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 j ¼ 7:1
 0:2, which agrees well with the value of
j ¼ 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, st , of 0, 0.12 and 1. When
st ¼ 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, TiO2 and SiO2 thin films created under the conditions defined in Fig. 4.4.3 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-OAD 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 st agree with those reproducing the tilt angle of the nanocolumns in Fig. 4.4 for Ti, TiO2 and SiO2.
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� 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].

� 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)).

� 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 EðEþ UÞ�3 cos n, where E is the kinetic
energy, U the solid target binding energy and n 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



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].
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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, k ¼ 1=Nrg , which represents the typical distance covered by a sputtered particle
between twoconsecutive collisions in theplasma/gas.Here,rg , is definedby the cross-sectionof an elas-
tic scattering event, whileN is the density of gas atoms. The ETC theory also introduceswhat is known as
the thermalizationmean free path, kT , 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, rT , is introduced through the relation kT ¼ 1=NrT . In this way, the flux of ballistic (non-
thermalized) sputtered atomsat a distanceof L from the target canbe expressed asU0 expð�L=kTÞ, where
U0 is thefluxof sputteredparticles at the source (target). The amountof thermalizedsputteredatomsper
unit of time in the plasma/gas is also given as:U0½1� expð�L=kTÞ�. Using these formulae, it is possible to
account for theKeller–Simmons (K–S) formula,which is awell-knownempirical equation in classicalMS
deposition (i.e., in non-oblique configurations)with a single sputter gas [301]. This formuladescribes the
dependence between the deposition rate and relevant experimental parameters such as the plasma gas
pressure, pg, and the distance between the cathode and the film, L, as:
rKS ¼ p0L0
pgL

1� exp � pgL
p0L0

� �� �
; ð4:2Þ
where rKS is the deposition rate and p0L0 is an adjustable parameter dubbed the characteristic pres-
sure–distance product. This empirical equation was deduced in Ref. [301] from fundamental principles
within the ETC framework, which found the relation pgL=p0L0 ¼ L=kT . To simplify the calculations, the
quantity N ¼ L=kT was defined in Ref. [307] as the thermalization degree of the sputtered particles.
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Thus, when N is much less than one, the distance between the target and the film is much smaller than
the typical thermalization mean free path; i.e., most deposition particles arrive with a high energy and
along a preferential direction. However, when N is much greater than one, the thermalization mean
free path is much smaller than the target/film distance and most species should be thermalized when
they arrive at the film surface (with low energy, and following an isotropic momentum distribution
function). By means of this quantity, the K–S formula now reads:
rKS ¼ U0
1� expð�NÞ

N
: ð4:3Þ
To determine rT , we show in Fig. 4.5(a) the fitting of this theory to experimental data. The good fitting
demonstrates that this parameter is connected with the geometrical cross-section of an elastic
scattering event between a sputtered atom and a plasma atom through the relation: rT ¼ rg=m, where
m is the average number of subsequent elastic collisions required for the thermalization of the
sputtered particles, as calculated by Westwood [310]. Likewise,
kT ¼ mk: ð4:4Þ

This Eq. (4.4) allows rT to be calculated for any given sputtered atom or sputter gas, which implies
that the complex dynamics of hyperthermal atoms sputtered from the cathode within a plasma can
be simplified by means of an effective thermalization cross-section that describes the progressive loss
of kinetic energy and directionality (i.e., the momentum distribution) of the sputtered particles.

In regard to the OAD of thin films, the previous assessment of the partition that exists between
ballistic and thermalized sputtered atoms is of the utmost importance, as the former contributes to
the film’s nanostructuration through shadowing effects and other hyperthermal phenomena responsi-
ble for, among other things, the development of nanocolumns or specific textures. Moreover, in the
OAD configuration, basic deposition magnitudes such as the deposition rate or the final composition
and microstructure of complex thin film materials will be drastically affected by the thermalization
degree of sputtered particles. Given its importance to any MS-OAD process, we specifically analyze
the relation between the thermalization degree and deposition rate in the next section. An example
showing the importance of the thermalization degree of sputtered particles on the control of compo-
sition and microstructure in complex MS-OAD thin films can be found in the recent work by Gil-Rostra
et al. [311] on the MS-OAD of WxSiyOz electrochromic thin films, in which a net W enrichment of the
deposited film with respect to the target and continuous variation in the tilt angle of the nanocolumns
were attributed to more effective scattering of Si than W by Ar atoms in the plasma gas. That is, W has
a much higher atomic mass than Si, and so its energy and momentum is less affected by binary
collisions with much lighter Ar atoms. Silicon, on the other hand, has an atomic mass similar to Ar,
and so is more effectively scattered to become distributed in all directions within the deposition
chamber. Consequently, the films become enriched in tungsten and exhibit a microstructure in which,
for any given deposition geometry, the tilt angle of the nanocolumns increases with W content.

4.3.3. Deposition rate at oblique incidence
Despite its importance to thin film processing, evaluation of the deposition rate in MS-OAD has

only been recently addressed [130]. From the ETC concept, the total deposition rate on a tilted
substrate can be written as the sum of a highly directed contribution of energetic ballistic particles
and a thermalized contribution. The ballistic contribution can be estimated as a function of the
average angle of arrival, a, as per:
rB ¼ U0 expð�NÞ cosa: ð4:5Þ

Meanwhile, due to their non-preferential directionality, it is reasonable to assume that the deposition
rate of thermalized atoms, rD, is not dependent on the particular value of a. On the basis of this, it can
be easily calculated for a ¼ 0 as: rD ¼ ra¼0 � ðrBÞa¼0 ¼ ra¼0 �U0 expð�NÞ, where ra¼0 is the deposition
rate at normal geometry. Thus, by introducing the deposition rate at oblique incidence, ra ¼ rB þ rD,
and the quantity Dra ¼ ra¼0 � ra, we arrive at the formula:
Dra=U0 ¼ expð�NÞð1� cosaÞ: ð4:6Þ



Fig. 4.6. Microstructure phase map of gold nanostructures grown by magnetron sputtering deposition at oblique angles.
Evident in this map is the formation of four different microstructures a, b, c and d as a function of the thermalization degree and
substrate tilt angle. The particular characteristics of these four microstructure types are illustrated by the four MC simulations
(a–d) included in the figure. The intensity of color in the map indicates the percolation depth of mesopores from the surface of
the film, whereas the lines indicate the tilt angle of the columnar/porous structures in the films [172].
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Eq. (4.6) relates the deposition rate to relevant process parameters such as the tilt angle of the sub-
strate and the thermalization degree. In this way, when N is significantly low, the deposition rate is
found to have a strong dependence on the deposition angle, Dra � U0ð1� cosaÞ. This dependence
stems from a highly directional arrival of deposition particles that makes the deposition rate highly
dependent on the relative orientation of the film with respect to the target. When N is much above
1, it is found that Dra � 0; i.e., the deposition rate is little affected by the substrate orientation angle.
Indeed, under these conditions most deposition particles are thermalized, and so the deposition rate
should be independent of a, a concept that is in good agreement with the original hypothesis of the
ETC theory.

Overall, whenever the KS formula is applicable, a general formula for the growth of magnetron-
sputtered thin films at oblique angles can be derived from Eqs. (4.4) and (4.5):
ra¼0 � ra
ra¼0

¼ N
expðNÞ � 1

ð1� cosaÞ: ð4:7Þ
This formula establishes a relation between the deposition rate at oblique angles and at normal inci-
dence with the thermalization degree and zenithal angle of the substrate. The predictions of this
model are of general characteristics, but have been successfully applied to describing the growth of
Ti thin films at different tilt angles and background pressures, as shown in Fig. 4.5(b).

4.3.4. Microstructure phase map for OAD-MS thin films
At the present point in the discussion of the influence of basic atomic interactions on the charac-

teristics of MS-OAD thin films, it is evident that experimental parameters and magnitudes such as
geometry, gas pressure, temperature and energy/momentum distribution of the sputtered particles,
will have a decisive influence on the thin film properties. However, no systematic works have yet been
carried out in which their combined influences have been considered. For thin films grown using a
normal configuration, the SZM model [35–37] has proven to be quite an important contribution to
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qualitatively describing the morphological features of thin films deposited under different tempera-
tures and pressures. Clearly then, a similar approach is needed for dealing with MS-OAD thin films.
An attempt along these lines can be found in a recent work by our group [172], which provided a thor-
ough experimental and theoretical analysis of the microstructural evolution of Au thin films deposited
by MS-OAD as a function of N and a. In this, we compared the different microstructures obtained by
systematically varying these two parameters in MC simulations where only the surface shadowing
mechanism and collisional processes in the plasma gas were considered. The different microstructures
obtained were then rationalized in the form of a phase map along the schemes of the SZM. Fig. 4.6
illustrates the four different generic microstructures obtained, which are characterized by the follow-
ing features:

� a-type microstructure: the film is compact and has no well-defined geometrical patterns in the bulk.
It is formed at low thermalization degrees with small deposition angles (typically when N < 1:5
and a < 50�).

� b-type microstructure: the film possesses a highly coalescent, tilted columnar structure (i.e., col-
umns are not isolated from each other, but are always touching), with large elongated mesopores
percolating from the surface to the bottom of the film. It is obtained at low thermalization degrees
and higher deposition angles (typically when N < 1 and 50� < a < 75�).

� c-type microstructure: the film is defined by isolated and well-defined tilted nanocolumns. It is
formed at even lower thermalization degrees and much higher deposition angles (typically when
N < 0:5 and 75� < a < 90�).

� d-type microstructure: the film is characterized by vertical, coalescent column-like structures, with
a high density of micro and mesopores occluded in the material. It is formed at high thermalization
degrees and a wide range of deposition angles (typically when N > 2), similar to those reported in
Ref. [312] when low-energy deposition particles arrive at the film surface following an isotropic
angular distribution function.

Fig. 4.6 shows the formation of these different microstructures on a phase diagram, as well as
through a series of MC simulations to visualize their main columnar and pore features. A very good
concordance in shape was revealed between these simulated structures and the experimental films.
In addition, the MC simulation provided clues to understand the formation of the different thin film
microstructures by assuming a different thermalization degree for the sputtered gold atoms. This
quantity identified different surface shadowing processes during the early stages of thin film forma-
tion and subsequent growth. A detailed description of the mechanistic effects under each working
condition is reported in Ref. [172].

The aforementioned study was carried out in order to account for the growth of gold nanostruc-
tures as a function of substrate tilt angle and working pressure during MS-OAD. The generalization
of this kind of analysis to other materials and conditions is still very much an open issue and will
be addressed in the next few years. It is worth noting here that gold represents a very simple case,
which can be properly simulated by taking into account very simple phenomena such as atomic scat-
tering in the plasma phase and shadowing effects. To fully explain the nanostructures created in the
MS-OAD of other materials, additional complex phenomena associated with the high energy of sput-
tered particles would need to be included. Thus, processes such as the kinetic energy-assisted mobility
of surface atoms, biased diffusion, and upwards or downwards funneling mechanisms, among others,
cannot be disregarded, and very likely will need to be incorporated into the analysis (see Refs. [303–
305]). For example, Dalla Torre et al. [212] developed a MC model that considers a set of different
interactions and mechanisms, including binary collisions between incoming gaseous atoms and those
deposited on the film surface, and thermally activated processes or different hyperthermal relaxation
processes that are dependent on the kinetic energy and momentum transfer such as the reflection of
incoming particles, biased-diffusion, kinetic energy-assisted diffusion or re-sputtering. Overall, they
found good qualitative agreement between simulations and experimental data with the growth of
Ta thin films by DC sputtering at oblique angles, and demonstrated the relevance of these processes
to the nanostructural development of these films. Moreover, in Ref. [49], a detailed experimental study
of several materials was carried out to determine the temperature threshold at which thermally acti-



Fig. 5.1. ITO microstructures prepared by OAD under (A–C) high vacuum conditions or (D–H) nitrogen flux. (A) Tilted
nanocolumns deposited at a = 85�, (B) chevron films deposited at a = 85� while rotating the substrate azimuthally three times
by u = 180�, and (C) a vertical biaxial film formed by fixing a = 85� using dynamic OAD. Samples prepared under nitrogen flux
were deposited with a = 70� at a pressure of 1.33 � 10�2 Pa: (D) cross-sectional view of the initial stages of column formation,
showing a fairly random growth direction, (E) cross-sectional view of oriented columns at the end of deposition (total length ca.
1, 2 lm), (F and G) tilted top view of the columns showing their tapered profile and uniform distribution, (H) TEM image of an
ITO nanocolumn with a core/shell inner structure. Reproduced with permission from (A–C) [317] and (D–H) [329].
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vated processes on the film surface compete with surface shadowing mechanisms for control over the
formation of the film nanostructure. In agreement with the SZM, they found that for elemental metal
thin films with a melting point above that of Al (933 K) the value of T=Tf was T=Tf > 0:33, whereas for
oxide thin films it was T=Tf > 0:5 (see Section 3). Thus, the influence of thermally activated processes
must be considered to account in a generalized way for the evolution of different microstructures
during MS-OAD [49].

In addition to the concepts already discussed in this section, a systematic analysis of how the
impingement of plasma ions affects the nanostructuration of a film at oblique angles is still notably
absent. Nevertheless, plasma ions have been widely used for numerous purposes, such as the removal
of defects, the densification of materials, improving mechanical properties, smoothing surface, and the
crystallization of materials. When dealing with porous materials, however, their energy must be kept
low enough to influence the film nanostructuration without producing full densification. Yet it is only



Fig. 5.2. Comparison of VLS-OAD nanostructures. (A) Unique morphologies created by a high substrate temperature and high
deposition angle. (B) Schematic defining the deposition angle (a) and angle of rotation around the substrate normal (U). Typical
nanowhiskers are characterized by a trunk, droplet and numerous branches. The vapor flux arrives at an oblique angle (a) to the
substrate normal and is offset by an angle (/) from the [100] direction of the single cubic crystal YSZ substrate. (A–D) SHIM
images of ITO nanotrees grown on YSZ with a = 85� and / = 45� (resulting in L-shaped nanotrees) and (E–H) / = 0� (resulting in
T-shaped nanotrees). (C and D) are oblique images, (E–G) and (I) are plan view images, (H and J) are cross-sectional images. Red
arrows depict vapor flux orientation, whereas black arrows indicate crystal directions of the YSZ substrate. All scale bars
represent 200 nm. (A and B) were taken from [133], while (C–J) were taken from [137].
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recently that this effect has been analyzed by altering the ion energy using different electromagnetic
waveforms so as to change the plasma potential. In Ref. [313], it is demonstrated that the introduction
of a shallow low-energy ion impingement on the film surface during growth affects the tilt angle of the
columns and the overall film porosity. Even though this effect has only been reported for TiO2 thin
films, this result suggests that the modulation of low-range ion energies is necessary to tune the
morphological features of the columnar structures in plasma-assisted depositions.

5. Applications and devices

The incorporation of OAD thin films in a large variety of advanced devices is a clear indication of
their maturity and excellent prospects for a successful implementation in a large range of technolog-
ical fields. Although it is impossible in the space of this review to cover all of the advanced applications
and devices that rely on OAD thin films, the following sections present a review on a select number of
works published in the last seven-to-ten years that, in our opinion, best illustrate the possibilities of
this material type and technology. We have grouped this selection into the following broad subjects:
transparent and conductive oxides (TCOs), energy harvesting, sensors and actuators, optic and
photonic devices, wetting and microfluidics, and biomaterials and biosensors.

5.1. Transparent conductive oxides

Of the thin film materials used for the fabrication of photonic or electronic devices, transparent
conducting oxides (TCOs) occupy a central position, being indispensable for the fabrication of solar



Fig. 5.3. Schematic andperformanceof devices usingOAD ITOfilms for (A–D) the alignment of liquid crystals and (E and F) as color
filters. The liquid crystal E7 is aligned in a twisted nematic configuration by two ITO films deposited at a = 65�. The cell is shown
between crossed polarizers in (A), and between parallel polarizers in (B). The polarizer absorption axes are indicated as arrows. (C)
Schematic of a typical LCD system incorporating separate layers acting as transparent electrodes, LC alignment layers and
birefringent compensators. (D)Unification of the functions of these three componentswithin an ITOnanopillar layer. (E)Measured
and simulated transmittanceofmultilayer coatings acting as color filters by stacking porous/dense ITO layers. (F)Graded refractive
index, single-material multilayer functioning as an electrode and interference color filter in a LCD. The bottom part of the panel
shows enlarged cross-sectional views of the ITO color filters and their expected functions. The inset presents a cross sectional SEM
micrograph of the four porous/dense stacked layers acting as green color filter. (A–D) taken from [317], (E and F) taken from [88].
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cells, electroluminescent and electrochromic systems or electrochemical devices [314]. Thanks to its
low resistivity (�10�4X cm), high transmittance in the visible range (80–90%) and low-deposition
temperature, tin-doped indium oxide (ITO) is the most popular TCO used by industry [314,315].



Fig. 5.4. Nanosculptured OAD-ITO films used as antireflecting and conducting layers in solar cells. (A and B) Schematic of
tapered ITO nanocolumns used in AsGa solar cells. (C–F) Highly porous ITO nanocolumns implemented in Si solar cells. (A)
Detailed epitaxial structure of a single-junction GaAs solar cell in which ITO nanocolumns act as a conductive AR coating (B). (C)
SEM micrograph showing the infiltration of P3HT/PCBM BHJ into a cobweb-like PEDOT:PSS and OAD nanoelectrode array. The
inset shows the as-grown ITO nanostructure after electrodeposition of PEDOT:PSS. (D) SEM micrograph of the entire BHJ OPV
structure, including an Al top contact. (E) J–V plots obtained under illumination of a BHJ organic cell device fabricated with
commercial ITO (orange diamonds), OAD ITO (black triangles) and silica-capped OAD ITO (magenta squares) anodes. (F) SEM
image of 150 nm OAD ITO capped with 50 nm silica. Scale bars in (C and D) = 500 nm, and in (F) = 200 nm. (A and B) are from
[329], (C–F) from [319].
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Indeed, it is only the need to replace the expensive indium component that has prompted the search
for alternative TCO formulations, which are briefly summarized at the end of this section. The
fabrication of highly porous and/or sculptured ITO thin films has been attempted by e-beam OAD from
ITO pellets, both under high vacuum conditions [316–327] and in a carrier gas flux (usually nitrogen)
[320,328–330]. Fig. 5.1 shows some examples of the thin films and various microstructures that can be
obtained by controlling the deposition conditions. This rich variety of potential morphologies is made
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possible by strict control of deposition parameters (e.g., working pressure, residual or carrier gas, sub-
strate geometry and temperature) that are known to have a direct impact on the growth mechanism
(see Sections 2 and 3). The morphologies obtained can be divided into three groups: (i) standard tilted
nanocolumnar layers fabricated by OAD at low pressure (Fig. 5.1(A)–(C)), (ii) nanostructures with a
tapered nanocolumn profile over a critical length obtained by deposition with a carrier nitrogen flux
(Fig. 5.1(D)–(H)), and (iii) nanowhiskers and hierarchical, multi-branched tree-shaped nanostructures
obtained by sequential application of VLS-OAD [133,134,137,331] (see Section 3.1 and Fig. 5.2 for a
more detailed description of the singular branched nanostructures created using this method).
Selected applications relying on these nanostructured TCO films will be discussed in the sections that
follow.

5.1.1. Electronic and photonic applications
Owing to their open microstructure, controlling the electrical properties of ITO-OAD films has

required the development of specific methodologies and the use of relatively sophisticated techniques.
These have included axial resistivity measurements by a cross-bridge Kelvin system [321], terahertz
time-domain spectroscopy (THz-TDS) [325], or combinations of experimental and theoretical studies
[324]. These, and other investigations, relating the OAD microstructure of ITO nanopillars to the depo-
sition parameters [317] (Fig. 5.1(A)–(C)) have proved that it is possible to achieve optical transmit-
tances and electrical conductivities comparable to those of compact ITO thin films.

The good electrical performance, high porosity and nanocolumnar structure of ITO-OAD films has
fostered their incorporation as active components into liquid crystal displays (LCDs) for the alignment
of calamitic liquid crystals (Fig. 5.3(A) and (B)). Typically, an LCD display integrates different layers of
transparent electrodes, LC alignment layers and birefringent compensators (Fig. 5.3(C)), functions that
can be provided by just one OAD-ITO nano-columnar film (Fig. 5.3(D)). Meanwhile, coatings with a
graded refractive created by combining dense (n(500 nm) = 2.10) and porous (n(500 nm) = 1.33)
stacked layers of ITO through changing the zenithal angle of deposition [88] have been used for
photonic and combined photonic–electronic applications. For example, different color filters designed
and fabricated using this approach have been utilized as the bottom electrode of a LCD system (Fig. 5.3
(E) and (F)). Other photonic components such as Bragg reflectors [316,332], broadband antireflective
and conductive materials [331], and transparent electrodes and antireflection contacts in organic light
emitting devices [330,333] have also incorporated similar photonic and conductive layers.

5.1.2. Solar cell components
OAD ITO layers have been used as transparent conducting and antireflective coatings in: organic

photovoltaic solar cells [319,334], Si-based solar cells [322,323,327] and GaAs photovoltaic devices
[329]. The photon absorption capacity of a solar cell is one of the main factors contributing to its global
efficiency. Thus, in order to reduce the light reflection coefficient and increase the amount of transmit-
ted light, antireflection coatings (AR) are usually incorporated on the front side of these devices.
Because of their high porosity (see Section 3.6), OAD thin films and multilayer structures have an
inherently low refraction index, making them suitable for AR-layer applications [331,332,335]. An
added benefit of ITO OAD films used for this purpose resides in their high electrical conductivity. From
the point of view of cell manufacturing, another advantage is the possibility of using a single material
as an AR coating rather than the multilayer structure of alternating layers of different refractive index
that are typically used (see Section 5.4). Going beyond the use of conventional ITO OAD films, Yu et al.
[329] have proposed a new AR concept based on the peculiar ITO nanocolumns presented in Fig. 5.1
(D)–(H). The characteristic tapered and bent microstructure of these nanocolumns works as a collec-
tive graded-index layer offering outstanding omnidirectional and broad-band antireflection properties
for both s- and p-polarizations. The benefit to a GaAs solar device integrating one of these ITO films
(Fig. 5.4(A) and (B)) over not using an AR layer is as much as 28%, with nearly 42% of the enhancement
in the photocurrent generated through the transparent gap of the window layer.

Nanocolumnar ITO films have also been used as high surface area 3D nanoelectrodes in organic
solar cells [319]. Fig. 5.4(C)–(F) depicts a device consisting of an OAD-ITO electrode electrochemically
modified with nanofibrous PEDOT:PSS (poly(3,4-ethylenedioxythiophene):poly(p-styrenesulfonate))
to produce a cobweb-like structure (inset in Fig. 5.4(C)), which is then infiltrated by spin-coating with
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a P3HT:PCBM photoactive layer (Fig. 5.4(C)). The cross-sectional view given in this figure provides
evidence that the ITO layer is effectively infiltrated by the photoactive material, a requisite for good
performance with this type of solar cell device. The cell is electrically contacted with an evaporated
aluminum layer on top (Fig. 5.4(D)), which integrates the insulating electrode formed by OAD-ITO
nanopillars covered with OAD-SiO2 caps (Fig. 5.4(E) and (F)). This solar cell configuration exhibits
better performance than equivalent devices based on compact ITO films.

In a very recent collaborative work between the Pohang University and the Ressenlaer Polytechnick
Institute [336], ITO nanohelix arrays were used as three-dimensional porous electrodes, antireflection
coatings and light-scattering layers in bulk heterojunction solar cells. These ITO arrays provided an
enhancement in both the total light absorption and the charge transported from the photoactive layer
to the electrode; the combination of these effects resulting in a 10% increase in short-circuit current
density and a substantial increase in the power-conversion efficiency.

5.1.3. Sensors and biosensors
As a result of their high surface area and outstanding optical/electrical properties, ITO nanopillar

layers have been extensively used as biosensors to detect immobilized biomolecules within their
pores by means of different spectro-electrochemical methods. One example of this is the rapid absorp-
tion of microperoxidase within the meso- and micro-pores of OAD ITO layers, which has been used for
the detection of a series of adsorbed redox biomolecules that were electrochemically monitored by
derivative cyclic volt-absorptiometry [320,337]. Using another sensing approach, Byu et al. [338]
demonstrated that the performance of surface plasmon resonance (SPR) gold biosensors can be
enhanced by adding an OAD-ITO layer to increase the surface area available for the target molecules.
These decorated substrates present a much higher sensitivity than bare gold films in the analysis of
ethanol–water mixtures. The high surface area of ITO-OAD films has also proven decisive in the devel-
opment of resistive gas sensors for NO2 [339], in that a maximum sensitivity of 50 ppb and short
response time have been achieved with highly porous films prepared using high zenithal angles of
deposition (see Section 3.6). Further improvements were obtained by incorporating a bottom layer
of Fe2O3 or SiO2 as seeds to favor the growth of interconnected ITO nanorods, with their inner channels
being highly accessible to the surrounding medium.

5.1.4. Alternative TCO films prepared under OAD conditions
The high cost and increasing demand of indium over the last few years have prompted the

development of TCO films with other compositions; this also being true of TCO thin films prepared
under OAD conditions. Al-doped zinc oxide (AZO) thin films prepared by either e-beam or MS OAD
[323,340–344] have been successfully used in solar cells and LED devices. The synthesis of
Sb-doped tin oxide (STO) and Nb-doped titanium oxide (TNO) films with a strictly controlled compo-
sition, microstructure and porosity has also been recently reported to achieve outstanding optical
transparency and electrical conductivity [323,345,346]. In most of these preparations, MS has been
the technique of choice for the simple reason that it is better suited for depositions over large areas.
Some examples in the literature include the MS-OAD of Ga-doped ZnO [168,347,348] and the devel-
opment of a co-sputtering method for the fabrication of high and low refractive index layers of TNO
and AZO, respectively, for use in the preparation of a transparent and conductive distributed Bragg
reflector [340,349]. In this structure, the eight-period stack of AZO/TNO layers produces a reflectivity
of �90% along a spectral region centered at 550 nm, and a resistivity of less than 2 � 10�3 X cm.
Because of this outstanding performance, this system has been proposed as a mirror and charge injec-
tion layer to substitute the existing dielectric Bragg reflectors in vertical cavity surface emitting lasers.

5.2. Energy harvesting and storage

The last few years have borne witness to a tremendous expansion in the development of efficient
renewable energy sources and/or the implementation of new, advanced energy storage and saving
methods. Among the solutions proposed for the development of these new methods, we have seen
that OAD thin films play a special role due to their unique properties. In this section we review some
of the recent advances in the development of OAD thin films for renewable energy applications, with a



Fig. 5.5. Development of AR coatings through a combination of graded refractive index materials. (A) Cross-sectional SEM
micrograph of a graded-index coating consisting of three TiO2 nanorod layers on the bottom and two upper SiO2 nanorod layers.
Interfaces between all layers appear clearly defined. The feature size of individual nanorods (ca. 50 nm) is much smaller than
the wavelength of visible light, giving transparency and an absence of light scattering in this wavelength range. The low-n films
are found to be stable, with no evidence of degradation due to the adsorption of moisture. The inset bar diagram indicates the
refractive index of each layer. (B) Photograph of a graded-index antireflection coating deposited on AlN and specular surfaces of
AlN, Si and Al. (C) Schematic of the reflectivity measurements. (D) Theoretical (solid line) and measured (dotted line) reflectivity
of a graded-index coating versus incident angle for a wavelength k = 632.8 nm. (E) Wavelength dependence of theoretical (solid
line) and measured (dashed line) reflectivities of the graded-index coating at normal incidence [237].
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special emphasis on electricity generation by photovoltaic solar cells, solar-driven photocatalytic
hydrogen production, fuel cells, electric energy storage with lithium ion rechargeable batteries and
electrochromic coatings. The emerging topic of piezoelectric generators based on OAD thin films will
also be introduced.

5.2.1. Photovoltaic applications
OAD nanostructures represent versatile candidates to fabricate the many diverse elements of a

photovoltaic solar cell device. Following a simplified description, OAD thin films have been used as:
(i) transparent conducting layers, (ii) active semiconductor materials for electron–hole production
upon absorption of photons, (iii) electron or hole conducting/blocking layers, (iv) sculptured counter
electrodes, and (v) antireflection coatings. In Section 5.1 we reviewed the latest developments
regarding the OAD of ITO and other TCOs used as transparent conducting materials and AR coatings
in different solar cells architectures. In this section, we summarize the advances that have been made
in the fabrication, design and optimization of other OAD nanocolumnar thin films utilized in this type
of device/component.

5.2.1.1. AR coatings. Layers of OAD nanocolumnar materials other than TCOs have been used as AR
coatings to optimize the efficiency of various types of solar cell device. Their use is motivated by
expected improvements in photon harvesting, carrier separation or carrier collection efficiencies.
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Fig. 5.6. TiO2 as DSSC photoanode. (A) Cross-sectional SEM micrograph of a zigzag thin film consisting of ten stacked 500 nm
TiO2 layers (5 lm total thickness) prepared by successive azimuthal rotation of the substrate by 180�. The inset shows a
schematic of the DSSC device. (B) I–V curves for TiO2 photoanodes deposited at different angles and used either as prepared
(dashed lines) or after crystallization by annealing at 400 �C (full lines). (C) UV–vis transmission spectra for a series of OAD TiO2

films with different thicknesses consisting of single and stacked 500 nm-thick layers prepared in a zigzag configuration. The
transmission spectrum of a nanoparticle thin film and the absorption spectrum of the N719 dye solution are included for
comparison. The photographs presented in the top of the panel correspond to a 5 lm-thick zigzag film infiltrated with dye to
show the high transparency of the final cells. (D) I–V curves obtained from DSSCs utilizing zigzag TiO2 thin films grown at
a � 70� to thicknesses of: (a) 500 nm, (b) 1 lm, (c) 1.5 lm, (d) 2 lm, (e) 2.5 lm, (f) 3 lm and (g) 5 lm [63].
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Photon harvesting in photoactive solar cell components substantially increases if light is scattered or
confined within the system, and so the implementation of an AR coating at the front side of a solar cell
is a well-known method of confinement that enhances light absorption by the active material. Since
sunlight has a broad spectrum and its angle of incidence changes throughout the day, high-
performance AR coatings must be efficient over the entire solar spectrum and a wide range of incident
angles [335]. A good approach to avoid Fresnel reflections (i.e. optical reflections at the interface
between two materials with different refractive indexes) is to insert an interface with a graded refrac-
tive index between the two media. Schubert et al. [350,351] have shown that the interference coatings
formed by stacking OAD films with different refractive indexes may provide the desired broadband
and omnidirectional AR characteristics needed for photovoltaic cell applications. There have been
two general approaches adopted for the fabrication of AR OAD structures for solar cell applications:
the multilayer stacking of low and high refractive index materials, and the combination of layers of
the same material but with different densities (i.e. porosities, see Sections 2.4 and 3.6). In the case
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of the former, Schubert et al. [237] have reported the lowest refractive index material known to date,
with a n value �1.05 for SiO2. They also succeeded in fabricating a graded-index broadband and omni-
directional AR coating consisting of alternant layers of TiO2 and SiO2 with refractive indexes ranging
from 2.7 to 1.3 and 1.45 to 1.05, respectively. As reported in Fig. 5.5, such a coating effectively reduces
the Fresnel reflections when deposited on an AlN substrate (n is �2.03).

A typical example of an AR OAD coating used to enhance photon harvesting is one formed by
stacked TiO2 and SiO2 layers [228,351–353], which in some cases are prepared through successive
sputtering of the two materials [354,355]. The extension of this procedure to large area substrates,
including deposition on conformable polymers, has also been reported [356,357]. Other reported
attempts include the fabrication of single-material AR coatings by stacking different refractive index
layers of ITO (see Section 5.1), MgF2 [358], SiO2 [358–361], TiO2 [362], alumina [363], ZnS [364] or ZnO
[365].

Composite and compositionally complex thin film materials have also been used to increase the
scattering of light in solar cell devices. Some examples of this approach include: (i) antireflection
and self-cleaning coatings for III–V multi-junction solar cells made of OAD layers of gold grown on
nanocone arrays fabricated by plasma etching borosilicate glass [366], (ii) magnetron sputtered
TixSn1�xO2 films prepared on top of a seed layer of polystyrene spheres [367,368], (iii) HfO2 films
[369] combined with amorphous porous silicon with closed porosity [370], and (iv) sculptured TiO2

films [371].

5.2.1.2. Photon absorption components. The implementation of OAD thin films and nanostructures as
active photon absorption components in solar cells is another relevant field of interest for these mate-
rials. One approach in this context consists of exploiting the high surface area of columnar OAD films
to increase the interface area between p- and n-type semiconductors or, depending on the type of solar
cell, between a semiconductor and an electrolyte. In order to reduce the electron–hole recombination
probability, OAD nanostructures are also used to diminish the transport distance of the minority car-
riers from the absorbing semiconductor to the charge collection electrode. Furthermore, the unique
architecture of OAD films at the nanometer scale provides different ways to increase both the interface
area and carrier lifetime in solar cells. Various cases will be presented next to illustrate the possibil-
ities in dye and quantum dot (QD) sensitized solar cells, organic and hybrid photovoltaic solar cells
and Si-based solar cells.

5.2.1.3. Dye sensitized solar cells (DSSCs). Titanium dioxide nanomaterials have been extensively used
as a wide-band-gap semiconductor in DSSCs [372]. In typical cells of this type, anatase thin films are
made from agglomerated nanoparticles, nanotubes or nanorods, while light-absorbing dye molecules
are adsorbed onto the oxide surface [372–374].

Studies into one-dimensional TiO2 nanomaterials for DSSCs have been motivated by the idea that
the transport of charge carriers along tubes or nanowires may be more efficient than through a
nanoparticle film, where electrons must cross many boundaries before reaching the collection elec-
trode. According to this, one-dimensional nanostructures should have a lower diffusion resistance
than nanocrystalline films, thereby facilitating the collection of photogenerated charge carriers
[375]. With this in mind, several authors have used OAD TiO2 nanocolumnar films as photo-anodes
in DSSCs [48,63,64,284,376,377], achieving performances similar to that of cells based on conventional
TiO2 nanoparticle films. A schematic showing the typical structure of a DSSC incorporating an OAD
TiO2 photoanode is given in Fig. 5.6(A). In most cases, a compact TiO2 layer is first deposited between
the porous OAD TiO2 and TCO substrate to prevent the direct contact between the electrolyte and
electrode [63,64,284]. Ruthenium 535-bisTBA, also known as N719, is the most common dye in this
type of solar cell. In the example shown in Fig. 5.6, the electrolyte chosen was Iodolite AN-50. Other
combinations of dye and electrolyte have also been used with OAD TiO2 films, including viscous and
fast-recombining ionic-liquid electrodes [284]. Most research into OAD TiO2 photoanodes has
correlated photo-efficiency improvement with geometry, porosity, microstructure and the dimensions
of the TiO2 nanostructure. Indeed, much work has been devoted to determine the effect of these
morphological characteristics on physical phenomena such as the amount of dye incorporated,
electrolyte diffusion, light absorption and scattering or charge transport efficiency. To this end, several



Fig. 5.7. Three-dimensional TiO2 nanohelices as a QDSSC photoanode. (A) Schematic diagram of a QD-sensitized solar cell based
onTiO2nanohelix arrays. (B) Cross sectional and (inset) top viewSEM images of a TiO2nanohelix array deposited on an FTO-coated
glass substrate. The highly porous structure facilitates the penetration of QDs and electrolyte into the pores. (C) Lowmagnification
STEM-HAADF image of a TiO2 nanohelix loaded with CdSe QDs (bright spots). The difference in average atomic number between
CdSe and TiO2 causes different HAADF intensities. The presence of CdSe QDs in close contact with TiO2 was further confirmed by
EDS measurements, as shown in the inset. (D) HRTEM image of CdSe QDs loaded on a TiO2 nanohelix with indication of the
measured lattice spacing of TiO2 (0.34 nm) andCdSe (0.35 nm). Representation of the geometry (right) and simulated electric field
distribution at the surface (left) in (E) for a series of stacked TiO2 nanoparticles (10 nm radius, 30 nm period), (F) a TiO2 nanorod
(75 nm radius, 200 nm period), (G) a TiO2 nanotube (70 nm inner, 75 nm outer radius, 200 nm period), and (H) a TiO2 nanohelix
(125 nm helix radius, 75 nm wire radius, 600 nm period) when a X-polarized electromagnetic wave is incident on these
nanostructures. A periodic boundary condition is imposed along the in-plane direction of the FTO substrate in each simulation. An
identical scale bar (shown on left side) for the electric field strength is applied to (F, G and H) [382].
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OAD geometries have been studied ranging from vertical [64] to tilted [63,64,284,376] nanocolumns,
and from zig-zag [63] to nanohelix nanostructures [64,284,377]. Our group has recently utilized OAD
TiO2 nanocolumnar films in the fabrication of transparent DSSCs (see Fig. 5.6) [63], wherein the effects
of crystallinity and deposition angle on cell efficiency were evaluated for values of a of between 70�
and 85� (Fig. 5.6(B)). After annealing the samples to acquire an anatase phase [63,64,377,378], the
highest cell efficiency was found with a 70� OAD TiO2 film. This result was attributed to the relatively
high dye loading capacity of these layers (see Sections 3.6 and 4.2.2). In the quest for a highly
transparent DSSC, it was also found that zig-zag geometries produce less light scattering than straight
tilted nanocolumns or nanohelixes (see Refs. [64,377]) and impart the cell with a higher mechanical
stability. The photograph in Fig. 5.6(C) of a 5 lm-thick dye-infiltrated film with a zig-zag geometry
demonstrates the high transparency of the cell (90% at certain wavelengths). Overall, a conversion
efficiency of�2.78% was reached with 3 lm thick electrodes, which is comparable with a particle elec-
trode of similar thickness. This was achieved together with a high cell transparency, thus supporting
the implementation of these devices for glass coloring and related applications in the field of
fenestration.

A modified OAD methodology named GLADOX has been reported by Kondo et al. [369]. It combines
the sputtering of Ti at oblique angles with a posterior anodization to produce highly porous TiO2

hierarchical nanostructures (nanobrushes). Following annealing to induce crystallization to anatase,
these nanoporous photoanodes were incorporated in a DSSC where they yielded an overall
performance (conversion efficiency of �1.27% for 1.5 lm thickness) that is comparable with a
nanoparticulate reference cell of the same thickness. Improved charge transport and the potential
to increase photoelectrode thickness without any significant detriment to the conduction capacity
of photogenerated electrons are just some of the advantages cited for this type of nanobrush system.

5.2.1.4. Quantum dot (QD) solar cells. Generally speaking, the semiconductors used in photovoltaic
devices possess a small bandgap and can potentially absorb all photons with energies above this
minimum threshold. Unfortunately, owing to the small energy difference between photo-generated
electrons and holes in these systems, small bandgap semiconductors produce lower potentials than
wider bandgap semiconductors. Various approaches have been tried to combine the benefits of both
large and small bandgap semiconductors in order to expand the range of absorbed wavelengths and
use each absorbed photon to its full potential. One such attempt consisted of combining semiconduc-
tors and QDs of progressively decreasing bandgap energies to promote the absorption of radiation
across the entire visible spectrum [379–381]. These QDs were made from materials such as CdS, CdSe
and CdTe that strongly absorb in the visible region [379,380], and which can inject photoexcited
electrons into wide bandgap materials such as TiO2 and ZnO. Moreover, these QDs display a high
extinction coefficient (the capability to generate multiple excitons) and the capability of tuning their
energy absorption band through the control of their size. Utilizing these ideas, Zhang et al. [381]
proposed the OAD co-evaporation (see Section 2.6) of TiO2 and CdSe at a � 86� to deposit composite
nanorods on ITO. Femtosecond transient absorption spectroscopy analysis of the charge transfer pro-
cesses in this system revealed efficient electron transfer from the conduction band of CdSe QDs to the
conduction band of TiO2. This result was attributed to the high interfacial area and a strong electronic
coupling between the two materials, and represents a nice example of the possibilities that OAD and
co-deposition can bring to engineering compositions and nanostructures at interfaces with a strict
control over chemical states.

Very recently, Schubert et al. [382] reported QDs solar cells based on the decoration of three-
dimensional TiO2 nanohelixes with CdSe QDs, as illustrated in Fig. 5.7(A). The SEM micrograph in
Fig. 5.7(B) shows a characteristic cross section of the TiO2 nanohelixes grown on FTO, clearly showing
how their large and open pores can accommodate both QDs and electrolyte. As demonstrated by
HAADF-STEM (see glossary), the distribution of QDs along the TiO2 nanohelixes is quite homogeneous
and densely packed (Fig. 5.7(C)). The enhanced electron transport properties reported for this
system have been related to the high crystallinity of the nanohelixes (Fig. 5.7(D)), while their
three-dimensional geometry seems to enhance light scattering effects and therefore the cell
absorption capability and efficiency (Fig. 5.7(E)–(H)). The results of this work also suggest that
one-dimensional nanorods and nanotubes with diameters in the order of a determined light



Fig. 5.8. Organic solar cells by OAD. (A) Schematic diagram of a nanostructured organic solar cell. In a typical small-molecule PV
cell, nanocolumns are formed by donor-like metal phthalocyanines grown by OAD, and the acceptors by C60 (deposited by
evaporation) or PCBM (often dissolved in chlorobenzene (CB) or 1,2-dichlorobenzene (DCB) for film casting). The molecular
structures of some organic compounds used in small-molecules PV cells are shown besides the schematic. (B) Small-molecule
PV cell based on the OAD of ClAlPc (donor) and subsequent perpendicular deposition of C60 (acceptor). Comparison between
normal (a) and oblique (b) deposition of phthalocyanine shows the open porosity achieved by OAD, even with these low-
thickness layers. (C and D) Examples illustrating MPc deposition by evaporation at oblique angles onto a pre-seeded substrate.
(C) Normal and (inset) cross sectional SEM images of OAD CuPc deposited on bare silicon (top) and on pre-seeded Pt/Si
substrates (bottom). (D) (Left) Schematic illustration of the growth of ZnPc nanostructures on CuI seeds deposited at an oblique
angle. (Right) AFM micrographs of seeds grown on ITO at different angles, and (b–d) similar images after deposition of 40 nm of
ZnPc. Scale bar = 200 nm. (B) is from [394], (C) from [100] and (D) from [397].
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wavelength may act as guides for this wavelength rather than as scattering centers, as it is the case
with nanoparticles in conventional electrodes. This solar cell based on TiO2 nanohelix arrays exhibits
a two-fold improvement in solar energy conversion efficiency (1.34%) with respect to QD solar cells
based on a nanoparticle layer electrode (0.66%).

5.2.1.5. Hybrid solar cells. So far, TiO2 has been the most common material used in the fabrication of
hybrid solar cells consisting of an inorganic (e.g., TiO2) and an organic component. Here, the TiO2 acts
as a good electron conductor, and is combined with conjugated polymeric poly(3-hexylthiophene)
(P3HT, the most widely used compound for this function) or small-molecule p-channel materials that
act as hole conductors. OAD TiO2 thin films have been extensively used for the fabrication of different
types of hybrid solar cells [383–385]. The intended function of the OAD oxide is to provide a
well-defined intercolumnar space in which the small size of the P3HT infiltrated domains can limit
the distance travelled by photo-generated e�-h+ pairs (i.e., excitons) until the electrons are captured
by the TiO2. Relying on the same principle of confinement, various works have reported the use of
other OAD thin film materials in the fabrication of hybrid polymer and small molecule solar cells.
Examples of this include hybrid solar cells incorporating the semiconductor InN and
Pb-phthalocyanine [386], or Si/P3HT solar cells in which Si nanowires are fabricated at low tempera-
tures by hot-wire chemical vapor deposition at oblique angles [387] or typical OAD procedures
[106,388,389].

5.2.1.6. Organic solar cells. The principle of operation for a fully organic photovoltaic (OPV) solar cell is
similar to that of a hybrid solar cell in that solar light is absorbed by a photoactive material, thereby
creating electron–hole pairs (i.e., ‘‘excitons”) with a given binding energy that must be overcome for
their effective separation. However, the short exciton diffusion lengths characteristic of organic semi-
conductors (e.g., up to 50 nm for some metal phthalocyanines and 10 nm for many polymers) tends to
limit the thickness of the device, and consequently, the light absorption capacity of the cell [390].
Moreover, for an efficient exciton separation and carrier collection at the semiconductor’s heterojunc-
tion, the two materials must possess the right offset between the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO). The microstructure needed to success-
fully tackle these operating restrictions is one in which electron and hole conductor materials are dis-
tributed in the form of small, interpenetrating nano-domains with a size smaller than the exciton
diffusion length [390–392]. The OAD method is well suited to these morphological requirements
and has been widely used to grow organic nanomaterials for OPV devices. The majority of these
OAD-OPV devices incorporate nanostructures formed by the sublimation of small-molecule materials
[103,393–400], although some works have also reported the use of conjugated polymers or compos-
ites formed by small molecules and a conjugated polymer [401,402]. Fig. 5.8(A) shows a simplified
view of a nanocolumnar OPV device and the molecular structure of some of its components. The most
common donor materials in small molecule OAD-OPVs are metal phthalocyanines (MPc) such as CuPc
[103,150,395–397,399], PbPc [398] and ClAlPc [394]. The most common acceptor in these devices is
fullerene, either in its sublimable (C60) or soluble form as [6,6]-phenyl-C61 butyric acid methyl ester.
In the latter case, the solvent choice and solution concentration critically affect the OPV performance
because of difficulties in controlling the domain size and fragility of the donor/acceptor interface
[396]. One of the first examples of an OPV formed through the evaporation of both donor MPc and
acceptor C60 is presented in Fig. 5.8(B), wherein the device structure was developed by growing a
ClAlPc film at oblique angles (a � 60�) on ITO, followed by evaporation at a normal incidence of C60

[394]. The authors demonstrated that the increase in contact area at the ClAlPc/C60 heterojunction
interface leads to an increase in efficiency comprised between 2.0% and 2.8% relative to planar
heterojunctions. Equivalent experiments with OAD-CuPc/C60 OPV cells also resulted in efficiency
improvements ranging between 1.3% and 1.7%.

To better control the shape and size of the organic photoactive nanocolumns, Brett et al.
[103,395,403] thoroughly investigated the evolution of the morphology and porosity of a OAD-CuPc
thin film using a pre-seeded ITO substrate (Fig. 5.8(C)) [103]. Similarly, Taima et al. [397] recently
investigated the use of CuI OAD seeds to pattern the growth of ZnPc nanocolumnar arrays (Fig. 5.8
(D)). Optimized ZnPc/C60 bilayer cells fabricated following this approach presented a three-fold higher
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efficiency (4.0%) than an equivalent planar cell. Additional results from nanopatterning with organic
seeds can be found elsewhere [150,399].

The OAD of C60 as an electron acceptor material has also been tried in C60/P3HT cells [402] and, in
combination with another hole collecting material (i.e., P3CBT), for the manufacture of inverted solar
cells. Although the efficiencies achieved in this case were rather low (i.e. less than 1%), the values
obtained were still two-to-four times greater than those for an equivalent planar cell fabricated by
solution processes.

5.2.2. Water splitting, fuel cells and hydrogen storage
The use of hydrogen as an energy vector in transportation or for the production of electricity has

been proposed as a clean alternative to hydrocarbon fuels. At present, it is extensively used in
chemical synthetic applications (e.g., ammonia production, or in the petrochemical, food and metal
industries); however, its wider use as an energy vector faces serious scientific, technological and eco-
nomic challenges regarding its production, storage and final combustion. In the sections that follow
we summarize some of the recent advances in the use of OAD thin film materials for applications cov-
ering the whole chain of hydrogen technology. Considering the most commonly recurring themes
addressed in recent publications on the subject, this review will be divided into three main parts:
the solar generation of hydrogen, fuel cells and hydrogen storage.

5.2.2.1. Solar generation of hydrogen through photocatalytic water splitting. In the four decades since the
seminal work of Fuyishima and Honda [404], in which TiO2 was used as photo-active UV semiconduc-
tor, the energetically efficient photocatalytic splitting of water has remained a dream. Yet since then,
TiO2 has been extensively used in UV-driven photo-catalytic applications, with much effort being
devoted to moving its spectral response to the visible part of the solar spectrum (e.g., by doping) or
to develop alternative semiconductor compounds active in the visible spectrum and stable in aqueous
media. The solar driven generation of hydrogen generally requires a semiconductor (a metal oxide or
sulfide), as well as a metal acting as an electron trapper, electrode or co-catalyst. According to a
simplified description of the process, the absorption of a photon by the semiconductor creates an elec-
tron–hole pair. The hole then migrates to the surface of the oxide, where it becomes trapped by OH�

groups adsorbed at the surface and yields oxygen. Meanwhile, the electron reaches the active metal
and forms hydrogen by reducing protons. There are two main approaches to achieving solar-light
induced water splitting: (i) the use of a photo-electrochemical cell (PEC), wherein the semiconductor
and metal are connected through an external circuit, and (ii) loading a powder-based semiconductor
oxide with metal catalytic particles, usually Pt, decorating its surface [405]. To efficiently convert
water into molecular hydrogen and oxygen, any practical system must also fulfill the following
requirements: (i) the semiconductor must possess a narrow band gap (i.e. active in the visible) to
absorb a significant amount of solar light, (ii) it should promote both proton reduction and water oxi-
dation, and (iii) it must remain stable in the electrolyte during long irradiation periods [231]. Owing to
the difficulties in meeting all these requirements, recent approaches have relied on the simultaneous
use of two semiconductor materials that independently promote the oxidation and reduction pro-
cesses of the water splitting reaction [406]. In this way, n-type semiconductor photoanodes for oxygen
evolution and p-type semiconductor photocathodes for hydrogen evolution are combined within the
same system.

Aside from some intrinsic properties of semiconductors required for the intended application (i.e. a
high light-absorption coefficient, low recombination probability, etc.), nanostructured materials with
a high surface area are always desirable for water photo-catalytic splitting [405]. Since OAD semicon-
ductor thin films and nanostructures comply with these requirements, they result ideal candidates for
PEC devices and applications. Mullins et al. have extensively investigated the manufacturing of OAD
materials for PECs and Li-ion batteries electrodes, with a concise review from 2012 provided in Ref.
[231]. An outstanding result of these works has been the preparation by OAD of photo-active
alpha-Fe2O3 photoanodes capable of collecting light in both the UV and visible regions of the solar
spectrum. These authors have also reported the controlled doping of these nanostructures with Ti,
Sn or Si by co-evaporation at oblique angles (see Section 2.6) [406–408] or by LPD-OAD [409]. The
same co-evaporation method has also been used for the synthesis of BiVO4 and Co-doped BiVO4,
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two active semiconductor materials capable of water photo-splitting using visible light [126]. More
recently, the same group has explored the OAD deposition of tungsten semicarbide (W2C) which,
when deposited on p-Si substrates, proved to be an efficient photo-active support for Pt nanoparticles
[410].

The combination of two n-type semiconductors with comparable band gaps in a single photo-
anode has been proposed as a means of optimizing both the lifetime of the electron–hole pair and
the charge-separation efficiency at the surface. To this end, Ludwig et al. [411] prepared by MS a lay-
ered system consisting of WO3/TiO2 nanostructures. For this, they followed a combinatorial approach,
whereby a WO3 layer in the form of wedges was first deposited by controlling the sputtering pressure,
and then was followed by TiO2 nanocolumnar layers deposited by MS-OAD. Similarly, Zhao et al. [412]
prepared core/shell TiO2/WO3 and WO3/TiO2 nanorods through dynamic electron beam OAD by vary-
ing the zenithal angle, a, from 86� for the core to 11� for the shell. Their results suggest that the use of
core/shell nanorods as photo-anodes preserves the optical properties and water splitting performance
of the core, while the shell composition determines the flat band potential at the surface [413,414].
These authors have also developed a plasmonic-driven PEC cell consisting of heterostructured Ag/
TiO2 nanoarrays with silver nanoparticles embedded in the outer surface layers of TiO2 nanocolumns
[149]. The metal nanoparticles in this structure induce an enhanced photocatalytic activity under both
visible- and UV–visible illumination through a plasmon-promoted electron transfer in the case of the
former, and by facilitating electron–hole separation in the latter. The same authors have also pio-
neered the application of OAD ZnO as an n-type semiconductor for PEC cells [415]. In the course of
these investigations, they compared the performance of materials deposited by PLD at both normal
(PLD ZnO) and glancing at a ¼ 86� (PLD-OAD ZnO) incidences with electron beam evaporation at
the same incident angle (named GLAD ZnO in the authoŕs work). These deposition methods yielded
different ZnO microstructures: a compact thin film (PLD), and nanoplatelet (PLD-OAD) and nanopar-
ticulated (GLAD) thin films. From the point of view of PEC performance, GLAD ZnO generated the high-
est initial photocurrent, most likely thanks to a fast charge transport kinetics resulting from a small
defect concentration in this material.

5.2.2.2. Hydrogen storage. Among the proposed hydrogen storage methods, the trapping of hydrogen
by chemical or physical bonding into suitable materials has provided some of the highest volumetric
densities reported to date [405]. The conditions required for suitable hydrogen storage applications
are a high storage capacity, fast kinetics and a high reversibility of both hydrogenation and dehydro-
genation processes. Additional requirements are a low-reaction temperature and operating pressure,
easy activation, minimal deterioration of the material and an affordable cost [416]. Solid-state hydro-
gen storage involves either chemisorption or physisorption; the latter mechanism usually involving
van der Waals interactions that require cryogenic temperatures. Chemisorption involves the dissoci-
ation of hydrogen molecules and formation of metal hydrides (e.g., AlH3, MgH2, TiH2 and LiH), which
usually requires high temperatures and a catalyst. The main problem usually encountered with these
hydride compounds, however, is their high sensitivity to oxygen.

In principle, OAD nanostructures are good candidates as hydrogen storage materials because their
intercolumnar space allows for a reversible volume expansion during the transformation from metal
to hydride and vice-versa. Moreover, thanks to their high surface area, nanocolumns enable faster
hydrogen adsorption/desorption rates than compact materials. A pioneering work related to this pos-
sibility using OAD nanostructures of LaNi5 was published by Jain et al. in 2001 [417]. Following this
idea, Zhao et al. investigated the synthesis and performance of Mg nanoblades both with and without
vanadium decoration [418–420]. Wang et al. also applied the OAD method to fabricate Mg nanoblades
decorated with Pd [416,421]. To increase the chemical stability of the system, the Pd/Mg nanoblades
were protected with a conformal layer of parylene: a polymeric material that is highly permeable to
hydrogen, but prevents the passing of other gases [422]. Meanwhile, the resistance of Mg nanorods to
oxidation under conditions ranging from room temperature to 350 �C was also demonstrated for MS-
OAD magnesium prepared under controlled conditions [423].

5.2.2.3. Fuel cells. Fuel cells convert chemical energy into electrical current through the chemical
reaction of a fuel (H2, hydrocarbons or methanol) with oxygen or other oxidizing agents. The main



A. Barranco et al. / Progress in Materials Science 76 (2016) 59–153 113
components of the cell are anode, electrolyte and cathode. The type of electrolyte, fuel, working
temperature and start-up time are the criteria utilized for the classification of fuel cells [424]. In this
section, we summarize some of the recent applications of OAD thin films as components in proton
exchange membranes or polymer electrolyte fuel cells (PEMFCs and PEFCs) at low temperatures, solid
oxide fuel cells operated at high or intermediate temperature (SOFCs and IT-SOFCs) and direct-
methanol fuel cells (DMFCs).
5.2.2.4. PEMFC fuel cell components. These cells operate at low temperatures and a key issue to improve
their performance is to increase the catalytic efficiency of the cathode for the oxidation of hydrogen
under these mild operating conditions. Gall et al. [425–428] and Karabacak et al. [127,429–431] have
extensively applied OAD methodology to the fabrication of Pt-based cathodes for PEMFCs and develop
Pt/C cathodes through the dynamic MS-OAD of carbon nanorods (a � 85�) onto flat, pre-patterned
substrates, followed by posterior decoration of their tips with Pt deposited by MS in the classic
(non-oblique) configuration [426]. The use of these pre-patterned surfaces yielded C layers that were
highly porous in the vicinity of the substrate, but became rather compact and similar to thin films
obtained by conventional MS at their ends. This topology ensures that the Pt layers deposited on
top of these OAD carbon films present similar microstructures as those deposited on conventional car-
bon substrates. The performance of these two types of Pt/C cathode was similar at high potentials,
whereas at lower potentials the performance of Pt deposited on a pre-patterned substrate was signif-
icantly higher. This difference in behavior was attributed to a more effective mass-transport of oxygen
to the Pt reaction sites through the porous structure of the pre-patterned cathodes. To increase the
available open porosity of the system, these authors applied an additional in-situ etching treatment
once the Pt/C-OAD cathodes were inserted into the cell [427]. Meanwhile, to assess the importance
of thin film porosity, they also compared the performance of compact Pt layers deposited using a
conventional (non-oblique) configuration, and porous MS-OAD layers of Pt. The columnar porous elec-
trodes were found to exhibit a higher (lower) mass-specific performance than the compact electrodes
with a high (low) current density, a result that was attributed to the higher porosity of the latter and
lower electrochemically active surface area of the former [425].

Karabacak et al. [429–431] focused their investigations on the MS deposition of well-crystallized Pt
nanorods to improve their efficiency in oxygen reduction reactions without carbon support. To
achieve this, they studied the formation of well-isolated, single-crystalline and vertically aligned Pt
nanorods formed by dynamic OAD at an oblique angle of 85�, finding that the Pt OAD films exhibit
a higher specific activity, higher electron-transfer rate and comparable activation energy when
compared to conventional Pt/C electrodes. This enhanced performance was attributed to the single-
crystalline character, larger crystallite size and dominance of Pt(110) facets in these OAD thin films.

Minimizing the Pt loading in the cathode is a common strategy to reduce the cost of PEMCS. One
possibility in this regard that has been widely explored in the case of OAD films is the search for chem-
ically stable substrates other than carbon where substrate oxidation and the resulting loss of Pt
nanoparticles can be avoided or minimized. With this in mind, the use of Pt/Ti-OAD nanocolumnar
systems [432], Pt/CrN cathodes [426] or Pt decorated Cr nanorods [431] have all been proposed. In
the case of the latter two examples, nanostructured CrN and Cr layers prepared by MS-OAD act as sup-
porting layers. Meanwhile, in Ref. [431], a conformal Pt layer was deposited on top of the Cr nanorods
using a small angle deposition (SAD) (a < 45�) approach that yields a core/shell nanostructure in
which self-shadowing effects are absent at normal incidence. This Pt(SAD)/Cr(OAD) layer configura-
tion provides a higher oxygen reduction reaction activity and superior catalyst performance than a
Pt layer deposited in a normal configuration. With the same purpose, this group recently reported
the MS-OAD of Pt–Ni alloy nanorods by dynamic co-deposition at a � 90� relative to two independent
Pt and Ni sputter sources [127]. In this way, they demonstrated that the alloy composition and
microstructure can be fine-tuned by controlling the OAD conditions, and that upon electrochemical
cycling these Pt–Ni nanorods remain more stable than Pt nanorods or conventional high-surface-
area Pt/C electrodes. The fabrication by OAD of niobium oxides (for PEMFCs) and Ni (for alkaline direct
alcohol fuel cells, or ADAFCs) as supports for Pt cathodes has also been recently reported by Brett et al.
[433,434].



Fig. 5.9. (A) Schematic diagram of a conventional Li ion battery showing the anode, cathode and electrolyte. Li ions are
extracted from the cathode and inserted into the anode during charging. This process is reversed during discharging, when Li
ions are extracted from the anode and inserted into the cathode. (B) Application of an OAD microstructure to a Li-ion
microbattery with FeF2 as a cathode. (C) (Left) Schematic showing a C–Al–Si nanoscoop structure deposited on stainless steel
(SS) and (right) top view SEM image of the as-fabricated C–Al–Si nanoscoop structure. (D) X-ray photoelectron spectroscopy
depth profile of a C–Al–Si nanoscoop structure deposited on SS. (E) Cross-sectional SEM view of C–Al–Si nanoscoop structures
deposited on a Si wafer. A magnified cross-section is also shown to highlight the C, Al, and Si regions. (F) Illustration of the
principle of strain-graded multilayer nanostructures. (A) is from [440], (B) from [442] and (C–F) from [445].
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Though less common, MS-OAD has been applied for the fabrication of Pt-doped CeO2 anodes for
PEMFCs [435]. In this work, carbon nanotubes (CNTs) were used as both support and template to
obtain a specific three-dimensional anode morphology. Oxide layers doped with Pt were then depos-
ited onto the tips of the CNTs by co-sputtering the two components, with the resulting configuration
exhibiting satisfactory catalytic activity.
5.2.2.5. DMFC fuel cell components. One of the challenges in this type of cell, which operates at
moderate temperatures, is preventing the poisoning of the Pt catalyst by carbon monoxide (CO)
formed during the methanol oxidation reaction. Alternate layers of Pt and Ru nanorods deposited
by sputtering in a OAD configuration have been proposed as a catalyst for this type of DMFC cell
[436]. The aim of this Pt–Ru configuration is that the CO-poisoned platinum is regenerated through
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its reaction with oxygen species formed on the ruthenium (i.e., CO + Osurf ? CO2). As a result, when
used in an acidic medium, the Pt/Ru OAD multilayers exhibit an electrocatalytic activity with respect
to methanol electro-oxidation reaction that is higher than that of equivalent monometallic Pt
nanorods.

5.2.2.6. SOFC fuel cell components. OAD has also been used for the fabrication of electrolyte layers in
SOFCs working at intermediate temperatures. One of the first published examples in this research
topic dealt with the OAD of porous yttria-stabilized zirconia (YSZ) thin films, wherein CeO2 was infil-
trated by spin-coating [437]. This configuration takes advantage of the excellent oxygen ion transport
of doped ceria at intermediate temperatures to reduce the operational temperature of YSZ (about
1000 �C) electrolyte without affecting the power density of the device. Indeed, the resulting composite
CeO2/YSZ(OAD) system displayed a high conductivity in the 300–550 �C temperature range, with val-
ues higher than those attained with a compact CeO2 layer. For high-temperature SOFCs, Lii et al. [438]
explored the OAD of YSZ and strontia-doped lanthanum manganite (LSMO) for use as an electrolyte
and oxygen reducing cathode, respectively. The comparable thermal expansion coefficient of these
two ceramic materials contributes to an ‘‘in operando” stability of the system, while the triple phase
boundary formed between the cathode acting as a catalyst, the reacting gas and the solid electrolyte
favors exchange reactions involving oxygen gas molecules and ions in the electrolyte. This bilayer
systemwas fabricated by dynamic e-beam OAD at a ¼ 80� and 200 �C, and was subsequently annealed
at 900 �C to produce a well-crystallized material with a microstructure consisting of vertically aligned
YSZ nanorods and oblique LSMO nanocolumns. At 600 �C it exhibited a resistance that was ten-times
lower than that of a single porous LSMO catalyst layer. Very recently, the same authors have pushed
the OAD technology a step forward with the fabrication of both the anode (Ni/YST) and cathode
(Samaria-doped ceria (SDC)/La1xSrxCo1yFeyO3d (LSCF)) of a SOFC [439].

5.2.3. Li-ion batteries
Owing to their flexible design and high energy density, Li-ion batteries have become one of the

most popular storage systems used in portable electronics. The basic components of these batteries
are cathode, anode and electrolyte. As shown schematically in Fig. 5.9(A), they operate by extracting
Li ions from the cathode and inserting them into the anode during charging [440,441]. This process is
reversed during discharging, when Li ions are extracted from the anode and inserted into the cathode.
Typical cathode materials are laminar oxides (LiCoO2 and TiO2), spinels (LiMn2O4) and transition metal
phosphates (LiFePO4), while common anode materials include Si, graphite, carbon and Sn. A standard
electrolyte consists of solid lithium salt in an organic solvent. The nature of the insertion and extrac-
tion mechanisms varies from the electrochemical intercalation of layered oxides and graphite, to alloy
formation with Sn or Si. The electrode’s performance is typically quantified in terms of its charge
capacity per unit weight, a functional parameter that is directly linked to the electrode’s porosity
[440]. The superior performance of porous materials stems from the fact that a high electrode/
electrolyte interfacial area favors a rapid ion-coupled electron transfer rate and provides direct access
to the bulk and surface atomic layers (Fig. 5.9(B)) [442]. Furthermore, nanosized and structurally dis-
ordered materials can better accommodate volume changes and lattice stresses caused by structural
and phase transformations during lithiation/delithiation [231]. Films deposited by OAD comply with
most of these requirements, and so the technique has been applied to the fabrication of both anodes
[125,231,443,80,444–447] and cathodes [231,442,448–450].

Silicon is a material very well suited to Li-ion battery anodes because its nominal charge capacity
can exceed ten-times that of graphite. However, Si anodes must also face the problem of the huge vol-
ume change (about 400%) that occurs during the insertion/extraction of Li ions. The stress associated
with this can cause cracking and pulverization of the Si anodes, eventually leading to a loss of electri-
cal contact and fading of electrical capacity [440]. Brett et al. [443] have demonstrated the advantages
of OAD Si films used as three-dimensional Li-ion battery anodes by showing that vertical Si nanorods
(porosity ca. 80%) have twice the expected capacity of a compact film, and can therefore sustain more
than 70 insertion/removal cycles without any significant capacity fade [80]. Koratkar et al. extended
the OAD method to the growth of Si nanorods on a Cu foil for their direct implementation in the cell
[440]. Other groups had previously demonstrated that OAD Si nanosprings display a high compliance
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and offer enhanced stress resilience during Li ion exchange [451]. In recent publications, different
authors have also proposed advanced designs for a battery anode that combines several materials
(carbon, aluminum and silicon) in each nanocolumn with a so-called strain-graded nanoscoop
microstructure (Fig. 5.9(C)–(F)) [445,452]. This system can undergo rapid volume changes without
interfacial cracking or delamination because its stacked microstructure provides a gradual variation
of strain due to the different volumetric expansion of the three materials when alloyed with lithium.
The manufactured anodes were deposited by DC-MS and consisted of an array of C nanorods with an
intermediate layer of Al capped by a scoop of Si. The carbon nanorods were prepared by dynamic OAD
with a ¼ 85�, whereas the subsequent Al and Si flux incidence was normal to the carbon nanocolumns.
Fig. 5.9(C)–(E) shows a schematic representation of the nanoscoops, together with their characteristic
normal and cross-sectional views and corresponding XPS depth-profile. Fig. 5.9(F) presents the esti-
mated variation in volume following lithiation, showing that a large volume expansion of Si is possible
without provoking device failure thanks to the introduction of an intermediate layer of aluminum.
This provides a gradual transition of strain from carbon to silicon and permits stable operation of
the electrode under numerous high-rate charge/discharge processes. Another type of composition-
graded Si-based nanorods with controlled amounts of copper, which was prepared by OA
co-deposition, has also shown significant improvements in conductivity and an enhanced adhesion
to substrates [125,444]. In another example, pure OAD Al anodes grown on titanium/glass substrates
demonstrated a specific capacity close to the theoretical maximum, as well as an average columbic
efficiency of � 91% [80].

Mullins et al. proposed an alternative procedure to increase the stability of Si anodes, which con-
sisted of dosing small amounts of oxygen during the growth (partial bulk oxidation) of Si OAD films,
followed by posterior annealing at low temperature in air (surface oxidation). The formation of these
bulk and surface oxides provides a high capacity (2200 mA h/g) with virtually no capacity loss during
the first 120 cycles, and only a slight capacity fade (�0.15% per cycle) between 150 and 300 cycles. As a
result, the anodes retained up to �80% of their original capacity after 300 cycles [453]. These authors
have also explored the use of silicon–germanium alloys [446] and pure germanium [454] as anode
materials. Germanium is expected to be a suitable material for battery anodes as its high electronic
and ionic conductivity should allow for a very high charge/discharge rate. Thus, by systematically
changing the composition of Si(1�x)Gex alloy, it was found that the anode’s specific capacity decreased
and its electronic conductivity and high-rate performance increased with germanium content.
Meanwhile, an outstanding result found when using pure germanium OAD thin films in sodium-ion
batteries was a high rate of operation at room temperature with this anode material [454]. For an
overall view of this work on ion batteries, readers are redirected to a recent review of this group
[231], where in addition to summarizing their advances in the fabrication of anodes, they also
comment on the use of amorphous OAD TiO2 films as cathodes (see Ref. [126]).

Various OAD nanostructures have been used recently as lithium battery cathodes. For example,
needle-like LiFePO4 films deposited by off-axis pulsed laser deposition have been used for this purpose
[448,449], as well as FeF2 cathodes prepared by dynamic OAD with tailored periodic vertical porosity
[442] (Fig. 5.9(B)). Unlike the behavior of dense thin films, the ion and electron transport properties of
these nanostructured cathodes are independent of their vertical thickness. As shown in the bottom
part of Fig. 5.9(B), this is because the vertically aligned porous microstructures of these films assures
a high accessibility of Li+ ions along the whole electrode, as well as a substantial increase in area of the
substrate–electrolyte-film triple point interface. Moreover, with this particular morphology, it is pos-
sible to achieve high conductivities with cathode thicknesses up to 850 nm, which is about six-times
the maximum thickness attainable with FeF2 dense films due to their relatively insulating nature.

5.2.4. Electrochromic applications
During recent years, electrochromic coatings have evolved into a practical solution for indoors

energetic control, displays and other esthetic applications [455]. Although different oxides and organic
compounds are also utilized, the most popular system for fenestration and house-light control is based
on tungsten oxide as an active electrochromic layer that is tunable from a deep blue to a transparent
state, and a nickel oxide layer as a contra-electrode. Electrochromic film devices based on tungsten
oxide consist of a reducible WO3 layer, a second thin-film electrode and an electrolyte containing a



Fig. 5.10. (A) Normal and cross sectional (inset) photographs of chicken intestine villi. (B) Normal and cross-sectional (inset)
SEM images of MS-OAD WO3. (C) High resolution TEM and electron diffraction analysis showing the highly crystalized state of
the nanorods. (D) N2 adsorption isotherms of a 380 nm-thick WO3 OAD thin film compared with that of a 380 nm-thick flat film.
(E) Dynamic sensing transients of an OAD sensor and a sensor based on a dense WO3 film (plain sensor) to 0.2–1 ppm NO at
200 �C in a 80% relative humidity atmosphere. (F) Response of OAD and plain sensors as a function of NO concentration at
200 �C. Theoretical detection limits (DL) of both sensors are also presented [471].
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M+ cation (typically H+ or Li+) that is incorporated into the film during the reduction cycle. Optimal
device performance therefore requires rapid incorporation of M+ ions into the film and their reversible
release to the electrolyte during reduction and oxidation cycles, respectively (i.e., WOx + e� + M+ ?
WOx (M) for the reduction cycle). Optimizing the electrochromic behavior involves increasing the
incorporation capacity and maximizing the diffusion rate of M+ cations within the film structure.
These two requirements are fulfilled if the thin film of the cathode has high porosity, making OAD thin
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films prepared by either thermal evaporation or MS ideal candidates for this purpose. Accordingly,
Granqvist et al. [456] reported in 1995 the preparation of WO3 electrochromic thin films by
MS-OAD; however, even if the open and highly porous character of these films is very promising
for their implementation as fast switchable electrochromic layers, only more recent attempts have
incorporated OAD oxide thin films for this purpose [311,457,458]. These recent studies report the
MS-OAD of WxOzSiy [311,457] and CoxOzSiy [458] solid-solution thin films and their implementation
as electrochromic cathodes. The high porosity of such films makes them very suitable for this appli-
cation, with the integrated devices presenting fast response times and a high coloration capacity. In
addition, these mixed oxide solid solutions add the possibility of controlling the optical properties
(e.g., refraction index, absorption coefficient, etc.) in the bleached state by varying the relative amount
of silicon with respect to either W or Co.

5.2.5. Piezoelectric nanogenerators and piezotronic effect
One of the most promising options for the development of generators directly implementable in

wireless nanosystems is to apply the piezoelectric effect to convert mechanical energy (such as body
movement or muscle stretching), vibrational energy (such as acoustic or ultrasonic waves) or hydrau-
lic energy (such as body fluid flow) into electricity. This topic has experienced ceaseless development
in recent years thanks largely to the works of Wang et al. [459,460]. The piezoelectric effect relies on
the generation of electrical voltage by imposing a mechanical stress/strain on a piezoelectric material
and vice-versa. Typical examples of piezoelectric nanogenerators are based on 1D ZnO nanostructures,
although other materials such as ZnS, CdS, GaN and InN are expected to show an improved perfor-
mance because of their relatively higher piezoelectric coefficient. Although still in the very early
stages, promising results pertaining to the exploitation of OAD piezoelectric materials have recently
appeared in the literature [460–463]. The MS-OAD of ZnO and orientational control of obliquely
aligned epitaxial InN nanorod arrays by OAD using a plasma-assisted molecular beam epitaxy system
have been descried in Refs. [462,463]. In some of these works, the piezoelectric output voltage was
determined by scanning the Pt(Si) tip of an atomic force microscope along four different directions
with respect to the tilt angle of the ZnO NWs. These studies revealed an anisotropic generation of elec-
tricity as a function of the characteristic geometry of the OAD films [462]. Meanwhile, other authors
have reported an increase in the output power generated by growing InN nanorods tilted along the
direction of the piezoelectric field, while also applying mechanical deformation with a force normal
to the surface [461].

5.3. Sensors

Nanosensors is another area of application that has greatly profited from the inherent high surface
area and controlled nanoporosity of OAD nanostructures when utilized as transducers for the deter-
mination of different chemical analytes. The use of OAD thin films for biosensor applications will be
reviewed in Section 5.6 and the use of photonic detection methods in Section 5.5. Most cases discussed
here refer to electrical gas sensors, although a couple of examples using acoustic and optofluidic
devices for liquid monitoring are also critically described. A short subsection devoted to particular
applications in the field of pressure sensors and actuators complete this analysis of sensors.

5.3.1. Gas and vapor sensors
Typical gas and vapor sensor devices that use OAD thin films as transducer elements rely on

changes in resistivity or electrical capacitance upon exposure to a corresponding analyte. Capacitance
humidity sensors consisting of OAD TiO2 nanostructures deposited on interdigitated electrodes were
developed some time ago by Brett et al. [202,464–466]. Although other OAD materials respond to
humidity variations (e.g., SiO2 and Al2O3), sensors utilizing TiO2 exhibit the greatest change and show
an exponential increase from �1 nF to �1 lF when the humidity changes from 2% to 92% [467]. The
same group developed room temperature SiO2 OAD sensors to selectively detect methanol, ethanol,
1-propanol, 2-propanol and 1-butanol by monitoring both the frequency dependent capacitance
and impedance changes in the system [468]. In this work, it was also determined that for ethanol
and 1-butanol sensor aging is reduced by UV illumination, a treatment that had no effect when



Fig. 5.11. (a) SEM micrographs of a 1D Bragg microcavity fabricated with a central defect layer within the periodic distribution
of high index (TiO2) and low index (SiO2) layers deposited by OAD at 70�. The accompanying schematic shows the stacking
order of the component layers. UV–vis transmission spectra (experimental and simulated) are shown in the bottom for
microcavities deposited at 70� and 80�. The defect layer in the center of this stacking gives rise to a narrow resonant peak in the
center of the photonic band-gap [285]. (b) SEM micrographs of square-spiral Si structures arranged in a tetragonal lattice to
form a 3D photonic crystal. This arrangement is obtained by deposition on a substrate with a periodic topography of small
seeds, as shown in the right micrograph [506].

A. Barranco et al. / Progress in Materials Science 76 (2016) 59–153 119
detecting other alcohols. Capacitive humidity sensors based on OAD polyimide have also been
reported [469].

Different conductometric oxide sensors based on the variation in resistance of a transducer mate-
rial upon exposure to the analyte (mainly oxidative or reducing gases and volatile organic compounds
(VOCs)) have been prepared by OAD. For example, ZnO nanorods prepared by MS-OAD present a high
reproducibility and sensitivity, fast response and short recovery times in the detection of hydrogen
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and methane at mild temperatures (150 �C) [470]. Similarly, tungsten oxide (WO3) nanocolumns have
been used as conductometric sensors of NO, NO2 and ethanol [471–473]. To illustrate the possibilities
and lay-out of a typical OAD conductimetry sensor device, Fig. 5.10 summarizes some of the results
obtained with one of these WO3 sensors [471] in the detection of NO. This particular system consists
of MS-OAD WO3 films grown on interdigitated Pt electrodes. A key feature of the WO3 nanorods
(Fig. 5.10(B)) is their resemblance to intestinal villi (Fig. 5.10(A)), even after crystallization by anneal-
ing at 500 �C (Fig. 5.10(C)). Nitrogen isotherms and BET analysis revealed that the surface area of the
nanostructured film was about 30-times greater than that of a flat, compact reference layer (Fig. 5.10
(C)). This resistive sensor was tested with different analytes, including NO, as a function of tempera-
ture at a relative humidity of 80% (Fig. 5.10(E) and (F)). The results obtained confirmed a NO detection
limit of as low as 88 ppt and an extremely high selectivity to NO under humid conditions approximat-
ing human breath even in the presence of ethanol, acetone, NH3 or CO. These results support the
possibility of fabricating high quality sensor elements for breath analyzers to diagnose asthma, or
for the detection of NO in aqueous media.

The magneto-optical detection of minority components is a new and sophisticated method of
detection based on the coupling between a plasmonic signal and a ferromagnetic layer under the influ-
ence of a magnetic field. In a recent work, we proved that the sensitivity of such a device could be
enhanced by depositing a thin OAD TiO2 layer onto the magneto-optical layer structure [474]. This
transparent layer ensured a significant increase in the surface area available for adsorption, without
affecting the optical signal coming from the device.

One way of avoiding interference problems during the detection of multicomponent analyte mix-
tures is the incorporation of various sensing elements in the same device, and the use of a mathemat-
ical factor or multicomponent analysis procedure. Electronic noses (e-noses) are a typical example of
this type of devices. Recently, Kim et al. [475] developed a multi-sensor e-nose chip incorporating six
different nanostructured gas-sensing layers prepared by OAD: TiO2 thin films, TiO2 nanohelices, ITO
slanted nanorods (see Ref. [339]), SnO2 thin films, SnO2 nanohelices and WO3 zig-zag nanostructures.
These films were monolithically integrated onto a sapphire wafer through a combination of conven-
tional micro-electronics processes and OAD. The thin film resistivity was measured through interdig-
itated electrodes, while the OAD nanostructures were tested in a top–bottom electrode configuration.
The prototype e-nose showed specific sensitivity for various gases such as H2, CO and NO2.

5.3.2. Liquid sensors
Detection in liquid media has also benefitted from the use of OAD thin films incorporated into

ultrasonic devices or complex photonic structures produced by stacking thin film layers with different
refractive indices. Sit et al. [476,477] studied the use of nanostructured OAD SiO2 thin films to enhance
the sensitivity of surface acoustic wave (SAW) sensors for liquid monitoring. Here, SiO2 films were
deposited on top of SAW devices operating at 120 MHz and were then implemented in an oscillator
circuit. The evolution of the frequency signal was monitored as a function of the relative humidity,
as well as for different viscous mixtures of glycerol and deionized water. In an early work [478], a sim-
ilar approach was used for the in-situ evaluation of the elastic properties of SiO2 nanocolumns depos-
ited on a SAW circuit.

Our group has developed a very simple but effective photonic device for the optofluidic determi-
nation of the concentration of liquid solutions. This method utilizes a Bragg microcavity consisting
of periodic and alternant SiO2 and TiO2 thin films of equivalent thickness, plus a thicker SiO2 layer
acting as a defect; all of which are prepared by e-beam OAD (see Section 5.4 and Fig. 5.11(a)) [285].
The resonant absorption peak characteristic of this type of photonic structure shifts when the system
is infiltrated with a liquid, and the magnitude of this shift can be directly correlated with the concen-
tration of the solution. This system has proven to be very useful in monitoring low and high concen-
trations of glucose or NaCl in aqueous solutions, or the proportion of components in a glycerol/water
mixture.

5.3.3. Pressure sensors and actuators
Study into the mechanical properties of OAD thin films and three-dimensional nanostructures such

as nanohelixes and nanosprings has received continuous attention in reviews [16] and numerous
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works on the subject [66,479–486]. These studies have provided very useful information regarding the
elastic and mechanical properties of this type of thin films and nanostructures; knowledge that has
been applied to the development of different sensor devices for the monitoring of mechanical forces
and pressure. For example, Gall et al. [487] have reported the fabrication of a nanospring pressure
sensor based on zigzag and slanted Cr OAD nanostructures. These nanocolumnar arrays exhibited a
reversible change in electrical resistivity upon loading and unloading that amounted to 50% for zigzag
or nanospring structures, but only to 5% for tilted nanorods. An accompanying change in the resistivity
of these sculptured films was attributed to the formation of direct pathways for electric current when
the nanosprings are compressed. Individual metal microsprings have also been used as fluidic sensors
and chemical-stimulated actuators by virtue of their reliable superelasticity; their flow rate being
calibrated by determining the elongation of Ti or Cr-decorated polymeric microsprings [488]. Mean-
while, a very sensitive pressure sensor based on the piezoelectric properties of embossed, hollow
asymmetric ZnO hemispheres prepared by OAD has been recently reported [489].

5.4. Optical applications and devices

The analysis and modeling of the optical properties of OAD thin films has been one of the most
important areas of their study. Indeed, the optical properties represent one of the most valuable tools
for assessment over microstructure and composition distribution in this type of films, as they are
controlled by the deposition geometry and other experimental conditions. Ongoing advances made
in this area have been extensively reviewed in excellent reports dealing with OAD thin films
[16,17], while a specific up-to-date analysis of their optical properties, including aspects such as their
design, fabrication, theoretical analysis and practical examples, can be found in Ref. [21]. A compre-
hensive evaluation of theoretical calculations and simulations of the optical properties of OAD films,
multilayers and other less complex devices can be found in the monograph of Lakhtakia and Messier
[20]. Taking into account the extensive available knowledge regarding the optical properties of OAD
thin films and multilayers, and considering that a clear distinction between the optical properties
and potential applications is somewhat artificial, the present review has been limited to an analysis
of aspects closer to specific operating devices and their final applications. Readers more interested
in the fundamentals of optical properties are referred to the previous publications already mentioned.

5.4.1. Passive optical applications
As a result of their tilted nanocolumnar structure, OAD thin films are optically anisotropic; as such,

transparent dielectric films deposited by OAD are intrinsically birefringent, whereas metallic absorb-
ing films are dichroic. The anisotropic character of OAD thin films is a precise feature that was first
investigated during the earliest stages of research into these materials [1,2].

Preceding sections have provided ample evidence of the fact that the OAD technique is a straight-
forward method for the fabrication of transparent dielectric optical films. This procedure has been
successfully utilized for the synthesis of single-layers, multilayers and graded refractive index films,
all of which have been utilized as antireflective coatings, rugate filters, Bragg reflectors, waveguides,
etc. Examples of some of the dielectric materials prepared by OAD include SiO2, TiO2, Ta2O5, MgF2,
ZnO, Si, Y2O3, Eu-doped Y2O3, ZrO2, Al2O3, Nb2O5 and ITO [17,20,21]. Other transparent conducting oxi-
des (TCO) have also been prepared by OAD for integration into a large variety of optoelectronic devices
(see Section 5.1). In addition, a considerable number of organic materials have been deposited in the
form of OAD optical coatings [71,103,394,400]. Such a wide range of OAD coatings has allowed them
to cover the entire spectral range required for their use as interference filters.

A characteristic feature of the OAD technique is the potential to change the nanocolumnar direction
by modifying the deposition geometry. This can give rise to two- and three-dimensional structures
constructed from multisections of oriented nanocolumns, zig-zags, helices or S/C-shapes (see
Section 2.4). According to Lakhtakia and Messier [20,490], there are two canonical classes of OAD
structures. The first type, sculptured nematic thin films, includes slanted columns, zig-zag, and
S- and C-shaped columns. These materials have been extensively used for the fabrication of optical
components such as polarizers, retarders or filters [66,491,492]. The second class encompasses
helicoidal columns and chiral-sculptured thin films, which are able to reproduce the behavior of



Fig. 5.12. (a) SEM micrographs of two PDMS foils coated with nanocolumnar SiO2 films deposited by OAD. The images
correspond to a flat foil (top) and to the same foil bent to form a concave (middle) or convex (bottom) surface, as indicated. The
foils were bent along the film’s bundling x-axis (left panel in blue) and along its growth y-axis (right panel in red). (b)
Fraunhoffer diffraction patterns obtained by illuminating a concave surface bent along the bundling x- (right) and growth y-
(right) axes with a 532 nm laser beam. The experimental diffraction patterns can be simulated by assuming a Fraunhoffer
diffraction by the periodic undulation observed in the concave surfaces shown in (a). (c) Examples of invisible labels fabricated
by depositing a nanocolumnar SiO2 thin film on each side of a PDMS foil using two different shadow masks. The flat double-
sided coated foil is transparent (central picture). The projected light reveals the pattern printed on the concave surface, whereas
the pattern on the opposite convex surface remains invisible (left and right pictures) [507].
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Fig. 5.13. Normalized absorption (top) and fluorescence (bottom) spectra corresponding to one of the five dye couples of
Rhodamine X–Rhodamine 800 (Rhodamine X: Fluorescein, Rhodamine 123, Rhodamine 6G, Rhodamine B and Rhodamine 101)
anchored in SiO2 OAD thin films. Dashed and full lines correspond to bands attributable to the emission from Rhodamine X and
Rh800 molecules, respectively. The Rhodamine 800 emission is induced by an energy transfer processes from the other
rhodamines when excited by absorption at the wavelengths indicated in the upper panel [513].
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cholesteric liquid crystals by preferentially reflecting circularly polarized light of the same handedness
as the film’s microstructure (circular Bragg phenomenon). Chiral filters based on this principle and
presenting different degrees of complexity have been successfully designed and fabricated by OAD
[77,79,493–495].

As explained in Section 2.2, changing the deposition geometry or using more than one deposition
source (Section 2.6) permits a gradual in-depth change in composition, density and microstructure of
films. In terms of their optical properties, this means that either by alternating the type of deposited
material and/or changing the densification, the refractive index profile along the film thickness can be
effectively tuned. This possibility has been used to fabricate antireflection coatings [236,496,497] and
rugate filters that are characterized by a sinusoidal index profile [90,92,498,499]. One-dimensional
photonic crystals (also designated as Bragg stacks) and Bragg microcavities have also been fabricated
by successively stacking oxides of different refractive indices (e.g., low index SiO2 and high index TiO2)
[285,500–502] or with porous-graded Si posteriorly oxidized by high temperature annealing [503]. An
example of a Bragg microcavity fabricated by stacking different layers of SiO2 and TiO2 prepared by
OAD is presented in Fig. 5.11(a). Such optical structures depict a narrow resonant peak that is affected
by the infiltration of liquids in their pores, a feature that has been utilized for the development of
responsive systems to determine the concentration of solutions (see Section 5.3). More complex 3D
square-spiral photonic crystals with a tetragonal arrangement of elements that exhibits well-
defined band gaps in the visible, NIR or IR spectrum have also been fabricated by OAD (see Fig. 5.11
(b)) on lithographically pre-patterned substrates [504–506].
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An emerging topic in the field of electronics and photonics is the development of flexible devices. A
flexible optical component combining the intrinsic nanometric order of OAD thin films with an addi-
tional micron-level arrangement has been recently developed by our group through the OAD of an
oxide thin film on elastomeric PDMS foils [498]. Manually bending this device gives rise to a switch-
able grating formed by parallel crack micropatterns (Fig. 5.12(a)). An outstanding feature of this type
of foldable optical component is that the crack spacing is directly determined by the nanocolumnar
structure and material composition of the OAD film (the former controlled by the zenithal angle of
deposition), but it is independent on either the film thickness or foil bending curvature. We have
attributed this microstructuration effect to the bundling association of the film’s nanocolumns (see
Sections 3.6.2 and 4.2.2). These self-organized patterned foils are transparent in their planar state,
yet can work as a customized reversible grating when they are bent forming the concave surface
shown in Fig. 5.12(b). The labeling possibilities of this type of optical component are illustrated in
Fig. 5.12(c).

5.4.2. Active optical applications and devices
Within this category we consider OAD thin films and more complex device structures capable of

actively responding to excitation from the medium. Luminescent films, optical sensors and plasmonic
effects will be commented briefly to illustrate the potential applications in this domain.

5.4.2.1. Luminescent films. A standard approach to the manufacturing of luminescent films is the OAD
of intrinsically luminescent materials. Here, the nanocolumnar-tilted orientation of conventional OAD
films ensures that the luminescent emission of the material is linearly polarized [73]. Similarly, helical
structures of luminescent materials produce a circular polarized emission [71]. In all cases, the
polarization of light seems related to a widely studied filtering effect produced by the particular
nanostructure of each thin film or structure [73].

Another possibility in the synthesis of luminescent OAD-based materials relies on the anchoring of
luminescent molecules on the internal surface of thin films; the basic principles of which were dis-
cussed in Section 3.6.2. The incorporation into the nanocolumnar film of a luminescent or alternative
guest molecule with specific functionality [246] presents some similarities with conventional synthe-
sis routes utilized for the sol–gel method [508–510] and wet-chemistry processes [511] used in the
fabrication of hybrid luminescent materials. In these hybrid OAD films, however, functional molecules
are anchored to the chemical functionalities of oxide surfaces (e.g., the –OH groups in TiO2 or SiO2

nanoporous films) either electrostatically [243,246,512] or by forming covalent bonds [244]. The
luminescence of the resulting hybrid nanocomposite depends on the dye distribution (i.e., the aggre-
gation state of dye molecules or simply the distance between them) within the porous nanocolumnar
structure of the films. Different activation processes such as thermal treatment [243] or the
UV-illumination of semiconducting host films [242] have been used to enhance or modify the lumi-
nescence properties of the films. An interesting example of the possibilities offered by this anchoring
approach is the energy transfer process made possible from the visible to near-IR spectrum exhibited
by rhodamine laser dye pairs adsorbed in nanocolumnar SiO2 OAD thin films [513]. Fig. 5.13 shows
that when different rhodamine pairs (all of which include Rhodamine 800 as a near-IR emitting
dye) are adsorbed in the host films, excitation of the visible-spectrum absorbing rhodamine produces
a very intense luminescence in the infrared. This luminescence cannot be induced by the direct
excitation of Rhodamine 800, and has been attributed to an energy transfer induced by the formation
of luminescent J-heteroaggregates between the two classes of dye molecules; a phenomenon observed
for the first time in these hybrid OAD films [513]. Although this is still largely unexplored, the possi-
bilities for this type of process for wavelength-selective wireless optical communications (e.g. inside
satellites) are quite promising, as most optical detectors function in the near-IR spectrum.

5.4.2.2. Optical sensors. OAD photonic architectures are ideal for the development of photonic sensors.
In these systems, the large pores separating the nanocolumns in the films enable the rapid access and
interaction of analyte molecules either directly with their internal surface or with active molecules
anchored on it. Generally, analyte adsorption is the main limiting step of the sensing response in an
OAD structure, which is in stark contrast to the diffusion-limited sensing typical of bulk sensors



Fig. 5.14. Identification patterns obtained for the indicated volatile organic analytes adsorbed on nanocolumnar OAD TiO2 thin
films functionalized with metallic porphyrins. Porphyrins are 5,10,15,20-tetrakis(4-carboxyphenyl)-21H,23H-porphyrin and
ten metal derivatives. In the metal derivatives, two hydrogen atoms in the center of the molecule are replaced with Ag(II), Co
(III), Cr(II), Cu(III), Fe(III), Mn(III), Pd(II), Ru(II), Sn(IV) or Zn(II). Color scale goes from red to blue, where red indicates no change
between exposed and non-exposed spectra and blue is the highest detected change [247].
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[17]. Filing the pores of the OAD films in the final stage of massive infiltration or adsorption can be
directly monitored by (for example) measuring gas adsorption isotherms (see Section 3.6.3). The opti-
cal properties of OAD films and multilayer structures also respond to the environment, be that a gas or
liquid that condense and/or fill the pores occupying the inner volume of the films. The dependence of
the film’s refractive index and the overall optical response of these systems on the conditions of the
medium have been one of the main motivations for using nanocolumnar films or nanostructures as
optical sensors. Some examples of optical sensors based on changes in the optical properties of
OAD structures are the use of helical nanocolumns [490] and Bragg stacks [285,502] for infiltrated
liquid sensing, or the use of photonic crystals for high-speed water vapor detection [514,515] and col-
orimetric detection of humidity [516] (see Section 5.4 for a more complete review of humidity
sensors).

One drawback of direct sensing strategies that are based on changes in refractive index is the lack
of selectivity. That is, selective detection can only be achieved when, by a specific reaction, the analyte
modifies the light absorption properties (i.e. the color) of the nanocolumnar film. Examples of this
approach are the optical detection of H2 with Pd/WO3 OAD films that change from transparent to blue
when exposed to this gas [517], and the color change of cobalt oxide nanocolumnar films when
exposed to CO [518]. Another possibility to improve selectivity involves modifying the surface chem-
istry of nanocolumns by derivatization with functional molecules. For example, the silane derivatiza-
tion of porous TiO2 OAD films makes them insensitive to changes in ambient humidity [519].

In hybrid thin films, one way of directly enhancing sensitivity is to incorporate within the OAD
films a dye molecule whose light absorption and/or luminescence changes reversibly through a
specific reaction with a given analyte. Our group has widely investigated this procedure and devel-
oped different composite sensor systems based on this principle. For instance, acid vapors can be
detected from the change in optical absorption and fluorescence of OAD TiO2 films with tetracationic
metal-free porphyrin incorporated in their pores [229,244]. Typically, the selectivity of these hybrid
systems is mainly determined by the chemical reactivity of the anchored molecules. Thus, by combin-
ing a free base porphyrin with ten of its metal derivatives anchored in columnar OAD films, it has pro-
ven possible to selectively detect more than ten volatile organic compounds through spectral imaging,
as illustrated in Fig. 5.14 [247]. This confirms that the selectivity and performance of these hybrid
systems are determined by how the sensing molecules are bonded to the porous OAD matrix [248].



Fig. 5.15. (a) Pictures taken with x- and y-polarized light sources for a series of dichroic Au/SiO2 samples deposited at a = 60�,
70�, 80� and 85�. Selected zones of these samples were laser treated at different powers. (b) Standard bar code written with a
laser onto an Au/SiO2-60� sample and monitored with x- and y-polarized light. The magnified images show the presence of a
secondary micrometric bar code engraved in one of the bars. (c) Optically encrypted figure drawn by laser and observed with
polarized light illumination of an Au/SiO2-60� sample with three different orientations of SiO2 nanocolumns, as shown in the
scheme at the left side of this panel. The complete shape of the figure can only be retrieved if the orientation of the columns in
every zone is known in advance, and the appropriate sample orientation and light polarization are selected (red square) [226].
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5.4.2.3. Plasmonics and plasmonic-related applications. Plasmonics is a rapidly evolving area that
explores the interaction between an externally applied electromagnetic field and the free electrons
in a metal. These free electrons can be excited in the form of collective oscillations, named plasmons,
by the electric component of light. At certain incident conditions, namely when the incident light
frequency matches the intrinsic frequency of the free electrons, a resonant absorption occurs. This
phenomenon is called surface plasmon resonance (SPR), or in the case of nanometric metallic
structures, localized surface plasmon resonance (LSPR). OAD has been utilized by many authors for
the controlled fabrication of metallic structures intended for plasmonics applications; a topic that
has recently been reviewed by He et al. [520] and Abdulhalim [521]. The OAD technique presents
some competitive advantages with respect to many other fabrication techniques for metallic sup-
ported nanostructures (e.g., self-assembly, electron beam lithography, nanosphere lithography, etc.),
the most significant of these being direct control over the composition and shape of the metallic nano-
columns and the scalability of the method to large areas. Plasmonic structures made by OAD have
been successfully employed for the fabrication of dichroic systems and labels, sensor and biosensor
applications through the analysis of LSPR changes, molecular detection by surface enhanced Raman
scattering (SERS), metal-enhanced fluorescence (MEF), surface-enhanced infrared absorption (SEIRA),
and the development of metamaterials. A brief discussion of the possibilities offered by OAD
techniques in relation to selected applications is presented next.

5.4.2.4. Dichroism and plasmonic applications. In non-spherical silver or gold nanoparticles, plasmon
absorption resonance is highly dependent on the polarization state of light. In practice, this polariza-
tion dependence manifests itself by the appearance of two plasmon resonance absorptions peaking at
different wavelengths depending on the orientation of the electric component vector of light with
respect to the largest axis of the nanostructure. Dichroic silver nanoparticles and aggregates can be
formed during the earliest OAD stages on flat and transparent substrates [522], with the polarization
dependence of their SPR being attributed to their in-plane anisotropy. This effect can be greatly
enhanced by nanosecond laser treatments under ambient conditions at relatively low powers, but
both anisotropy and dichroic behavior are completely lost at higher laser powers. Strongly dichroic
structures have also been obtained by us through the OAD deposition of silver onto OAD nanocolum-
nar SiO2 films acting as a substrate [225,523]. In this case, the in-plane anisotropy characteristic of the
SiO2 nanocolumns is used as a template to induce anisotropic growth of the silver film. The treatment
of these composites with an unpolarized nanosecond IR laser induces selective melting of the silver
and posterior solidification in the form of long nanostripes on the surface, which promote and enhance
the dichroic response of the system. This dichroic laser-patterning process has been attributed to a
successive metal percolation and dewetting mechanism along the lines defined at the surface by
the SiO2 nanocolumnar bundles (see Section 4.2.2). Depending on the laser power, zones with a
localized increase in dichroism and/or totally deactivated regions can be written on the composite film
surface. The use of this writing procedure has been suggested for the optical encryption of information
at a micron level [225]. Nano-columnar silver films directly prepared by OAD have been tested for
SERS (see below) and for surface-enhanced Raman [524–526].

Recently, a host–guest strategy based on the formation of anisotropic Au nanodiscs inside the inter-
columnar space of bundled OAD SiO2 nanocolumns has been reported by our group [226]. The method
relies on that the size, shape and orientation of gold nanoparticles are defined by the tilt angle of the
nanocolumns and the intercolumnar space distance, which are experimentally determined by the
zenithal angle of evaporation. These composite materials have been applied to the development of
optical encryption strategies in combination with local laser patterning. The distinct colors of the
untreated zones seen in Fig. 5.15(a) are due to the different anisotropies of the gold nanoparticles
depending on the characteristics of the SiO2 host layer. The effect of this laser treatment is to locally
remove the dichroic character of the composite film by inducing melting and resolidification of the
anisotropic gold nanoparticles. This treatment can be applied to selected zones with a micron-scale
level of control (Fig. 5.15(b)). In addition, this selective writing can be applied to complex dichroic thin
film arrangements in which gold nanodiscs present different orientations as a result of being prepared
on SiO2 film zones with nanocolumn bundles that have grown after azimuthally turning the substrate
180�. In this system, retrieving the original information (in this example, the complete shape of the
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figure drawn by the laser) requires interrogation of the system using an appropriate polarization of
light and a given planar orientation of the plate (Fig. 5.15(c)). A deeper discussion regarding the pos-
sibilities of this type of system for optical encryption and the fabrication of anti-counterfeiting labels
can be found in Ref. [226].
5.4.2.5. Sensing applications based on plasmons. The characteristics of the LSPR are not only dependent
on the size and shape of metal nanoparticles, but also on their dielectric environment. Typically, most
OAD metal nanoparticle films are made of either Ag or Au. Fu et al. [527] studied the deposition of Au/
TiO2 and Au/Ti structures by OAD, with the first case producing a red shift of 30 nm in the plasmon
resonance when the nanostructure was covered by a TiO2 layer with a nominal thickness of 5 nm, a
change that was attributed to a modification in the refractive index of the medium immediately sur-
rounding the Au nanoparticles. In the latter case, the observed red shift was a function of both the
coating thickness and coverage. These results indicate that the OAD technique is very versatile in
allowing for the deposition and fine-tuning of LSPR structures, as well as the development of sensors
[521,528]. Using uniform films with tuned, narrow particle size distributions, a linear relationship
between the plasmon resonance wavelength and refractive index of the surrounding media was iden-
tified in OAD Ag and Au nanocolumns immersed in liquids with different refractive indexes [529].
Similarly, a number of biosensors for the highly selective detection of different small molecules have
also been developed. Selectivity in this case is mediated by anchoring different receptor molecules on
the surface of Au or Ag, which is made possible thanks to the rich surface chemistry of these metals.
Examples or this approach are the detection of anti-rabies immunoglobulin G [529], neutravidin [530]
and streptavidin [531].
5.4.2.6. Surface enhanced Raman spectroscopy applications. Surface enhanced Raman spectroscopy
(SERS) is very sensitive in the detection of minute amounts of molecules in solution upon their adsorp-
tion on noble metal substrates, even in the sub-micromolar range. A variety of noble metal
nanocolumnar films, most of which have been made of Ag and fabricated by OAD [532–535], have
all demonstrated excellent properties as substrates for SERS chemical and biological sensing. Indeed,
the SERS enhancement factor and reproducibility of results obtained with OAD Ag nanocolumns was
similar, or even superior to that reported for other Ag nanoparticle systems [536,537]. Investigations
in this field have generally concluded that the efficiency of OAD structures as SERS transducers is
tightly linked to their structural and microstructural characteristics, which in turn can be tailored
by controlling the experimental conditions of deposition such as the angle and thickness of the
nanocolumns [538,539] or the deposition temperature [540]. Another possibility offered by OAD to
enhance SERS performance is the manufacturing of complex architectures that incorporate intentional
‘‘hot-spots”; i.e., areas where an enhanced electromagnetic field amplifies the Raman scattering
signals. OAD Ag films with L-shape [541], zig-zag [542] and square helical nanostructures [543] have
all been reported to promote the formation of such ‘‘hot-spots” to increase the sensitivity of SERS
analyses.
5.4.2.7. Metal enhanced fluorescence. Metal enhanced fluorescence (MEF) refers to the enhancement in
emission intensity of a fluorophore molecule in the proximity of a metal nanostructure due to a
localized increase in the electromagnetic field associated with the SPR. Dipole–dipole interactions also
play a major role in this enhancement mechanism [544]. While MEF enhancement factors of up to 70
relative to dense metal films have been reported for OAD films made of Ag and Al, equivalent films
made of Au and Cu have proven to be far less effective [545,546]. In these studies, the influence of
nanocolumn tilt angle, film porosity, the nature of the substrate, and the distance between the
fluorophores and metallic structures were all systematically investigated. Various applications of this
MEF effect using OAD metallic structures have been reported for biosensing in water and bioimaging
[544], whereby a specific detection can be enhanced through the immobilization of the fluorescent
receptor onto a metal nanostructure [545–547].
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5.5. Wetting and microfluidics

Mimicking nature to obtain superhydrophobic/superhydrophilic, adhesive/anti-adhesive and, more
recently, omniphobic and wetting anisotropic surfaces and coatings has been a topic of ongoing inter-
est in the field of nanotechnology over the last two decades; a period that has witnessed the conver-
gence of efforts from academia and industry in the search for new surface functionalities [548–550].
The wetting angle of a liquid drop on a flat surface is determined by Young’s Law, and it is the result of
a balance between the cohesive forces acting on the line of contact between the drop, the solid surface
and the air/gas environment. It is therefore dependent on the interfacial energies between the solid–
liquid, solid–vapor and liquid–vapor phases. Put simply, when the solid–vapor interface presents a
low surface tension, the water contact angle (WCA) increases. Surfaces with WCAs higher (smaller)
than 90� are usually referred to as being hydrophobic (hydrophilic), while those with WCAs higher
than 150� (smaller than 10�) are considered superhydrophobic (superhydrophilic). The terms
oleophobic and oleophilic designate surfaces with contact angles above and below 90�, respectively,
with low surface tension liquids such as non-polar alkanes, oils and non-polar solvents. One of the
most long-awaited successes in this field has been the development of reliable, simple and low-cost
techniques for the fabrication of superomniphobic surfaces; i.e., coatings capable of repelling both
water and low surface tension liquids [551].

The main factors controlling the contact angle of liquid droplets on a solid are the chemistry and
the roughness of the surface, the latter being intimately related to the microstructure of the material
[552]. Two classic models named after Wenzel (applicable to rough surfaces) [553] and Cassie–Baxter
[554] (applicable to heterostructured materials with porous nanostructures) relate the contact angle
on actual surfaces, characterized by a specific roughness and microstructure, to the nominal angle on
an ideally flat surface of the same material.

5.5.1. Surface-controlled wettability
Oblique angle deposition techniques have been extensively used to control the wettability of mate-

rials, as they permit a fine control over both the surface chemistry and roughness. The high versatility
of this technique in obtaining different nanostructures (metals, organic compounds, oxides, hybrids
and other complex heterostructures) is an additional feature that supports its use for wetting applica-
tions. Important achievements have been made in the last few years through the OAD fabrication of
surfaces possessing singular adhesive properties [555], hydrophobicity [556–559], superhydrophobic-
ity [186–188,557,560–563], superhydrophilicity [366] or superolephobicity [564,565]. Initial
approaches to the development of highly hydrophobic surfaces by OAD combined the surface nanos-
tructuration capability of this technique with the chemical modification of the surface composition by
different methods. For example, the RF sputtering deposition at oblique and normal incidence of poly-
tetrafluoroethylene (PTFE), a hydrophobic material commonly known as Teflon, has been reported to
increase the water contact angle of OAD Pt [556] and W nanorods [558,559]. In this way, superhy-
drophobic WCAs as high as 138� and 160�, respectively, were achieved by controlling the deposition
angle, substrate rotation and reactor pressure. Veinot et al. [560,566] were responsible for some of the
earliest works showing the formation of superhydrophobic surfaces consisting of OAD SiO2 nanocol-
umns and 3D nanostructures modified by the chemical grafting of siloxane molecules. More recently, a
similar approach involving the molecular vapor deposition of silane onto metal OAD nanocolumns has
been proposed as a way of fabricating anti-icing surfaces [558]. Moving a step forward, Choi et al.
[561,562] have produced superhydrophobic surfaces with a dual-scale roughness that mimics lotus
petal effects (i.e., the ability to pin water droplets while maintaining a large contact angle) [567].
This was achieved through the fluorosilanization of Si nanowires arranged at a micron-level via
OAD onto a pre-patterned substrate decorated with gold nanoparticles. Other pre-patterned metal
OAD nanorods have been combined with Teflon deposition to control the roughness, morphology
and chemistry of the surface, thereby rendering it superhydrophobic [558]. Habazaki et al.
[564,565] have expanded this hierarchical roughness concept by using aluminum sputtered OAD
nanorods as a starting material, followed by their anodization and surface decoration with fluorinated
alkyl phosphate. These surfaces showed an interesting omniphobic behavior characterized by a high
repellency of water, oils and hexadecane.



Fig. 5.16. Nanocarpet effect on tilted ZnO nanorods. (a) Cross-sectional SEM micrograph of tilted nanorods fabricated by PECVD
at 130 �C. Low-magnification normal-view SEM micrographs of a nanocarpet formed by dripping water onto a surface with a
WCA of �120� on (b) vertical and (c) tilted ZnO nanorods; the latter shows the formation of stripe-like nanocarpets. (d and e)
Two-dimensional autocorrelation of the surfaces in (b and c) and corresponding line profiles for the marked directions. (f) Image
of a sessile water drop taken for the directions parallel and perpendicular to the aligned nanocarpets in (d) [563].
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5.5.2. Light-controlled surface wettability
Active surfaces, in which the contact angle can be changed by external stimuli, are an emerging

topic of interest in the field of surface wetting. To this end, our group has developed different plasma
approaches for the deposition of nanofibers, nanorods and nanowires made of inorganic semiconduc-
tors (TiO2 and ZnO) [568], small-molecules [569] and hybrid and heterostructured nanostructures



Fig. 5.17. Overview of the preparation of a PPX nanofilm and its anisotropic wetting properties. (A) PPX nanofilm deposition by
OAP. (B) Cross-sectional SEM image of a PPX nanofilm (insets show a top view and high-resolution cross-section). (C) Picture of
an anisotropic adhesive surface with water drops sticking on its surface. (D) Water adhesion and release with three
configurations of the nanofilm. Schematics illustrate the nanorod inclination for each surface orientation, while the
photographs show the anisotropic wetting behavior and release of the water droplet. (E) Drop motion on a PPX nanofilm
coated half-pipe. Two half-pipes, one coated with PPX nanofilm and the other uncoated, were glued to a base. Low-amplitude
85 Hz random vibration of the base caused translational droplet motion on the coated half-pipe, but not on the uncoated pipe.
(F) Time-lapse of droplet motion in the coated and uncoated half-pipes. Water drops moved axially on the half-pipe coated with
PPX nanofilm, whereas those on the uncoated half-pipe merely vibrated randomly. Glue is visible beneath the uncoated pipe,
but the surface is smooth and clean. Arrows indicate the droplet position [580].
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(metal@metal-oxide [186–188,563] and organic@inorganic core@shell nanowires [570]) that can be
activated by light illumination. Furthermore, by tailoring the density, morphology and chemical
characteristics of these 1D nanostructures, we have been able to fabricate ultrahydrophobic surfaces;
i.e., surfaces with an apparent WCA of 180� [242,569]. In addition, by working with Ag@metal-oxide
nanorods and nanowires prepared by PECVD in an oblique configuration, we have taken advantage of
the well-known photoactivity of TiO2 and ZnO to reversibly modify the WCA of their surfaces from
superhydrophobic to superhydrophilic [188,242,563] by irradiating them with UV light, and in some
cases, with visible light [186,187,563]. This illumination does not alter the nanostructure of the films,
but rather only their surface properties, thus enabling fine control over the final WCA of the system. To
gain deeper insight into the surface state of these photoactive ZnO nanorods grown at oblique angles
after water dripping (Fig. 5.16(a)), we have also carried out a thorough study of the evolution of WCA
due to the formation of surface nanocarpets [563].
5.5.3. Nanocarpet effect
The nanocarpet effect refers to the association of aligned and supported nanorods or nanowires

after their immersion in a liquid, and relates to their deformation by capillary forces. This
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phenomenon has attracted considerable interest since the pioneering works of Nguyen et al. [571],
where they demonstrated the self-assembly transformation of supported CNTs into cellular foams
upon immersion in a liquid and subsequent drying off. Although it is still a subject of controversy,
it seems that a critical factor controlling nanocarpet formation is the penetration of the liquid into
the inter-rod space of the 1D nanostructured surfaces. Although the literature on this subject has
mainly focused on CNT arrays, its expected impact in biomedical research, superhydrophobicity and
microfluidics has fostered the investigation of other systems such as OAD nanorods of Si [572–574],
functionalized Si [575], SiO2 [576,577], carbon [485], metal [578] and ZnO [563]. Indeed, the nanocar-
pet effect has already served to increase the WCA on 1D surfaces [563,573] through the formation of a
double or hierarchical roughness. From a fundamental point of view, it has also been used to provide a
fingerprint of liquid droplets deposited on vertically aligned, tilted, zigzag and squared spring confor-
mations of hydrophilic or hydrophobic materials [573,579]. In Ref. [563] we studied the evolution of
the nanocarpet morphology in UV pre-illuminated OAD ZnO surfaces and their transformation from a
superhydrophobic (Cassie–Baxter) state to a superhydrophilic (Wenzel) state, passing through a mod-
ified Cassie–Baxter state. In addition, as summarized in Fig. 5.16, we have shown the possibility of
controlling the nanocarpet microstructure by pre-illuminating the surface for given periods of time
(Fig. 5.16(b) and (c)), or by using samples consisting of partially hydrophobic tilted nanorods, to
induce asymmetric wetting after contact with water (Fig. 5.16(d) and (e)).

5.5.4. Anisotropic wetting
Anisotropic wetting and the development of droplets with asymmetric contact angles has emerged

as an appealing area of research due to the industrial interest in materials capable of inducing a
preferentially oriented spreading of liquid or with an asymmetrical adhesive surface [549,580–583].
Parylene (PPX) films deposited by oblique angle polymerization (OAP) are a particularly outstanding
example of this singular wetting behavior [583–587]. Fig. 5.17 provides a summary of results from the
fabrication of anisotropic films with unidirectional adhesive and wetting properties [580], which
clearly demonstrates the possibilities of the OAP technique for the fabrication of PPX nanorods with
a pin-release droplet ratchet mechanism derived from their singular microstructure. These nanofilms
exhibited a difference of 80 lN in droplet retention force between the pin and release directions, the
latter being characterized by a micro-scale smooth surface on which microliter droplets are preferen-
tially transported. These OAP nanostructures and their unique unidirectional properties have been
recently used to control the adhesion and deployment of fibroblast cells [581,588].

5.5.5. Microfluidics
Liquids moving not in the form of droplets, but rather as a continuous flow (microfluidics), have

also benefited from the application of OAD thin films. Although the number of papers published on
this topic is quite limited, there are a few that clearly illustrate the potential of these films to improve
the handling of liquids in small channels and devices. For example, OAD has been used to fabricate
nanostructures that were subsequently embedded in PDMS microchannels using a sacrificial resist
process. These microchannels were filled with different kinds of sculptured SiO2 OAD thin films,
and the resulting three-dimensional structure was used as a DNA fractionator capable of a more
effective micro-scale separation of these large molecules [589]. Microfluidic systems have also been
provided with additional functionalities thanks to OAD films in order to develop various kinds of
responsive systems. Fu et al. [590] recently reported the fabrication of a microfluidic-based MEF detec-
tion system in which tilted Ag nanorod films or SiO2/Ag multilayers were integrated into a capillary
electrophoresis microdevice, which was then utilized for the separation and detection of amino acids.
This system demonstrated an enhanced detection by a factor of six at half times when used in a
fluorescence device, thus opening the way for further improvements and functionalities.

5.6. Biomaterials and biosensing

The singular surface topography and microstructure of OAD thin films (see Section 3) provides
unique possibilities for their utilization as biomaterial substrates, and for the development of
biosensors.
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5.6.1. Cell–surface interaction
In this case, the key investigated feature is the effect of surface topography on the proliferation of

cells and/or the adsorption of proteins that mediate cell adherence and proliferation. In a series of
works on the OAD of platinum films, either directly onto flat substrates or onto polymer-packed nano-
spheres to provide a second nanostructuring pattern to the layers (see Section 2.5), Dolatshahi-Pirouz
et al. [110,116,117] showed that the particular surface topography of these latter layers promotes the
growth and proliferation of osteoblast cells. For different in-vivo applications it is also critical that
certain cells grow preferentially over others, a possibility that has been explored in-vitro by these
same authors using OAD Pt films. In particular, they demonstrated that fibrinogen, an important blood
protein, preferentially adheres to whisker-like nano-rough Pt substrates when compared to flat Pt sur-
faces, and that the proliferation of human fibroblasts is significantly reduced on these nanostructured
surfaces [116]. Over the course of these studies, the growth of the film nanocolumns could be
described by a power law relationship (see Sections 3.6 and 4.2) between the increments in their
length and width [110]. The dependence found between the power law exponent and deposition angle
was subsequently used to establish indicators that can be employed to predict cell growth on OAD
thin films based on the characteristics of their surface topography determined by this deposition
parameter.

Another critical issue affecting the practical implementation of biomaterials in different domains is
their capacity to act as a biocide layer; i.e., to prevent the development of bacteria. In this regard,
a-Fe2O3 nanocolumnar OAD thin films have demonstrated to be quite effective in both limiting bac-
terial growth on their surface and contributing to the inactivation of Escherichia coli O157:H7 when
subjected to visible light irradiation [591]. This light response has been proposed for the development
of improved visible-light antimicrobial materials for food products and their processing environments.
A study into the viability of different bacteria on a nanocolumnar thin film of Ti prepared by MS-OAD
has shown that unlike Staphylococcus aureus, the growth of E. coli is significantly reduced on the
nanostructured film, and that this is accompanied by an irregular morphology and cell wall deforma-
tion [592]. In a very recent publication on nanostructured Ti surfaces prepared by MS-OAD, we have
claimed that while the specific topography produced by the vertical nanorods of the layers are
effective in stimulating the growth of osteoblasts on their surface, it simultaneously hinders the devel-
opment of different types of bacteria. This behavior makes these substrates ideal for implants and
other applications in which osteointegration must be accompanied by efficient biocide activity [593].
5.6.2. Biosensor applications
The high surface area of OAD thin films when compared to a compact film has been a key argument

for their use in biosensor applications (as well as for their use as conventional gas and liquid sensors as
discussed in Section 5.3). However, given that biosensing needs to be carried out at room temperature
in a liquid media, yet still requiring a high sensitivity, alternative transduction methodologies are nor-
mally used. An overview of instances in which these procedures have been used in conjunction with
OAD thin films is the focus of this subsection. One example is the use of electrochemical transduction
with MS-OAD NiO thin films for the enzymatic detection of urea in biological fluids [594]. On
the nanostructured surface of such films, the urease enzyme becomes easily grafted while the
urease–NiO system promotes a high electro-catalytic activity. This provides detection limits as low
as 48.0 lA/(mM) and a good linearity over a wide range of concentrations (0.83–16.65 mM). Monitor-
ing H2O2 is of strategic importance in many applications, not just because it is a byproduct of a wide
range of biological processes, but also because it is a mediator in food, pharmaceutical, clinical, indus-
trial and environmental analysis. Consequently, TiN OAD nanocolumns have been recently proposed
as an electrochemical sensor for H2O2, which was accompanied by a thorough study about the relation
between sensitivity and catalytic activity on the one hand and the deposition angle on the other [595].
A double detection method using UV–visible absorption spectroscopy coupled with cyclic voltamme-
try was employed by Schaming et al. [596] with 3D nanostructured OAD ITO electrodes for the char-
acterization of cytochrome C and neuroglobin, two proteins that act in-vivo to prevent apoptosis.

The photonic detection of analytes has also benefitted from OAD thin films, with Zhang et al. [597]
reporting that the sensitivity of a photonic crystal consisting of linearly etched strips on silicon can be



134 A. Barranco et al. / Progress in Materials Science 76 (2016) 59–153
enhanced by OAD of an 80 nm layer of TiO2 on its surface. This system demonstrated an up to four-fold
enhancement in sensitivity toward polymer films, large proteins and different small molecules.

Another transduction concept based on the plasmon detection of analytes was developed by Zhang
et al. [598]. These authors proposed the use of gold nanoparticles with a controlled size and homoge-
neous distribution, which were prepared via OAD on a substrate previously covered with a
close-packed layer of polystyrene spheres acting as a template (see Section 2.5). This template layer
promotes the development of well-defined gold nanoparticles with a high plasmon resonance activity,
which turned out to be very sensitive in detecting biotin–streptavidin molecules. A detection limit of
10 nM was achieved by following both the position of the plasmon resonance band and its variation in
intensity upon adsorption.

A quite different approach to evaluate the concentration of H2O2 has been proposed by Zhao et al.
[122,599], who developed an original protocol for the fabrication of catalytic nanomotors using
dynamic OAD. These nanomotors consist of asymmetrically Pt-decorated TiO2 nanoarms grown on
silica microbeads, and have a sensing mechanism that relies on the fact that the asymmetric distribu-
tion of Pt in the nanoarms induces their rotation in the presence of H2O2 at a variable rate of 0.15 Hz
per each percent of this compound in the medium. As with conventional gas sensors, multisensing is
also a challenge in the field of biosensor devices. In this context, Sutherland et al. [600] have reported a
new method that combines protein adsorption on the surface of a nanostructured quartz crystal
microbalance (QCM-D) with optical (surface plasmon resonance SPR) and electrochemical detection
(cyclic voltammetry CV). The procedure allows for the quantification of both the amount and activity
of bound proteins.
6. Concluding remarks: up-scaling and industrial implementation of OAD processes

The previous sections have clearly shown that OAD procedures constitute a mature technology
with a clear understanding of their physical basis and a wide range of potential applications in differ-
ent domains. Yet despite this, the incorporation of OAD thin films in real industrial applications is still
limited, with different factors seemingly hindering the successful transfer of this technology from
research laboratories to industrial production. The following features have been identified as the
major shortfalls when it comes to the successful up-scaling of OAD methodology [19]:

1. Fabrication process is too complicated when used at an industrial scale.
2. Low productivity because of the angular dependence of the deposition rate.
3. Difficult to develop a general methodology usable for the large-scale production of different

nanostructures and materials in a unique experimental set-up.
4. For the most sophisticated nanostructures (e.g., sculptured thin films or complex multilayers),

there are limitations associated with the sophisticated movements needed for a large number of
substrates and/or large substrate areas at an industrial level.

5. Increased cost of OAD thin films when compared with other methods of nanostructuration that do
not require vacuum conditions.

Both electron beam evaporation and magnetron sputtering are widely used at an industrial scale
for the deposition of thin films at normal geometry, with a large variety of products manufactured
by these methods, either on large area surfaces or for the production of high-tech commodities.
Moving large substrates in front of large magnetron targets or using roll-to-roll methods are just some
of the approaches that have made these techniques cost-effective and highly competitive at an indus-
trial scale [601]. The limited industrial implementation of OAD procedures is therefore quite striking
given that, as indicated by Suzuki [87], large dome-shaped substrate holders (approximately 2 m in
diameter) are currently used in batch-type coaters for e-beam deposition of optical films, and these
would require only slight modification to successfully mount substrates obliquely for up-scaled
production. As pointed out by Zhao [19], a general concern when using an oblique geometric config-
uration is the inherent decrease in deposition rate; however, this limitation can be easily overcome by
compensating with an increase in the evaporation power.
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The large-scale industrial deployment of e-beam or MS methods in an OAD configuration would
certainly be cost effective if innovative and reliable procedures to handle the substrates are imple-
mented. Some proposals in this regard were made in 1980s by Motohiro et al. [602], who utilized
the ion-beam sputtering technique with an ion gun in an OAD configuration and a roll-to-roll proce-
dure for the preparation of CdTe thin films intended for photovoltaic applications. Other authors have
made alternative proposals to use OAD methodology for large scale production. For example, Sugita
et al. [603] suggested the use of a continuously varying incidence (CVI) method, which consists of a
rolling system in front of an electron beam evaporator with a shadow shutter to ensure that only spe-
cies arriving at a given oblique angle reach the rolling surface. This method was used for the fabrica-
tion of tape recording ribbons consisting of Co–Cr films [604]. As already reported in Section 2.4
(Table 2.1), other authors [89–91] have used a similar procedure for the fabrication of porous thin
films for thermal isolation. In this, and other similar rotating configurations, the incoming angle of
species relative to the rotating surface is systematically changed so that even if the growth of the film
is dominated by shadowing processes that would produce porosity, it does not maintain a fixed and
well defined microstructure due to the continuously varying zenithal deposition angle. Although
the mass production based of OAD films is not extended to the large-scale production of final products,
there are various niche applications that have already benefitted from this technology in recent years.
For example, metal wire grid polarizers are already mass produced by the OAD deposition of antire-
flection FeSi and SiO2 layers on previously deposited aluminum columnar arrays [87,114,115] (see
Section 2.5). Magnetic recording/video tapes are another example where OAD techniques have been
successfully employed in large scale production [604–607].

Very recently, Krause et al. [608] used a simplified roll-to-roll system to analyze the geometrical
conditions and translate the deposition recipes of typical OAD films and architectures from flat mov-
ing substrate to a roll configuration. The representative structures obtained prove that a successful
translation from the laboratory to mass production is possible, even for thin films with a complex
shape. In summary, although the general principles for the successful implementation of OAD
methodologies at an industrial scale are already available, and some successful attempts have been
made to fabricate different serial products, the large scale engineering of the process and a reduction
in cost is needed to make OAD thin films competitive with alternative technologies. We believe that
the time is ripe to achieve this goal and that the near future should see new developments and appli-
cations in the market that are based on the outstanding properties and performance of thin films
prepared by deposition at oblique angles.

Acknowledgements

This review has been carried out as part of the research activity of the ‘‘Nanotechnology on Sur-
faces” laboratory at the Instituto de Ciencia de Materiales de Sevilla, which is sponsored by different
projects of the Junta de Andalucía (TEP8067, TEP5283 and P10-FQM-6900) and the Ministry of Econ-
omy and Competitiveness of Spain (CONSOLIDER CSD2008-00023 MAT2013-42900-P, MAT2013-
40852-R). One of the authors (ARGE) also wishes to acknowledge the hospitality and support of Prof.
Zschech and their colleagues at the ‘‘Dresden Center for Nanoanalysis” of the Technische Universität
Dresden (Germany) during a sabbatical that permitted the realization of a considerable part of this
work.

References

[1] Kaempf K. Grösse und ursache der doppelbrechung in kundtschenspiegeln und erzeugung von doppelbrechung in
metallspiegelndurch zug. Ann Phys 1905;321:308–33.

[2] Bergholm C. Über doppelbrechung in kathoden zerstäubten metallsuchten. Ann Phys 1913;348:1–23.
[3] König H, Helwig G. Über die struktur schrägaufgedampfter schichten und ihr einfluß auf die entwicklung

submikroskopischer oberflächen rauhigkeiten. Optik 1950;6:111–24.
[4] Young NO, Kowal J. Optically active fluorite films. Nature 1959;183:104–5.
[5] Smith DO, Cohen MS, Weiss GP. Oblique-incidence anisotropy in evaporated permalloy films. J Appl Phys

1960;31:1755–62.
[6] Nieuwenh JM, Haanstra HB. Microfractography of thin films. Philips Tech Rev 1966;27:87–91.
[7] Lewis B, Campbell DS. Nucleation and initial growth behaviour of thin films. J Vac Sci Technol 1967;4:209–18.

http://refhub.elsevier.com/S0079-6425(15)00070-5/h0005
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0005
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0010
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0015
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0015
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0020
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0025
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0025
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0030
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0035


136 A. Barranco et al. / Progress in Materials Science 76 (2016) 59–153
[8] Nakhodkin NG, Shaldervan AI. Effect of vapor incidence angles on profile and properties of condensed films. Thin Solid
Films 1972;10:109–22.

[9] Dirks AG, Leany HJ. Columnar microstructure in vapor-deposited thin films. Thin Solid Films 1977;47:219–33.
[10] Van Kranenburg H, Lodder C. Tailoring growth and local composition by oblique-incidence deposition: a review and new

experimental data. Mater Sci Eng R 1994;11:295–354.
[11] Abelmann L, Lodder C. Oblique evaporation and surface diffusion. Thin Solid Films 1997;305:1–21.
[12] Robbie K, Brett MJ. Sculptured thin films and glancing angle deposition: growth mechanics and applications. J Vac Sci

Technol A 1997;15:1460–5.
[13] Messier R, Vijayakumar C, Venugopal VC, Sunal PD. Origin and evolution of sculptured thin films. J Vac Sci Technol A

2000;18:1538–45.
[14] Wadley HNG, Zhou X, Johnson RA, Neurock M. Mechanisms, models and methods of vapor deposition. Prog Mater Sci

2001;46:329–77.
[15] Zhao YP, Ye DX, Wang GC, Lu TM. Designing nanostructures by glancing angle deposition. Proc SPIE 2003;5219:59–73.
[16] Hawkeye MM, Brett MJ. Glancing angle deposition: fabrication, properties, and applications of micro-and nanostructured

thin films. J Vac Sci Technol A 2007;25:1317–35.
[17] Taschuk MT, Hawkeye MM, Brett MJ. Glancing angle deposition. In: Martin PM, editor. Handbook of deposition

technologies for films and coatings. Oxford, UK: Elsevier; 2010. p. 621–51.
[18] Tawfick S, Volder M, Copic D, Park SJ, Oliver CR, Polsen ES, et al. Engineering of micro- and nanostructured surfaces with

anisotropic geometries and properties. Adv Mater 2012;24:1628–74.
[19] He Y, Zhao Y. Advanced multi-component nanostructures designed by dynamic shadowing Growth. Nanoscale

2011;3:2361–75.
[20] Lakhtakia A, Messier R. Sculptured thin films. Nanoengineered morphology and optics. Bellingham, Washington,

USA: SPIE Press; 2005.
[21] Hawkeye MM, Taschuk MT, Brett MJ. Glancing angle deposition of thin films: engineering the nanoscale. Wiley Series in

Materials for Electronic & Optoelectronic Applications; 2014 [September 29].
[22] Karabacak T, Singh JP, Zhao YP, Wang GC, Lu TM. Scaling during shadowing growth of isolated nanocolumns. Phys Rev B

2003;68:125408.
[23] Tang F, Parker T, Li HF, Wang GC, Lu TM. Unusual magnesium crystalline nanoblades grown by oblique angle vapor

deposition. J Nanosci Nanotechnol 2007;7:3239–44.
[24] Tang F, Wang GC, Lu TM. In situ reflection high energy electron diffraction surface pole figure study of biaxial texture

evolution in anisotropic Mg nanoblades during shadowing growth. J Appl Phys 2007;102:014306.
[25] Szmaja W, Kozłowski W, Balcerski J, Kowalczyk PJ, Grobelny J, Cichomski M. Study of obliquely deposited thin cobalt

films. J Alloys Compd 2010;506:526–9.
[26] Chen L, Andrea L, Timalsina YP, Wang GC, Lu TM. Engineering epitaxial-nanospiral metal films using dynamic oblique

angle deposition. Cryst Growth Des 2013;13:2075–80.
[27] Musil J, Baroch P, Vlcek J, Nam KH, Han JG. Reactive magnetron sputtering of thin films: present status and trends. Thin

Solid Films 2005;475:208–18.
[28] Samukawa S, Hori M, Rauf SH, Tachibana K, Bruggeman P, Kroesen G, et al. The 2012 plasma roadmap. J Phys D: Appl Phys

2012;45:253001.
[29] Eason R, editor. Pulsed laser deposition of thin films. Hoboken, New Jersey: John Wiley & Sons; 2007.
[30] Ruda HE, Polanyi JC, Yang SY, Wu Z, Philipose U, Xu T, et al. Developing 1D nanostructure arrays for future nanophotonics.

Nanoscale Res Lett 2006;1:99–119.
[31] Sarakinos K, Alami J, Konstantinidis S. High power pulsed magnetron sputtering: a review on scientific and engineering

state of the art. Surf Coat Technol 2010;204:1661–84.
[32] Gonzalez-Elipe AR, Yubero F, Sanz JM. Low energy ion assisted film growth. Londres: Intern Coll Press; 2003. p. 1–288.
[33] Gonzalez-Garcia L, Barranco A, Muñoz-Paez A, Gonzalez-Elipe AR, Garcia-Gutierrez MC, Hernandez JJ, et al. Structure of

glancing incidence deposited TiO2 thin films as revealed by granzing incidence small-angle X-ray scattering. Chem Phys
Chem 2010;11:1–5.

[34] Tang F, Parker T, Wang GC, Lu TM. Surface texture evolution of polycrystalline and nanostructured films: RHEED surface
pole figure analysis. J Phys D: Appl Phys 2007;40:R427–39.

[35] Thornton JA. Influence of apparatus geometry and deposition conditions on structure and topography of thick sputtered
coatings. J Vac Sci Technol 1974;11:666–70.

[36] Petrov I, Barna PB, Hultman L, Greene JE. Microstructural evolution during film growth. J Vac Sci Technol A 2003;21:
S117–28.

[37] Movchan BA, Demchishin AV. Study of structure and properties of thick vacuum condensates of nickel, titanium,
tungsten, aluminum oxide and zirconium dioxide. Phys Met Metallogr 1969;28:83–90.

[38] Tait RN, Smy T, Brett MJ. Modelling and characterization of columnar growth in evaporated films. Thin Solid Films
1993;226:196–201.

[39] Tanto B, Eyck T, Lu TM. A model for column angle evolution during oblique angle deposition. J Appl Phys
2010;108:026107.

[40] Zhu H, Cao W, Larsen GK, Toole R, Zhao Y. Tilting angle of nanocolumnar films fabricated by oblique angle deposition. J
Vac Sci Technol B 2012;30:030606.

[41] Zhou Q, Li Z, Ni J, Zhang Z. A simple model to describe the rule of glancing angle deposition. Mater Trans 2011;52:469–73.
[42] Lichter S, Chen J. Model for columnar microstructure of thin Solid films. Phys Rev Lett 1986;56:1396–9.
[43] Meakin P. Ballistic deposition onto inclined surfaces. Phys Rev A 1988;38:994–1004.
[44] Hodgkinson I, Wi QH, Hazel J. Empirical equations for the principal refractive indices and column angle of obliquely

deposited films of tantalum oxide, titanium oxide, and zirconium oxide. Appl Opt 1998;37:2653–9.
[45] Zhao Y, He Y, Brown C. Composition dependent nanocolumn tilting angle during oblique angle deposition. Appl Phys Lett

2012;100:033106.

http://refhub.elsevier.com/S0079-6425(15)00070-5/h0040
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0040
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0045
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0050
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0050
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0055
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0060
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0060
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0065
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0065
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0070
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0070
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0075
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0080
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0080
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0085
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0085
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0090
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0090
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0095
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0095
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0100
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0100
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0105
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0105
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0110
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0110
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0115
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0115
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0120
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0120
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0125
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0125
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0130
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0130
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0135
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0135
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0140
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0140
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0145
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0150
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0150
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0155
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0155
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0160
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0165
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0165
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0165
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0165
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0170
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0170
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0175
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0175
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0180
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0180
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0185
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0185
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0190
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0190
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0195
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0195
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0200
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0200
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0205
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0210
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0215
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0220
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0220
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0225
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0225


A. Barranco et al. / Progress in Materials Science 76 (2016) 59–153 137
[46] Yanguas-Gil A, Cotrino J, Barranco A, Gonzalez-Elipe AR. Influence of the angular distribution function of incident particles
on the microstructure and anomalous scaling behavior of thin films. Phys Rev Lett 2006;96:236101.

[47] Palmero A, Rudolph AH, Habraken FHPM. One-dimensional analysis of the rate of plasma-assisted sputter deposition. J
Appl Phys 2007;101:083307.

[48] Gonzalez-Garcia L, Parra-Barranco J, Sanchez-Valencia JR, Barranco A, Borras A, Gonzalez-Elipe AR, et al. Correlation
lengths, porosity and water adsorption in TiO2 thin films prepared by glancing angle deposition. Nanotechnology
2012;23:205701–11.

[49] Deniz D, Lad RJ. Temperature threshold for nanorod structuring of metal and oxide films grown by glancing angle
deposition. J Vac Sci Technol A 2011;29:011020.

[50] Nakhodkin NG, Shaldervan AL. Effect of vapor incidence angles on profile and properties of condensed films. Thin Solid
Films 1972;10:109–22.

[51] Hara K, Kamimori T, Fujiwara H. Texture and columnar structure of evaporated cobalt films. Thin Solid Films
1980;66:185–9.

[52] Fujiwara H, Hara K, Kamamori T, Takemoto K, Hashimoto T. Texture and columnar structure of evaporated cobalt films.
Thin Solid Films 1980;66:177–83.

[53] Hashimoto T, Okamoto K, Hara K, Kamiya M, Fujiwara H. Columnar structure and texture of iron films evaporated at
oblique incidence. Thin Solid Films 1982;91:145–54.

[54] Okamoto K, Hashimoto T, Hara K, Kamiya M, Fujiwara H. Columnar structure and texture of iron films prepared at various
pressures. Thin Solid Films 1985;129:299–307.

[55] Hara K, Kamiya M, Hashimoto T, Okamoto K, Fujiwara H. Columnar structure of obliquely deposited iron films prepared at
low substrate temperatures. Thin Solid Films 1988;158:239–44.

[56] Okamoto K, Hashimoto T, Hara K, Kamiya M, Fujiwara H. Columnar structure and texture of iron films prepared at various
evaporation rates. Thin Solid Films 1987;147:299–311.

[57] Suzuki M, Nagai K, Kinoshita S, Nakajima K, Kimura K, Okano T, et al. Vapor phase growth of Al whiskers induced by
glancing angle deposition at high temperature. Appl Phys Lett 2006;89:133103.

[58] Khare C, Patzig C, Gerlach JW, Rauschenbach B, Fuhrmann B. Influence of substrate temperature on glancing angle
deposited Ag nanorods. J Vac Sci Technol A 2010;28:1002–9.

[59] Wang HH, Shi YJ, William C, Yigal B. Strong surface diffusion mediated glancing-angle deposition: growth,
recrystallization and reorientation of tin nanorods. Chin Phys Lett 2008;25:234–7.

[60] Vick D, Friedrich LJ, Dew SK, Brett MJ, Robbie K, Seto M, et al. Self-shadowing and surface diffusion effects in obliquely
deposited thin films. Thin Solid Films 1999;339:88–94.

[61] Messier R, Venugopal VC, Sunal PD. Origin and evolution of sculptured thin films. J Vac Sci Technol A 2000;18:1538–46.
[62] Suzuki M, Taga Y. Numerical study of the effective surface area of obliquely deposited thin films. J Appl Phys

2001;90:5599–607.
[63] Gonzalez-Garcia L, Gonzalez-Valls I, Lira-Cantu M, Barranco A, Gonzalez-Elipe AR. Aligned TiO2 nanocolumnar layers

prepared by PVD-GLAD for transparent dye sensitized solar cells. Energy Environ Sci 2011;4:3426–35.
[64] Wong MS, Lee MF, Chen CL, Huang CH. Vapor deposited sculptured nano-porous titania films by glancing angle deposition

for efficiency enhancement in dye-sensitized solar cells. Thin Solid Films 2010;519:1717–22.
[65] Gaillard Y, Rico VJ, Jimenez-Pique E, Gonzalez-Elipe AR. Nanoindentation of TiO2 thin films with different microstructures.

J Phys D: Appl Phys 2009;42:145305.
[66] Van Popta AC, Cheng J, Sit JC, Brett MJ. Birefringence enhancement in annealed TiO2 thin films. J Appl Phys

2007;102:013517.
[67] Lintymer J, Martin N, Chappe JM, Delobelle P, Takadoum J. Influence of zigzag microstructure on mechanical and electrical

properties of chromium multilayered thin films. Surf Coat Technol 2004;180(181):26–32.
[68] Lintymer J, Martin N, Chappe JM, Delobelle P, Takadoum J. Nanoindentation of chromium zigzag thin films sputter

deposited. Surf Coat Technol 2005;200:269–72.
[69] Lintymer J, Martin N, Chappe JM, Takadoum J, Delobelle P. Modeling of Young’s modulus, hardness and stiffness of

chromium zigzag multilayers sputter deposited. Thin Solid Films 2006;503:177–89.
[70] Lintymer J, Martin N, Chappe JM, Takadoum J. Glancing angle deposition to control microstructure and roughness of

chromium thin films. Wear 2008;264:444–9.
[71] Hrudey PCP, Westra KL, Brett MJ. Highly ordered organic Alq3 chiral luminescent thin films fabricated by glancing-angle

deposition. Adv Mater 2006;18:224–8.
[72] Broughton JN, Brett MJ. Electrochemical capacitance in manganese thin films with chevron microstructure. Electrochem

Solid-State Lett 2002;5:A279–82.
[73] Hrudey PCP, Taschuk M, Tsui YY, Fedosejevs R, Brett MJ. Optical properties of porous nanostructured Y2O3:Eu thin films. J

Vac Sci Technol A 2005;23:856–61.
[74] Hrudey PCP, TaschukM, Tsui YY, Fedosejevs R, Brett MJ. Effects of film structure on photoluminescent emission properties

of nanostructured Y2O3: Eu thin films. In: Andrews DL, Cao GZ, Gaburro Z, editors. SPIE proceedings nanophotonic
materials, Bellingham, WA 5510; 2004. p. 78–87.

[75] Fan B, Vithana HKM, Kralik JC, Faris SM. Optical circular dichroism of vacuum-deposited film stacks. Opt Commun
1998;147:265–8.

[76] Liu F, Umlor MT, Shen L, Weston J, Eads W, Barnard JA, et al. The growth of nanoscale structured iron films by glancing
angle deposition. J Appl Phys 1999;85:5486–8.

[77] Krause KM, Brett MJ. Spatially graded nanostructured chiral films as tunable circular polarizers. Adv Funct Mater
2008;18:3111–8.

[78] Elias AL, Harris KD, Brett MJ. Fabrication of helically perforated gold, nickel and polystyrene thin films. J
Microelectromech Syst 2004;13:808–13.

[79] Van Popta AC, Brett MJ, Sit JC. Double-handed circular Bragg phenomena in polygonal helix thin films. J Appl Phys
2005;98:083517.

[80] Huang Z, Harris KD, Brett MJ. Morphology control of nanotube arrays. Adv Mater 2009;21:2983–7.

http://refhub.elsevier.com/S0079-6425(15)00070-5/h0230
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0230
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0235
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0235
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0240
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0240
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0240
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0240
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0245
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0245
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0250
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0250
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0255
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0255
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0260
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0260
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0265
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0265
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0270
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0270
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0275
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0275
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0280
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0280
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0285
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0285
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0290
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0290
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0295
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0295
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0300
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0300
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0305
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0310
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0310
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0315
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0315
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0315
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0320
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0320
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0325
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0325
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0325
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0330
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0330
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0330
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0335
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0335
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0340
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0340
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0345
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0345
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0350
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0350
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0355
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0355
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0360
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0360
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0365
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0365
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0365
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0365
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0375
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0375
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0380
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0380
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0385
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0385
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0390
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0390
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0395
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0395
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0400


138 A. Barranco et al. / Progress in Materials Science 76 (2016) 59–153
[81] Taschuk MT, Harris KD, Smetaniuk DP, Brett MJ. Decoupling sensor morphology and material: atomic layer deposition
onto nanocolumn scaffolds. Sens Actuat B 2012;162:1–6.

[82] Woo SH, Hwangbo CK. Optical anisotropy of TiO2 and MgF2 thin films prepared by glancing angle deposition. J Kor Phys
Soc 2006;49:2136–42.

[83] Leontyev V, Wakefield NG, Tabunshchy KK, Sit JC, Brett MJ, Kovalenko A. Selective transmittance of linearly polarized light
in thin films rationally designed by FDTD and FDFD theories and fabricated by glancing angle deposition. J Appl Phys
2008;104:104302.

[84] Hawkeye MM, Brett MJ. Narrow band pass optical filters fabricated with one-dimensionally periodic inhomogeneous thin
films. J Appl Phys 2006;100:044322.

[85] Leontyev V, Hawkeye M, Kovalenko A, Brett MJ. Omnidirectional reflection from nanocolumnar TiO2 films. J Appl Phys
2012;112:084317.

[86] Robbie K, Yan Cui Y, Elliott C, Kaminska K. Oxidation of evaporated porous silicon rugate filters. Appl Opt
2006;45:8298–303.

[87] Suzuki M. Practical applications of thin films nanostructured by shadowing growth. J Nanophoton 2013;7:073598.
[88] Yan X, Mont FW, Poxson DJ, Cho J, Schubert EF, KimMH, et al. Electrically conductive thin-film color filters made of single-

material indium-tin-oxide. J Appl Phys 2011;109:103113.
[89] Schulz U, Terry SG, Levi CG. Microstructure and texture of electron beam physical vapor deposited TBCs grown under

different rotation modes. Mater Sci Eng A 2003;360:319–29.
[90] Wada K, Yamaguchi N, Matsubara H. Effect of substrate rotation on texture evolution in ZrO2–4 mol% Y2O3 layers

fabricated by electron beam physical vapor deposition. Surf Coat Technol 2005;191:367–74.
[91] Wada K, Yoshiya M, Yamaguchi N, Matsubara H. Texture and microstructure of ZrO2–4mol% Y2O3 layers obliquely

deposited by electron beam physical vapor deposition. Surf Coat Technol 2006;200:2725–30.
[92] Chen L, Lu TM, Wang GC. Biaxially textured Mo films with diverse morphologies by substrate-flipping rotation.

Nanotechnology 2011;22:505701–8.
[93] Jensen MO, Brett MJ. Porosity engineering in glancing angle deposition thin films. Appl Phys A: Mater Sci Process

2005;80:763–8.
[94] Ye DX, Karabacak T, Picu RC, Wang GC, Lu TM. Uniform Si nanostructures grown by oblique angle deposition with

substrate swing rotation. Nanotechnology 2005;16:1717–23.
[95] Krabbe JD, Leontyev V, Taschuk MT, Kovalenko A, Brett MJ. Square spiral photonic crystal with visible band gap. J Appl

Phys 2012;111:064314.
[96] Jensen MO, Brett MJ. Periodically structured glancing angle deposition thin films. IEEE Trans Nanotechnol 2005;4:269–77.
[97] Whitacre JF, Rek ZU, Bilello JC, Yalisove SM. Surface roughness and in-plane texturing in sputtered thin films. J Appl Phys

1998;84:1346–53.
[98] Horn MW, Pickett MD, Messier R, Lakhtakia A. Selective growth of sculptured nanowires on microlithographic lattices. J

Vac Sci Technol A 2004;22:3426–30.
[99] Kesapragada SV, Gall D. Anisotropic broadening of Cu nanorods during glancing angle deposition. Appl Phys Lett

2006;89:203121.
[100] Zhuo CM, Gall D. The structure of Ta nanopillars grown by glancing angle deposition. Thin Solid Films 2006;515:1223–7.
[101] Liu YJ, Zhang ZY, Dluhy RA, Zhao YP. The SERS response of semiordered Ag nanorod arrays fabricated by template oblique

angle deposition. J Raman Spectrosc 2010;41:1112–8.
[102] Kannarpady GK, Khedir KR, Ishihara H, Woo J, Oshin OD, Trigwell S, et al. Controlled growth of self-organized hexagonal

arrays of metallic nanorods using template-assisted glancing angle deposition for superhydrophobic applications. ACS
Appl Mater Interfaces 2011;3:2332–40.

[103] Van Dijken JG, Fleischauer MD, Brett MJ. Controlled nanostructuring of CuPc thin films via glancing angle deposition for
idealized organic photovoltaic architectures. J Mater Chem 2011;21:1013–9.

[104] Patzig C, Khare C, Fuhrmann B, Rauschenbach B. Periodically arranged Si nanostructures by glancing angle deposition on
patterned substrates. Phys Status Solidi B 2010;247:1322–34.

[105] Khare C, Fechner R, Bauer J, Weise M, Rauschenbach B. Glancing angle deposition of Ge nanorod arrays on Si patterned
substrates. J Vac Sci Technol A 2011;29:041503.

[106] Merkel JJ, Sontheimer T, Rech B, Becker C. Directional growth and crystallization of silicon thin films prepared by
electron-beam evaporation on oblique and textured surfaces. J Cryst Growth 2013;367:126–30.

[107] Tauseef Tanvir M, Aoki Y, Habazaki H. Formation of porous niobium films by oblique angle deposition: influence of
substrate morphology. Thin Solid Films 2009;517:6711–6.

[108] Ye DX, Karabacak T, Lim BK, Wang GC, Lu TM. Growth of uniformly aligned nanorod arrays by oblique angle deposition
with two-phase substrate rotation. Nanotechnology 2004;15:817–21.

[109] Zhou CM, Gall D. Development of two-level porosity during glancing angle deposition. J Appl Phys 2008;103:014307.
[110] Dolatshahi-Pirouz A, Pennisi CP, Skeldal S, Foss M, Chevallier J, Zachar V, et al. The influence of glancing angle deposited

nano-rough platinum surfaces on the adsorption of fibrinogen and the proliferation of primary human fibroblasts.
Nanotechnology 2009;20:095101.

[111] Zhou CM, Li HF, Gall D. Multi-component nanostructure design by atomic shadowing. Thin Solid Films 2008;517:1214–8.
[112] Zhou CM, Gall D. Surface patterning by nanosphere lithography for layer growth with ordered pores. Thin Solid Films

2007;516:433–7.
[113] Kesapragada SV, Gall D. Two-component nanopillar arrays grown by glancing angle deposition. Thin Solid Films

2006;494:234–9.
[114] Suzuki M, Takada A, Yamada T, Hayasaka T, Sasaki K, Takahashi E, et al. Antireflection coatings with FeSi2 layer:

application to low-reflectivity wire grid polarizers. Thin Solid Films 2011;519:8485–9.
[115] Suzuki M. Low-reflectivity wire-grid polarizers multilayered by the glancing-angle deposition technique. J Nanophoton

2011;5:01150.
[116] Dolatshahi-Pirouz A, Jensen T, Vorup-Jensen T, Bech R, Chevallier J, Besenbadier F, et al. Synthesis of functional

nanomaterials via colloidal mask templating and glancing angle deposition (GLAD). Adv Eng Mater 2010;12:899–905.

http://refhub.elsevier.com/S0079-6425(15)00070-5/h0405
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0405
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0410
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0410
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0410
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0410
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0415
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0415
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0415
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0420
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0420
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0425
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0425
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0425
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0430
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0430
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0435
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0440
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0440
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0445
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0445
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0450
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0450
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0450
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0450
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0450
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0455
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0455
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0455
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0455
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0455
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0460
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0460
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0465
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0465
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0470
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0470
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0475
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0475
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0480
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0485
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0485
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0490
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0490
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0495
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0495
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0500
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0505
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0505
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0510
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0510
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0510
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0515
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0515
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0520
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0520
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0525
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0525
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0530
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0530
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0535
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0535
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0540
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0540
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0545
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0550
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0550
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0550
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0555
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0560
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0560
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0565
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0565
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0570
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0570
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0570
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0575
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0575
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0580
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0580


A. Barranco et al. / Progress in Materials Science 76 (2016) 59–153 139
[117] Pennisia CP, Dolatshahi-Pirouz A, Foss M, Chevallier J, Fink T, Zachar V, et al. Nanoscale topography reduces fibroblast
growth, focal adhesion size and migration-related gene expression on platinum surfaces. Colloids Surf B: Biointerfaces
2011;85:189–97.

[118] Khedir KR, Kannarpady GK, Ishihara H, Woo J, Ryerson C, Biris AS. Design and fabrication of Teflon-coated Tungsten
nanorods for tunable hydrophobicity. Langmuir 2011;27:4661–8.

[119] He Y, Brown C, He Y, Fan J, Lundgren CA, Zhao Y. Porous three-dimensional nanorod arrays through selective chemical
etching of nanocomposites. Chem Commun 2012;48:7741–3.

[120] Müller-Pfeiffer S, Van Kranenburg H, Lodder JC. A two-dimensional Monte Carlo model for thin film growth by oblique
evaporation: simulation of two component systems for the example Co–Cr. Thin Solid Films 1992;213:143–53.

[121] He YP, Fu JX, Zhang Y, Zhao YP, Zhang LJ, Xia AL, et al. Multilayered Si/Ni nanosprings and their magnetic properties. Small
2007;3:153–60.

[122] He YP, Wu JS, Zhao YP. Designing catalytic nanomotors by dynamic shadowing growth. Nano Lett 2007;7:1369–75.
[123] Blackwell B, Zhao YP. Metal nanoparticle embedded porous thin films prepared by oblique angle evaporation. J Vac Sci

Technol B 2008;26:1344–9.
[124] Larsen GK, Fitzmorris BC, Longo C, Zhang JZ, Zhao Y. Nanostructured homogeneous CdSe–TiO2 composite visible light

photoanodes fabricated by oblique angle deposition. J Mater Chem 2012;22:14205–18.
[125] He Y, Brown C, Lundgren CA, Zhao Y. The growth of CuSi composite nanorod arrays by oblique angle co-deposition and

their structural, electrical and optical properties. Nanotechnology 2012;23:365703–13.
[126] Berglund SP, Flaherty DW, Hahn NT, Bard AJ, Mullins CB. Photoelectrochemical oxidation of water using nanostructured

BiVO4 films. J Phys Chem C 2012;115:3794–802.
[127] Karinki NN, Khudhayer WG, Karabacak T, Myers DJ. Glancing angle deposited Pt–Ni alloy nanorods for oxygen reduction

reaction. ACS Catal 2013;3:3123–32.
[128] Keitoku S, Kamimori T, Goto M. Inhomogeneous concentration distribution in obliquely evaporated Fe–Cu films. Jpn J

Appl Phys 1986;25:1668–71.
[129] Suzuki M, Taga Y. Anisotropy in the optical-absorption of Ag–SiO2 thin-films with oblique columnar structures. J Appl

Phys 1992;71:2848–54.
[130] Alvarez R, Garcia-Martin JM, Lopez-Santos MC, Rico V, Ferrer FJ, Cotrino J, et al. On the deposition rate of magnetron

sputtered thin films at oblique angles. Plasma Proc Polym 2014;11:571–6.
[131] Wagner R, Ellis W. Vapor–liquid–solid mechanism of single crystal growth. Appl Phys Lett 1964;4:89–90.
[132] Suzuki M, Hamachi K, Hara H, Nakajima K, Kimura K, Hsu CW, et al. Vapor–liquid–solid growth of Ge nanowhiskers

enhanced by high-temperature glancing angle deposition. Appl Phys Lett 2011;99:223107.
[133] Beaudry AL, Tucker RT, LaForge JM, Taschuk MT, Brett MJ. Indium tin oxide nanowhisker morphology control by vapour–

liquid–solid glancing angle deposition. Nanotechnology 2012;23:105608.
[134] Tucker RT, Beaudry AL, LaForge JM, Taschuk MT, Brett MJ. A little ribbing: flux starvation engineering for rippled indium

tin oxide nanotree branches. Appl Phys Lett 2012;101:193101.
[135] Taschuk MT, Tucker RT, LaForge JM, Beaudry AL, Kupsta MR, Brett MJ. Towards engineered branch placement: unreal

match between vapour–liquid–solid glancing angle deposition nanowire growth and simulation. J Appl Phys
2013;114:244304.

[136] Beaudry AL, LaForge JM, Tucker RT, Li P, Taschuk MT, Brett MJ. Flux engineering for indium tin oxide nanotree crystal
alignment and height-dependent branch orientation. Cryst Growth Des 2013;13:212–9.

[137] Beaudry AL, LaForge JM, Tucker RT, Sorge JB, Adamski NL, Li P, et al. Directed branch growth in aligned nanowire arrays.
Nano Lett 2014;14:1797–803.

[138] Kelly PJ, Arnell RD. Magnetron sputtering: a review of recent developments and applications. Vacuum 2000;56:159–72.
[139] Ehsani MH, Dizaji HR, Azizi S, Ghavami Mirmahalle SF, Hosseini Siyanaki F. Optical and structural properties of cadmium

telluride films grown by glancing angle deposition. Phys Scr 2013;88:025602.
[140] Snow P, Gaire C, Lu TM, Wang GC. Temperature dependent biaxial texture evolution in Ge films under oblique angle vapor

deposition. Thin Solid Films 2011;519:5413–8.
[141] Schmidt D, Kjerstad AC, Hofmann T, Skomski R, Schubert E, Schubert M. Optical, structural and magnetic properties of

cobalt nanostructured thin films. J Appl Phys 2009;105:113508.
[142] Mukherjee S, Gall D. Structure zone model for extreme shadowing conditions. Thin Solid Films 2013;527:158–63.
[143] Stagon SP, Huang H, Baldwin JK, Misra M. Anomaly of film porosity dependence on deposition rate. Appl Phys Lett

2012;100:061601.
[144] Alouach H, Mankey GJ. Texture orientation of glancing angle deposited copper nanowire arrays. J Vac Sci Technol A

2004;22:1379–82.
[145] Brown T, Robbie K. Observations of self-assembled microscale triangular-shaped spikes in copper and silver thin films.

Thin Solid Films 2013;531:103–12.
[146] LaForge JM, Ingram GL, Taschuk MT, Brett MJ. Flux engineering to control in-plane crystal and morphological orientation.

Cryst Growth Des 2012;12:3661–7.
[147] Wang S, Xia G, He H, Yi K, Shao J, Fan Z. Structural and optical properties of nanostructured TiO2 thin films fabricated by

glancing angle deposition. J Alloys Compd 2007;431:287–91.
[148] Teki R, Parker TC, Li H, Koratkar N, Lu TM, Lee S. Low temperature synthesis of single crystalline ZnO nanorods by oblique

angle deposition. Thin Solid Films 2008;516:4993–6.
[149] Basnet P, Larsen GK, Jadeja RP, Hung YC, Zhao Y. a-Fe2O3 nanocolumns and nanorods fabricated by electron beam

evaporation for visible light photocatalytic and antimicrobial applications. ACS Appl Mater Interfaces 2013;5:2085–95.
[150] Yang B, Duan H, Zhou C, Gao Y, Yang J. Ordered nanocolumn-array organic semiconductor thin films with controllable

molecular orientation. Appl Surf Sci 2013;286:104–8.
[151] Chen L, Lu TM, Wang GC. Incident flux angle induced crystal texture transformation in nanostructured molybdenum

films. J Appl Phys 2012;112:024303.
[152] Krishnan R, Parker T, Lee S, Lu TM. The formation of vertically aligned biaxial tungsten nanorods using a novel shadowing

growth technique. Nanotechnology 2009;20:465609.

http://refhub.elsevier.com/S0079-6425(15)00070-5/h0585
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0585
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0585
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0590
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0590
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0595
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0595
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0600
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0600
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0605
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0605
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0610
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0615
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0615
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0620
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0620
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0620
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0625
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0625
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0630
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0630
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0630
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0635
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0635
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0640
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0640
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0645
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0645
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0645
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0650
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0650
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0655
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0660
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0660
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0665
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0665
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0670
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0670
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0675
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0675
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0675
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0680
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0680
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0685
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0685
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0690
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0695
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0695
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0700
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0700
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0705
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0705
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0710
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0715
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0715
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0720
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0720
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0725
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0725
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0730
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0730
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0735
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0735
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0735
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0740
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0740
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0745
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0745
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0745
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0745
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0750
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0750
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0755
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0755
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0760
http://refhub.elsevier.com/S0079-6425(15)00070-5/h0760


140 A. Barranco et al. / Progress in Materials Science 76 (2016) 59–153
[153] Chen L, Lu TM, Wang GC. Creation of biaxial body center cubic tungsten nanorods under dynamic shadowing effect. Thin
Solid Films 2013;539:65–9.

[154] Shetty AR, Karimi A, Cantoni M. Effect of deposition angle on the structure and properties of pulsed-DC magnetron
sputtered TiAlN thin films. Thin Solid Films 2011;519:4262–70.

[155] Shetty AR, Karimi A. Texture mechanisms and microstructure of biaxial thin films grown by oblique angle deposition.
Phys Status Solidi B 2012;249:1531–40.

[156] Morrow P, Tang F, Karabacak T, Wang PI, Ye DX, Wang GC, et al. Texture of Ru columns grown by oblique angle sputter
deposition. J Vac Sci Technol A 2006;24:235–44.

[157] Mahieu S, Buyle G, Ghekiere P, Heirwegh S, De Gryse R, Depla D. Mechanism of biaxial alignment in thin films deposited
by magnetron sputtering. Thin Solid Films 2006;515:416–20.

[158] Mahieu S, Ghekiere P, De Winter G, Depla D, De Gryse R, Lebedev OI, et al. Influence of the Ar/O2 ratio on the growth and
biaxial alignment of yttria stabilized zirconia layers during reactive unbalanced magnetron sputtering. Thin Solid Films
2005;484:18–25.

[159] Mahieu S, Ghekiere P, DeWinter G, De Gryse R, Depla D, Van Tendeloo G, et al. Biaxially aligned titanium nitride thin films
deposited by reactive unbalanced magnetron sputtering. Surf Coat Technol 2006;200:2764–8.

[160] Mahieu S, DeWinter G, Depla D, De Gryse R, Denul J. A model for the development of biaxial alignment in yttria stabilized
zirconia layers deposited by unbalanced magnetron sputtering. Surf Coat Technol 2004;187:122–30.

[161] MahieuS, Ghekiere P, Depla D, De Gryse R. Biaxial alignment in sputter deposited thin films. Thin Solid Films
2006;515:1229–49.

[162] Mahieu S, Buyle G, Depla D, Heirwegh S, Ghekiere P, De Gryse R. Monte Carlo simulation of the transport of atoms in DC
magnetron sputtering. Nucl Instrum Methods Phys Rev B 2006;243:313–9.

[163] Mahieu S, Ghekiere P, Depla D, De Gryse R, Lebedev OI, Van Tendeloo G. Mechanism of in-plane alignment in magnetron
sputtered biaxially aligned yttria-stabilized zirconia. J Cryst Growth 2006;290:272–9.

[164] Lintymer J, Gavoille J, Martin N, Takadoum J. Glancing angle deposition to modify microstructure and properties of
sputter deposited chromium thin films. Surf Coat Technol 2003;174(175):316–23.

[165] Jang HW, Kang HC, Noh DY, Yi MS. Crossover of the preferred growth orientation of AlN/Si(001) films during off-axis
radiofrequency sputter growth. J Appl Phys 2003;94:2957–61.

[166] Ghekiere P, Mahieu S, De Gryse R, Depla D. Structure evolution of the biaxial alignment in sputter-deposited MgO and Cr.
Thin Solid Films 2006;515:485–8.

[167] Ghekiere P, Mahieu S, De Winter G, De Gryse R, Depla D. Scanning electron microscopy study of the growth mechanism of
biaxially aligned magnesium oxide layers grown by unbalanced magnetron sputtering. Thin Solid Films
2005;493:129–34.
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BET method: Brunauer, Emmett and Teller method
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D-SSC: Dye sensitized solar cells
ETC theory: Effective thermalizing collision theory
FTO: Fluorinated tin oxide
GISAXS: Grazing incidence small-angle X-ray scattering
GLAD: Glancing angle deposition
GLADCO: Glancing angle co-deposition
GLADOX: Glancing angle deposition with anodization
HAADF-STEM: High-angle annular dark-field scanning transmission electron microscopy
HIPIMS: High-power impulse magnetron sputtering
HPV: Hybrid photovoltaic solar cell
IA-OAD: Ion-assisted oblique angle deposition
IB-OAD: Ion beam oblique angle deposition
IBAD: Ion-beam-assisted deposition
IT-SOFC: Intermediate temperature solid oxide fuel cell
ITO: Indium tin oxide
IUPAC: International Union of Pure Applied Chemistry
LCD: Liquid crystal display
LSCF: La1xSrxCo1yFeyO3d

LSMO: Strontium-doped lanthanum manganite
LED: Light emitting displays
K–S formula: Keller–Simmons formula
MC: Monte Carlo
MD: Molecular dynamics
MEF: Metal-enhanced fluorescence
MS: Magnetron sputtering
MS-OAD: Magnetron sputtering oblique angle deposition
MPc: Metal phthalocyanines
OA: Oblique angle
OAD: Oblique angle deposition
OAP: Oblique angle polymerization
OER: Oxygen evolution reaction
OPV: Organic photovoltaic solar cells
P3HT: Poly(3-hexylthiophene)
PDMS: Polydimethylsiloxane
PEC: Photo-electrochemical cell
PECVD: Plasma-enhanced chemical vapor deposition
PEDOT:PSS: Poly(3,4-ethylenedioxythiophene):poly(p-styrenesulfonate))
PEMFC: Proton exchange membrane fuel cell
PLD: Pulsed laser deposition/ablation
PL-OAD: Pulsed laser at oblique angle deposition
PVD: Physical vapor deposition
QCM: Quartz crystal microbalance
QD: Quantum dots
QD-SSC: Quantum dot sensitized solar cell
RF: Radiofrequency
RHEED: Reflection high-energy electron diffraction
RMS: Root mean square
SAD: Small angle deposition
SAW: Surface acoustic wave
SDC: Samarium-doped ceria
SEM: Scanning electron microscopy
SOFC: Solid-oxide fuel cell
SPR: Surface plasmon resonance
SZM: Structure zone model
TCO: Transparent conductive oxides
TNO: Niobium-doped titanium oxide
THz-TDS: Terahertz time-domain spectroscopy
TPD: Temperature programmed desorption
UV: Ultraviolet
VLS: Vacuum liquid–solid deposition
VLS-OAD: Vacuum liquid–solid oblique angle deposition
VOC: Volatile organic compound
WCA: Wetting contact angle
YSZ: Yttria-stabilized zirconia
ZPC: Zero point of charge
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