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Abstract 

Nano-structuration of materials at the mesoscale to give rise to porosity-controlled 

coatings represents an important breakthrough in the area of Materials Science and 

Engineering, offering new and enhanced functionalities of interest in fields such as optics, 

optronics and optoelectronics. In order to optimize their performances, in-depth analyses 

are required: local information about the morphology, composition and atomic structure, 

the compactness distribution, but also layer homogeneity, interface and interpenetration 

between stacked layers or oxidation are extremely important factors that can ruin their 

way of operation. In this particular context, the objective of the present PhD Thesis is to 

make significant contributions to the study and development of multifunctional porous 

nanostructured systems, from their design and elaboration, to the maximum knowledge 

of their structure and properties, through advanced (S)TEM methods, including 3D 

reconstructions, elemental analyses at the nanoscale and atomic-scale imaging, combined 

with optical spectroscopy techniques. 

In the first instance, given the great potential of the slanted nanostructures generated 

by means of oblique angle depositions, in which the refractive index gradient can be tuned 

by the columns tilt and density imposed via the growth angles and parameters, OAD 

broadband antireflective coatings based on Si, Ge or SiO2 OAD films have been designed, 

manufactured, and extensively characterized with the aim of maximizing the performance 

of the optical elements in the vis-IR wavelength range. This same approach has also been 

implemented to enhance the antireflective capabilities of transparent conductive ITO thin 

films in the near-IR window without compromising too much their electrical response. 

On the other hand, the advanced structural and functional characterization of 

porosity-controlled GaN NW arrays grown by plasma-assisted MBE through (S)TEM 



methods and vis-IR SE elliposmetry, has helped not only to improve growth processes 

but also to optimize their resulting optical and electrical properties. 

Finally, the knowledge and methodologies acquired during the study and 

optimization of the previous porous systems have been transferred to the development of 

a two-step procedure, based on the deposition and the subsequent fast oxidation of 

vanadium-based OAD films in open air atmosphere, for the synthesis of thermochromic 

VO2 coatings of tunable metal-to-insulator response and controlled grain sizes and 

crystallinities. 

  



Resumen 

La nanoestructuración de materiales a la mesoescala para dar lugar a recubrimientos 

de porosidad controlada representa un avance importante en el área de Ciencia e 

Ingeniería de Materiales, ofreciendo funcionalidades nuevas y mejoradas de interés en 

campos como la óptica, la optrónica y la optoelectrónica. Para optimizar el rendimiento 

de estos sistemas, se requieren análisis que den información local sobre la morfología, 

composición y estructura atómica, grado de compactación, y de otros factores que pueden 

influir en las propiedades, tales como homogeneidad de las capas, calidad de las 

intercaras, interpenetración entre capas apiladas u oxidación. En este contexto, el objetivo 

de la presente Tesis Doctoral es realizar contribuciones significativas al estudio y 

desarrollo de sistemas nanoestructurados porosos y multifuncionales, desde su diseño y 

elaboración, hasta el máximo conocimiento de su estructura y propiedades, a través de la 

aplicación de métodos (S)TEM avanzados, entre los que se incluyen reconstrucciones 3D, 

análisis elementales a la nanoescala e imágenes a escala atómica, combinados con 

técnicas de espectroscopia óptica. 

En primera instancia, dado el gran potencial de las nanoestructuras inclinadas 

generadas mediante las deposiciones en ángulo oblicuo, en las que el gradiente del índice 

de refracción puede ser adaptado por la inclinación de las columnas y la densidad 

impuesta a través de los ángulos y parámetros de crecimiento, se han diseñado, fabricado 

y caracterizado en detalle recubrimientos antirreflectantes de banda ancha basados en 

películas OAD de Si, Ge o SiO2 con el objetivo de maximizar el rendimiento de los 

elementos ópticos en el rango de longitudes de onda vis-IR. Este mismo enfoque también 

se ha implementado para mejorar las capacidades antirreflectantes de películas delgadas 

conductoras y transparentes de ITO en el infrarrojo cercano sin llegar a comprometer 

demasiado su respuesta eléctrica. 



Por otro lado, también se ha llevado a cabo la caracterización estructural y funcional 

avanzada de matrices de nanohilos GaN de porosidad controlada, crecidas por MBE 

asistido por plasma, mediante métodos (S)TEM y eliposmetría vis-IR SE, lo cual no solo 

ha ayudado a mejorar los procesos de crecimiento sino también a optimizar las 

propiedades ópticas y eléctricas resultantes. 

Finalmente, los conocimientos y metodologías adquiridas durante el estudio y 

optimización de los sistemas porosos anteriores se han trasladado al desarrollo de un 

procedimiento de dos etapas, basado en la deposición y posterior oxidación rápida de 

películas de OAD de vanadio en atmósfera de aire, para la síntesis de recubrimientos 

termocrómicos de VO2 de respuesta metal-aislante sintonizable y de tamaños de grano y 

cristalinidades controladas. 
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1. Introduction and justification of the Thesis thematic unit  

Surface engineering is an area of Materials Science & Technology that has lately 

attracted great interest thanks to the possibility of modifying the properties of the material 

that is covered, functionalizing surfaces and, thus, providing some characteristics that 

make it ideal for a determined application in a simple and cost-effective way [1,2]. In this 

light, many different approaches have emerged, being the design and manufacturing of 

porosity-controlled coatings one of the most appealing. By tuning porosity, the 

physicochemical properties of coatings, like refractive index, surface roughness or 

surface area, can be modulated, endowing materials with improved and additional 

functionalities for applications in fields such as optics [3,4], optoelectronics [5,6], energy 

generation and storage [7,8], catalysis [9,10], and sensors [11,12].  

Many efforts to attain materials with customized properties have generally focused 

on controlling the morphology and microstructure of the film during deposition. 

Nevertheless, in order to get maximum benefits from this approach, it has also become 

necessary to know accurately the structure of the porous deposited systems at different 

scales, as this will not only help to a better understanding of the fundamental processes 

involved in the generation of such type of nanostructured films, but also to go further into 

their performances optimization. In this context, the present PhD Thesis focuses on the 

comprehensive structural and functional characterization of porous materials for the 

development of multifunctional coatings by combining, at least, (scanning-)transmission 

electron microscopy ((S)TEM) techniques and optical spectroscopies (spectroscopic 

ellipsometry, Vis-IR spectrophotometry and Raman spectroscopy).  

On the basis of the foregoing, this first Chapter has been organized as follows. First 

of all, the main deposition strategies conventionally used to achieve porosity-controlled 
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coatings will be briefly overviewed in section 1.1.  Afterwards, the main material systems 

studied in this Thesis will be described in section 1.2, which include antireflective 

multilayers for infrared and visible optics (section 1.2.1), transparent conductive 

nanostructured films of indium tin-doped oxide (ITO) (section 1.2.2), GaN nanowire 

arrays with potential applications (section 1.2.3), and vanadium-based porous layers for 

switchable thermochromic applications (section 1.2.4). After that, the role of advanced 

electron microscopy techniques combined with optical spectroscopies as a powerful joint 

characterization tool for the development of porous multifunctional coatings is 

emphasized in section 1.3. Finally, the justification of the topical unity of the PhD Thesis 

is included in section 1.4. 

1.1. Design and fabrication of porosity-controlled coatings 

For the nanofabrication and functionalization of porous thin films, two main 

approaches referred as top-down and bottom-up can be employed. In a top-down 

approach like nanolithography or precision engineering, a process or instrument is used 

to sculpture the surface of a bulk material down to the nanoscale, giving rise to the 

fabrication of complex designs at high level of accuracy. On the contrary, in bottom-up 

approaches such as self-assembly combined with chemical synthesis, atoms and 

molecules arrange themselves into ordered nanoscale structures. Although it is still not as 

mature as other top-down processes, the bottom-up technology is preferred since it 

enables to manufacture well-defined morphologies, shapes, and patterns in a faster and 

more easily scalable and cost-effective ways. 

Among the different bottom-up methods to fabricate porous structures, such as sol-

gel [13], template synthesis [14], and layer-by-layer [15], oblique angle deposition (OAD) 

– alternatively called glancing angle deposition (GLAD) – has emerged as an innovative 
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and promising technology for attaining 3D micro- and mesoporous architectures of 

controlled structures and properties [16–21]. This particular geometry, combined with 

physical vapour deposition (PVD) processes, gives rise to tilted columnar and highly 

porous films and nanostructures which are promoted by shadowing effects that occurs at 

the surface of the substrate behind initially nucleated islands, when the incident flux of 

particles arrives at an oblique angle (Figure 1). This approach provides a great flexibility 

in the range of nanostructures that can be achieved, allowing not only to deposit many 

types of materials (single elements, compounds with complex stoichiometry, metals, 

oxides, semiconductors, dielectrics, etc.), but also to sculpt, with a nanometer precision, 

a variety of complex architectures with controlled geometries (inclined structures, vertical 

structures, graded density structures, zig-zag structures, helical structures, periodic arrays, 

etc.), simply by adjusting the process parameters during the deposition. Moreover, this 

method is not very high demanding in the vacuum and temperatures to be achieved in 

many cases. In this way, some outstanding properties, highly correlated to the architecture 

derived from OAD, have already been highlighted in various fields such as in optics 

(antireflective coatings, Bragg reflectors, surface enhanced Raman scattering) [22–24], 

in transparent gas sensing devices [25], or in thermochromic materials for smart windows 

[26].  

Alternatively, the manufacture of fine-controlled self-assembled nanoporous films 

by molecular beam epitaxy (MBE) or chemical vapour deposition (CVD) methods has 

also shown to be a good choice on these purposes, even though the architectures achieved 

by these two techniques are different from those generated by OAD methods, being the 

most significant those formed by single-crystalline nanorod (NR) or nanowire (NW) 

arrays of semiconducting materials with controlled size, composition, porosity and shape 

[27–32].  
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Figure 1. Scheme of the experimental setup of the OAD technique: α and β represent 

the deposition angle and the angle of the nanocolumns relative to the substrate normal, 

respectively. 

Within the framework of the development of nanostructures for ultra-high 

performance multifunctional devices, the present PhD Thesis will focus on uncompact 

thin films deposited by OAD and plasma-assisted molecular beam epitaxy (PAMBE) 

techniques, since, among other advantages, both bottom-up approaches permit to finely 

tailor three-dimensional nanoarchitectures of controlled porosity and shape, which 

endows materials with new or enhanced properties. 

1.2. Advanced porous coatings studied in this PhD Thesis 

This section includes the different types of nanostructured materials that have been 

investigated in the present PhD Thesis, which have been classified according to their 

properties and applications. 

1.2.1. Nanostructured antireflective films for infrared and visible 

optics 

The mid-wavelength infrared (MWIR) spectral band (3–5 μm) is known to be one of 

the most important atmospheric transmission windows used for thermal imaging systems 

[33]. Because of their transparency in the infrared (IR) region, silicon and germanium are 

two materials of common election to produce IR optical components (lenses, windows) 
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requiring high levels of transmittance. Si and Ge are usually found in high-resolution 

optical systems allowing to use a minimum number of lenses. Besides their IR 

transparency, each of them also have good thermal conductivity, excellent surface 

hardness, and high strength, that make them the favourite choices for optical designers of 

high performance infrared objectives for thermal imagers [34]. However, these dense 

materials suffer from important optical losses (> 30% at each interface with the air) due 

to their high refractive indices [35], which can limit the device performance. Since Si and 

Ge are among the few transparent solid elements in the IR, cutting down the light 

reflection on them to increase their transmittance in this spectral range has become a 

critical issue. This can be achieved, however, by using antireflective (AR) coatings. 

In this context of thin AR surface design, a well-known approach to reduce the 

effective refractive index of Si and Ge consists in manufacturing porous films. For that 

matter, oblique angle deposition has demonstrated to be a powerful technique in optics, 

since the effective refractive index (n) of the deposited coatings can be tuned by 

controlling the porosity through parameters such as the deposition angle [20,23]. This 

principle has been applied for the fabrication of graded-index broadband antireflection 

coatings presenting smooth sequential variations of their n values, in order to reduce index 

mismatches at the interfaces between the substrate and the air close to the surface, and 

thus eliminating Fresnel reflections. This approach has appeared as an advantageous 

alternative to the conventional interferential AR coatings generally made of complex 

stacks alternating low and high refractive index layers at the surface of a substrate in order 

to obtain destructive interferences (Figure 2). This same principle can be implemented to 

remove reflections over the visible and near-infrared (NIR) domains (up to about μm) 

[23,36]. Within this wavelength window, silicon dioxide (SiO2) stands out as a reference 
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photonic material which can be nanostructured by OAD to obtain the very low refractive 

index that is needed for a high-performance antireflective coating.  

 

Figure 2. Different AR approaches. Interferential coatings using (a) a single layer, or 

(b) complex multilayer alternating low and high refractive index materials. The 

smoother transition of “n” is achieved by (c) continuous or (d) discrete gradient-index 

coatings. 

In this PhD Thesis, a comprehensive structural and optical characterization of Si, Ge 

and SiO2 photonic coatings deposited by means of the electron-beam evaporation OAD 

technique has been conducted for the purpose of investigating and optimizing their 

physical properties.  

1.2.2. Transparent conductive ITO films  

With high optical transmissions in the visible range and simultaneously great 

electrical conductivities, transparent conductive oxides (TCOs) arise as very attractive 

materials in the field of (opto)electronics, offering a wide variety of applications, 

including transparent contacts in optoelectronic devices (solar cells, light-emitting diodes, 

flat-panel displays, touch screens), low emissivity, and smart windows for buildings, heat 

reflectors, static dissipation, airplane windshield de-icing systems, or electromagnetic 

shielding [37–42]. In these materials, transparency and conductivity are however 

intricately linked since TCOs generally exhibit strong absorption and reflection (and 

hence low transmission) of light in the infrared range due to the free-carrier plasma. 

Moreover, any effort to increase the carrier density for improving the conductivity σ 

(proportional to the product of the carrier mobility μ and the carrier density N) will 
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produce a shift of the plasma resonance toward the visible region, leading to substantial 

narrowing of the transmission window in this spectral domain [43]. Such antagonism 

between the electrical and optical properties is an important limitation for further 

implementation of TCOs in devices requiring both optical transparency across a wide 

portion of the electromagnetic spectrum and low electrical resistivity. In photovoltaics, 

for example, transparent electrodes with large optical access and low resistance are 

needed to make better use of the solar spectrum [41]. Besides broad-band transparency, 

the use of TCOs presenting low resistivity would be of great interest for providing other 

essential functionalities in these systems to ensure optimal performances in a variety of 

environmental conditions: heating capability to prevent fog and frost formation in critical 

regions exposed to humidity and low temperatures, or shielding against electromagnetic 

interferences [37,39,44]. 

Within this class of materials, indium tin-doped oxide (ITO) is certainly the best 

candidate for those applications because this n-type degenerate semiconductor combines 

the highest available transmissivity for visible light with the lowest electrical resistivity 

due to its high free-carrier density [45]. Nevertheless, finding the best compromise 

between reasonably low resistivity and sufficiently high IR transmittance in a spectral 

domain as wide as possible is far from being straightforward. This is due not only to the 

inherent electro-optical antagonism of TCOs but also to the limitations of the current 

fabrication technologies.  

In order to get a better understanding for the development of tin-doped indium oxide 

nanostructures as well as to overcome the current difficulties related to the optimization 

of their electro-optical properties, the present PhD Thesis contributes to the aim of 

enhancing the antireflective capabilities of ITO thin films in the NIR range without 

compromising too much the carrier density by combining room temperature ion beam 
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sputtering (IBS), a type of PVD method, and OAD modality. For this purpose, deep 

insights into these systems are provided by coupling nanostructural and optical 

characterizations.  

1.2.3. GaN nanowire arrays with optoelectronic applications 

Gallium nitride (GaN) is a III-nitride wide bandgap semiconducting material 

extensively used in optoelectronics and power electronics due to its high Young’s 

modulus, thermal conductivity, electron mobility, high melting point, and low chemical 

reactivity [46]. Among the different GaN nanostructures attained to date, nanoporous 

films (NPFs) have specially attracted the attention of the scientific community not only 

due to their large surface-to-volume ratio but also to their unique electrical and optical 

properties [47–49]. Comparing with their compact counterparts, GaN NPFs have 

demonstrated improved properties in diverse applications such as photoelectrochemical 

water splitting [50,51], supercapacitors for energy storage [52,53], light emitting diodes 

(LEDs) [54,55] or distributed Bragg reflectors [56].   

The vast majority of reports on the synthesis of GaN NPFs are focused on different 

kind of etching of thin films or GaN-sapphire templates, such as electroless etching [56], 

electrochemical etching [57], or high-temperature annealing [52,53]. Likewise, the 

fabrication of ordered NPFs has been demonstrated using inductively coupled plasma 

(ICP) etching using an anodic alumina template as etching mask [58]. The main 

drawbacks of the etching (top-down) approach are the difficulties of controlling the 

porosity level and shapes on the films. Therefore, a way to produce high-quality NPFs in 

a bottom-up approach with direct control over the composition, porosity, and shape as 

well as low-cost routes to scale it to large areas for industrial transfer would be highly 

desirable. 
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In this context, GaN nanowire arrays, a type of NPF, grown by molecular beam 

epitaxy postulate as one of the best bottom-up alternatives. By varying the growth 

conditions, the size, shape and density of the nanowires, the porosity can be tuned, thus 

allowing to modulate the optical and electrical properties of the system. Thanks to its high 

surface-to-volume ratio, high crystalline quality, strain-free nature, tuneable refractive 

index and bandgap, high light extraction efficiency and quantum efficiency, NPFs of GaN 

nanowire arrays have been erected as a promising material for the development of 

optoelectronic and optical devices [59–62]. Nonetheless, for the optimization of such 

GaN nanostructures, it is not only essential to explore them at micro- and nanoscale, but 

also to jointly evaluate their optical and electrical properties. On this basis, this Thesis 

pursues to correlate the morphology, structure and composition of GaN nanowire arrays 

grown by PAMBE with their optical and electrical properties and growth conditions.  

1.2.4. Vanadium-based films for switchable thermochromic 

applications 

Vanadium is a transition element with an uncompleted electronic structure and a 

consequent availability of multiple valences. Upon oxidation of V, the products can 

progress to mixes of vanadium oxides (VOx), which have become one of the most studied 

materials for many years due to their unique properties and technological applications. In 

this framework, vanadium (IV) oxide (VO2) has specially attracted the attention of the 

scientific community since it experiments a reversible metal-to-insulator phase transition 

(MIT) between insulating monoclinic VO2 (M1) to metallic rutile VO2 (R) at a 

temperature of ~68 ºC, which implies drastic changes in the optical and electrical 

properties [63–66]. This makes VO2 an attractive thermochromic material for 
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applications in smart windows [67–69], resistive switching elements [70,71], storage 

devices [72], and sensors [12]. 

Nevertheless, the fabrication of VO2-based systems has become a real challenging 

issue not only due to the complexity of the vanadium-oxygen reactive system but also 

because of the narrow stability range of the dioxide, which can lead to the formation of 

other more thermodynamically stable oxides such as V2O3 and V2O5, mixtures of various 

stoichiometries, or even the appearance of several VO2 metastable crystalline polymorphs 

[64–66,73–75]. Hence, it is clear that the preparation of high purity VO2 systems requires 

a precise control of the deposition parameters as well as the exploration of novel 

manufacturing strategies and alternatives.  

Aware of this opportunity, and taking advantage of the superior reactivity of high 

surface-to-volume porous nanostructures, this PhD Thesis proposes a two-step procedure 

to attain the formation of pure VO2 films, which comprises the initial deposition of DC 

magnetron-sputtered vanadium or vanadium oxide films by the combination of oblique 

angle deposition and, if needed, reactive gas pulsing process (RGPP), followed by the 

fast oxidation of such layers in air atmosphere at high temperatures. Likewise, the 

comprehensive characterization of such structures before and after oxidation, as well as 

the evaluation of the MIT response, are also within the scope of these studies.  

1.3. Advanced electron microscopies and optical spectroscopies 

As pointed out earlier, the correlation between the design, deposition parameters, 

structural features and functional properties is a fundamental aspect for the development 

and optimization of porous thin films. Therefore, it is essential to apply, in a systematic 

way, characterization methodologies that also allow a complementary finer description 

of these systems. In this context, transmission electron microscopy (TEM), and its related 
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techniques, postulates as the appropriate candidate, which is known to be a powerful and 

fast-growing analytical tool to probe not only the local structure but also the local 

chemistry and morphology of materials. In the past few years, the integration of efficient 

and multiple signal detectors combined with the arrival of aberration correctors for the 

electron lenses have enabled significant improvements in TEM microscopes related to 

elemental detection sensitivity and dramatic reduction of the attainable resolution limits 

below the Angstrom, opening up new possibilities and challenges in the characterization 

of materials [76–78].  

(S)TEM characterization techniques allow to perform a wide variety of surveys, 

including overall studies of the structures and morphologies generated at micro- and 

nanoscale, atomic-resolution imaging of crystalline structures, chemical analyses by 

combining imaging and spectroscopies, and 3D reconstructions of nanostructures. As a 

first approach, conventional transmission electron microscopy (CTEM) appears as the 

most viable option to explore the structure and morphology of porous films at micro- and 

nanoscale. The images collected through CTEM are formed by electrons of a parallel 

beam that have been transmitted, without interaction or diffracted at a low angle, when it 

passes through the electron-transparent prepared specimen. 

When a thin film presents a polycrystalline organization of its atoms, the orientation 

of its grains can determine the macroscopic properties of the system. These periodic 

lattice features can be locally studied by combining high-resolution transmission electron 

microscopy (HRTEM) and selected area electron diffraction (SAED) methods. In 

HRTEM, phase contrast images are obtained as a consequence the multiple interferences 

between the beams involved in its creation. It is a technique that can currently reach 

hundredths of nanometer in resolution, which allows observing a projection of the 

columns of atoms of a material under study, and, thus, enables structural characterization 
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at an atomic level. However, the formation of the image is very sensitive to many factors 

(orientation of the sample, thickness variations, aberrations of the microscope lenses ...), 

so its interpretation must be carried out with prudence. On the other hand, by using an 

aperture to collect the signal coming from an isolated electron-transparent region, a SAED 

pattern of the electron interacting with the sample can be obtained. In crystalline systems, 

these interferences are reflected constructively in a plane as periodically ordered spots 

(single crystals) or rings (poly crystals) that correspond to beams diffracted by families 

of crystalline planes, and are distributed around the direct beam with an intensity that is 

attenuated in all radial directions. Properly interpreted, the SAED patterns enable to 

obtain structural information at the local level of the material under observation, including 

its reticular parameters, epitaxial relationships, symmetry, structural defects, etc. 

Scanning transmission electron microscopy (STEM) is a modality of TEM 

microscopy, in which the electron beam is converged forming a probe of nanometric or 

subnanometric size, which offers new capabilities and alternatives for studying the 

chemical features of materials. When operating in STEM mode under dark field 

conditions, the image obtained using a high-angle annular dark field (HAADF) detector 

is solely and exclusively due to electrons that have been incoherently scattered from their 

path through matter at a sufficiently high angle. Since the HAADF technique is very 

sensitive to the atomic number of the irradiated elements (Z-contrast), the resulting 

STEM-HAADF image will present an intensity approximately proportional to the square 

of the average atomic number of the atoms in scanned region, as the heavier atoms will 

have a greater capacity to inelastically scatter electrons at higher angles due to bigger 

electrostatic interactions between their nuclei and the electron beam. This means that 

qualitative information about the chemical composition of a sample can be obtained, since 

the contrast in the HAADF images can be associated with a difference in the effective 
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atomic number. Nonetheless, it must be considered that variations in thickness also 

significantly affect the intensity of the HAADF signal, which should be taken into account 

so as not to misinterpret the information contained in the HAADF image.  

Nevertheless, what really makes the TEM a very powerful analytic tool is the 

combination of STEM imaging and spectroscopy. In this sense, the most common TEM-

based spectroscopy techniques are Energy Dispersive X-ray Spectroscopy (EDX or EDS) 

and Electron Energy Loss Spectroscopy (EELS). STEM-EDX is based on the inelastic 

interaction (with loss of energy) of the electrons of the beam with those existing in the 

constituent atoms of the material. If the energy transferred to these electrons is high 

enough, one of the electrons closest to the nucleus will be ejected from the atom. Thus, a 

hole is left that will be quickly occupied by one of the electrons located at a higher energy 

level, such as those of valence. The result of this occupation is the emission of an X-ray 

quantum whose energy is characteristic of a specific element. This analytical technique 

is especially useful to uncover, by means of spectrum images (SIs), the qualitative or 

quantitative distribution of the elements that compose a sample but also to know relevant 

information on how the interfaces are developed or, for example, if the exposed surfaces 

are subjected to spontaneous oxidation. Another alternative way to carry out chemical 

nature studies at nanometer scale consists of measuring the loss of energy from the 

inelastic interactions between the incoming electron beam and a thin specimen. That loss 

of energy in the transmitted beam will be associated with different characteristic 

electronic transitions of the constituent elements of a sample, allowing their identification 

and even their quantification. This is the basis of the STEM-EELS technique which, 

compared to EDX, provides improved signal, spatial resolution, energy resolution and 

sensitivity for low atomic number elements [79,80]. In addition to the above-mentioned, 

EELS information can also be used to characterize chemical bonding configurations, 
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oxidation states, valence and conduction band electronic properties or even sample 

thickness.  

Electron Tomography (ET) is another TEM-based technique that specifically allows 

to reconstruct the three-dimensional structure of a specimen from a set of two-

dimensional images recorded at various tilt angles (tilt-series) which are then processed 

off-line using different reconstruction algorithms [81–86]. Among the different ET 

variants, STEM tomography has become one of the most powerful. As 3D 

characterizations at the nanoscale represent valuable insights into the design of 

nanomaterials, STEM tomography examinations of thin films are becoming increasingly 

popular for material scientists, being the HAADF signal preferred to bright-field (BF) 

because of its monotonic dependence on the sample thickness [87,88]. In this sense, 

STEM-HAADF tomography reconstructions can supply relevant geometric features such 

as 3D morphologies and textures, distribution and interaction between nanostructures, 

anisotropy, and also provide quantitative information about the porosity distribution and 

profiles within coatings. 

Specimen preparation appears to be a crucial step in the investigation of porous thin 

films by TEM methods. The lower consistency of these porous architectures when 

compared to their compact equivalents makes the collection of electron-transparent 

sections of submicron thicknesses (lamellae) a challenging issue, becoming one of the 

main reason why there are very few studies of these systems through (scanning-

)transmission electron microscopy. Moreover, both the relative fragility of the 

mesoporous systems to be analysed and the type of analysis to be carried out (imaging, 

tomography, spectroscopies up to the atomic scale), impose great demands when 

preparing thin lamellae. Hence, it is desirable to avoid conventional preparation 

techniques like mechanical grinding plus dimpling, which are generally used for studies 
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of denser thin films. Keeping this in mind, it is thought that thinning down by tripod 

polishing plus low-energy ion milling is one of the most suitable approaches to achieve 

large electron-transparent regions of porous and delicate thin films. This sample 

preparation methodology allows to carefully thin down the specimen up to a few microns, 

leading to a much softer mechanical thinning than that achieved with SiC sandpapers, 

avoiding the dimpling stage and reducing the time required for the final thinning step by 

Ar+ ion milling, which is not only recommended to reduce sample damage but also to 

prevent the amorphization of the electron transparent area. Since this method is not highly 

spread and not many groups have a high control of its effective handling, it is worth noting 

that the Thesis author was able to achieve and master high-quality tripod preparations, 

based in partly own-developed tools, as that shown in Figure 3. Focused ion-beams (FIB) 

specimen preparation technique is another more expensive but simple and straightforward 

alternative to collect electron-transparent lamellae of porous nanostructured films. A FIB 

system is almost identical to a scanning electron microscope (SEM), but with the 

difference that the probe is a beam of ions (usually Ga+), which is used for milling the 

specimen, rather than electrons. This technique not only provides the capability to prepare 

TEM samples with minimum levels of damage and contamination but is also capable of 

preparing samples either along particular orientations or in specific areas with a few 

nanometer precision [89]. This equipment also allows to carry out 3D reconstructions of 

localized regions within a sample by overlapping the SEM-like images (or compositional 

maps) of the planes that are sliced consecutively, which is known as FIB tomography 

(slice and view) [90]. In this sense, it must be noted that optical and SEM microscopies 

were also used in many stages of the performed studies within this Thesis. SEM bases on 

probing an electron beam on the surface, and give topographic or compositional 
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information depending on the used mode. X-ray diffraction (XRD) had also a key role in 

specific studies of ITO structures.  

 

Figure 3. Different stages involved in preparing delicate TEM specimens using the 

tripod method. (a) Scheme of a glued staked specimen before polishing. Pictures of the 

specimen, once attached to a 3 mm TEM molybdenum grid, after tripod polishing (b) 

and after ion milling (c). The inset of (c) places emphasis on the developed electron-

transparent region. 

In contrast to (S)TEM, for the purpose of carrying out a comprehensive structural 

and functional characterizations of such porous coatings, all the data acquired from 

electron microscopy have been contrasted and confronted to those obtained by means of 

optical spectroscopies. In this way, visible-IR spectroscopic ellipsometry (SE) is a 

powerful and precise tool for the simultaneous optical and electrical characterization of 

thin films. The basis of this non-destructive technique is the measuring of the changes in 

the state of polarization of the light after having impinged on a surface subject to study, 

and the subsequently fitting of the acquired data to ellipsometric models. Because it is 

very sensitive to the composition and capable of detecting very thin films, visible-IR SE 

is considered as an ideal complementary tool to TEM: the structural (morphology, 

thickness, porosity, etc.) and chemical information (composition, interfaces, etc.) 

provided by (S)TEM methods is indeed essential to validate and improve the models 

employed to describe the optical (refractive index, n; extinction coefficient, k) and 

electrical (N, µ) response as well as the anisotropy of nanostructured coatings. 

Additionally, other optical spectroscopies, such as vis-IR optical spectroscopy (OPS) and 
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Raman spectroscopy (RS), have been used in a more occasional manner to acquire 

complementary optical information (transmission and reflectance spectra by OPS) or as 

an alternative way to probe the chemical composition of materials (RS).  

Briefly, it must be mentioned some techniques used sporadically to obtain 

complementary electrical properties of the studied material systems, such as Hall effect 

measurements that were important to characterize GaN systems, or Kelvin probe force 

microscopy (KPFM) measurements that suddenly appeared as a tool ideal to study VO2-

VOx multilayers where optical spectroscopies had lower appropriateness to be used.  

1.4. Justification of the Thesis thematic unit 

The present PhD Thesis aims at contributing to the development of nanostructured 

porosity-controlled coatings with improved optical properties and additional 

functionalities (i.e. electrical) of interest in fields such as optics, optronics or 

optoelectronics, optimizing designs, fabrication processes and performances. For such 

purpose, the structure, chemistry and functional properties of the nanomaterials described 

in section 1.2 have been explored at different levels, from microscopic to atomic scale, 

by combining mostly advanced (S)TEM methods with optical spectroscopies.  

The lower implicit consistency of the addressed materials when compared to their 

compact modality hinders the attainment of electron-transparent sheets, which becomes 

one of the main reasons for the scarcity of (S)TEM studies of these types reported in the 

literature to date. In this light, this PhD Thesis helps at filling this knowledge gap by 

demonstrating the unique opportunities and possibilities offered by (S)TEM methods, 

especially when combined with visible-IR SE, for the exhaustive scrutiny of porous 

nanostructured coatings. These studies allowed us to accomplish several of the pioneering 

works presented here, which not only represent valuable insights into the design of this 
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kind of nanomaterials but also relevant data to gain a better knowledge of their growth 

mechanisms and properties. Matters as the preparation of electron-transparent specimens 

and the advanced characterization of their structures, morphologies, interfaces and 

compositions are discussed thanks to the implementation of innovative approaches based 

on a variety of (S)TEM techniques, letting us obtain high resolution imaging, 

spectroscopies, or tomography, at both microscopic and nanoscopic levels. All collected 

information is not only then contrasted with the results obtained by optical spectroscopies 

but also can also be implemented in advanced ellipsometric models, enabling a 

comprehensive structural, chemical, optical and electrical characterization of such 

systems. 

This Doctoral Thesis is presented as Compendium of Publications, and the 

corresponding articles can be found at appendices of this Thesis. Publications I and II are 

dedicated to Si and Ge OAD antireflective coatings for infrared optics. In these works, 

(S)TEM analyses, including EDX and EELS spectroscopies, were fundamental to provide 

key insights about the nanostructure of such systems that, once related and combined with 

ellipsometry and optical transmission measurements, contributed to the optimization of 

their optical performances. In publications III and IV, 3D reconstructions obtained by 

means of STEM-HAADF electron tomography experiments not only allowed to estimate 

the optical losses of an ultra-high performance SiO2 OAD bilayer AR coating but also to 

get a precise comparison between optical properties and microstructure as well as to 

validate optical models. Publication V reports the structural and functional 

characterization of porous and crystalline ITO thin films deposited by ion beam sputtering 

deposition at oblique angles using either argon or xenon ions. Deep understanding of 

these systems are provided by coupling nanostructural (scanning and transmission 

electron microscopies, X-ray diffraction) and optical (spectroscopic ellipsometry, 
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reflectance optical spectroscopy) characterizations, which allows extracting important 

features of the films (porosity, refractive indexes, in-grain carrier densities, and 

mobilities). In publication VI, selected-area electron diffraction and scanning and high-

resolution transmission electron microscopies evidenced the structure and epitaxial 

alignments of vertical GaN nanowire arrays epitaxially grown by PAMBE. In the line of 

the previous study, publication VII is associated to the simultaneous optical and electrical 

characterization of GaN nanowire arrays through vis-IR spectroscopic ellipsometry. With 

the aim not only of establishing (S)TEM as a reference tool, but also to provide better and 

new features that allow the optimization of the fabrication and design of porous 

nanostructured coatings, manuscript VIII accounts for the possibilities and alternatives 

offered by the application of (S)TEM methods for the study of such systems. Finally, 

applying the knowledge previously acquired during the study of porous thin films and 

taking advantage of the enhanced reactivity of the high surface-to-volume OAD 

structures, manuscript IX purposes the fabrication of controlled grain-size thermochromic 

VO2 coatings by the fast oxidation of sputtered vanadium or vanadium oxide films 

deposited at glancing angles. The comprehensive characterization of as-deposited as well 

as the resultant oxidized systems is handled by scanning electron microscopy, Raman 

spectroscopy and scanning-transmission electron microscopy techniques, such as electron 

energy-loss spectroscopy.   

In this light, the results shown throughout this PhD Thesis are expected to have a 

great impact on the development and optimization of porous multifunctional coatings, 

opening new horizons in the advanced characterization of such systems, simplifying 

methodologies and contributing to a better knowledge of deposition or growth processes 

and performances.
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2. Hypotheses and Objectives 

The development of the present PhD Thesis is based on the following hypotheses: 

 The performance of the multifunctional porous nanostructured coatings 

considered in this Thesis are closely linked to their morphologies, porosity, 

structures, interfaces and chemical compositions.  

 Joint structural, chemical and functional characterizations at micro-, nano- and 

atomic scale by advanced (S)TEM techniques and optical spectroscopies can open 

new pathways in the design, development and optimization of porosity-controlled 

materials.  

 The enhanced reactivity of high surface area porous films can promote the 

selective and quasi-instantaneous formation vanadium oxidized species of 

controlled grain size, composition and crystallinity.  

The outcomes of the research addressed in this PhD Thesis support and confirm the 

validity of these hypotheses. 

The main objective of this PhD Thesis is contributing to the development of design 

rules for the engineering of multifunctional porous nanostructured systems by optimizing 

their performances. To meet this goal, the advanced structural and compositional 

characterization of these materials through (S)TEM methods, including 3D 

reconstructions, elemental analysis at the nanoscale and atomic-scale imaging, combined 

with optical spectroscopy techniques such as vis-IR spectroscopic ellipsometry, is 

suggested for the purpose of not only directly correlating the constitutive characteristics 

and the functional properties of such coatings, but also with the design and manufacturing 

processes. 



Hypotheses and objectives 

 

28 

 

Particularly, the specific objectives are the following: 

 Establish and apply (S)TEM methods as a central tool for the development of 

multifunctional porosity-controlled coatings. This specific objective also 

comprises the exploration of the most adequate procedures for the achievement of 

fine electron-transparent sheets of such materials that allow the achievement of 

the advanced studies addressed here (STEM-EDX and EELS analysis, STEM-

HAADF imaging and tomography, ...).  

 Investigation of the singular characteristics of OAD and PAMBE porous thin 

films which determine their functional properties: morphology and shape at 

nanoscale, porosity profiles extracted from 3D reconstruction, local composition 

at both micro- and nanoscale based on qualitative and quantitative analyses, nature 

and development of interfaces between layers, epitaxial alignments and crystalline 

features at atomic scale.  

 Correlate and compare the information collected by (S)TEM methods with the 

functional properties evidenced by optical spectroscopies. This overall data will 

be then implemented into advanced ellipsometry models, which will not only 

allow to enhance and validate them, but also to address a comprehensive 

structural, chemical, optical and electrical characterization of such porous 

coatings, shedding light on the optimization of their designs, manufacturing 

process and, thus, performances. 

 Transfer the methodology and knowledge acquired during the characterization 

and development of porous thin films to the synthesis of thermochromic VO2 

coatings of tuneable metal-to-insulator response by controlling grain sizes and 

crystallinity.
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3. Critical analysis of the state of the art  

This third Chapter discloses the state of the art of the materials addressed in this PhD 

thesis, including a critical review of the progresses made to date. In section 3.1, the current 

trends in porous thin-film nanotechnology, as well as the techniques used to characterize 

these structures are described. Thereafter, the main strategies to attain broadband 

omnidirectional AR coatings are explored in section 3.2. Sections 3.3 and 3.4 are about 

the best comprise solutions for improving the optical and electrical performances of ITO 

and GaN-based coatings, respectively.  Finally, section 3.5 describes the current strategies 

to achieve thermochromic VO2 films.  

3.1. Porous thin-film nanotechnology 

The fabrication of thin films with engineered structures of controlled porosity at the 

micrometer and nanometer scales is an exciting approach for the development of 

emerging technologies since it allows providing enhanced performances, novel properties 

and new functionalities [91]. Thanks to their high surface-to-volume ratio, lower 

refractive index, and ultra-low dielectric constant (ε) compared to their bulk modalities, 

uncompact coatings have been integrated in a large variety of devices with applications 

in fields such as energy, photocatalysis, sensors, optics and photonics, or thermal 

insulators [92–96]. Up to about a few years ago, most of the studies related to porous thin 

films, which are mainly based on etching processes or self-assembly templating, have 

been focused on elucidating the mechanisms behind the synthesis of this kind of materials 

as well as the design of novel architectures. Because of this, both the development of new 

and enhanced applications, as well as the establishment of the correlation between the 

structure and the functional properties of these systems have played a secondary role in 

the progress of this technology. 
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Nonetheless, the rise of simpler and more straightforward bottom-up strategies, such 

as the deposition of slanted columnar films at oblique angles or the growth of nanowire 

arrays by molecular beam epitaxy, has opened new possibilities for tuning, enhancing and 

creating porosity-controlled coatings. In this regard, OAD and MBE techniques have 

proved to be powerful tools for the elaboration and tailoring of nanostructures for ultra-

high performance multifunctional devices since both permit to tune the effective 

refractive index of the deposited film by controlling the porosity of the system, enabling 

to manufacture broadband omnidirectional graded-refractive-index AR coatings 

[3,23,97–100]. Nevertheless, since the deep understanding of the structure-property 

relationship is the key to get the most of these two approaches, fine descriptions at 

different scales of the elaborated systems are needed. 

From the outset of this nanotechnology, OAD and semiconducting NW films have 

been broadly studied through SEM [101–105], atomic force microscopy (AFM) [106–

108], XRD [109–111], or X-ray photoelectron spectroscopy (XPS) [112–114]. These 

techniques have been applied to obtain information about the structure, morphology and 

composition of such systems, which are relevant data to take into account for a better 

description of their growth mechanisms and properties. However, it must be highlighted 

that all these methodologies provide microstructural information with a limited spatial 

resolution: several microns in the case of XRD and XPS and up to a few nanometers in 

the case of AFM (lateral resolution) and SEM. 

According to Hawkeye et al. [21], “the future development of OAD technology 

requires further study of fundamental growth processes as well as continued investigation 

and optimization of the physical properties of OAD fabricated films”. Accordingly, 

because the structure and chemistry of these porous nanostructures intimately affect the 

functional properties they exhibit, it is necessary to study the characteristics of such 
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systems not only at the microscopic scale (pore distribution, layer morphology), but also 

at the nanoscale (composition of individual columns or nanowires, interlayers between 

layers) as well as the atomic scale (crystalline or amorphous nature, preferential crystal 

orientations). In this sense, (scanning-)transmission electron microscopy techniques are 

the most suitable tool to cover all these needs. 

A thorough review of the state of the art dealing with the OAD processes indicates 

however that only a few studies have concerned the application of TEM, and most of 

them are restricted to basic TEM analyses, including, mainly, conventional TEM 

imaging, electron diffraction, or high-resolution TEM (see the recent references [115–

122] as example), and do not take advantage of the full potential of the ultimate generation 

of electron microscopes including high spatial resolution imaging and spectroscopies or 

tomography for example. 

Likewise, semiconducting nanowire films grown by MBE methods have barely been 

studied through TEM [123–127]. As with the OAD systems, these works are limited to 

high-resolution and electron diffraction TEM studies of very narrow areas, being often 

observed the side faces and interfaces of individual NWs but not being explored the entire 

film or different representative areas, which can be associated to the aforementioned 

difficulties that the achievement of electron-transparent sheets of regular widths for 

nanoporous structures implies.  

Regarding the functional characterization of such nanostructured systems by optical 

spectroscopies, studies based on transmittance and reflectance as well as Raman 

spectroscopies have been found in the literature [107,128–131]. However, all of these 

reports lack of complementary structural and compositional characterizations at different 

levels, simply focusing on the evaluation of the system functionality and overlooking the 
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understanding of the structure-properties relationship in these materials. Something 

similar applies to the characterizations carried out by means of spectroscopy ellipsometry: 

either the SE optical responses are modelled through basic approximations and 

assumptions or the determined structural, optical or electrical properties are not validated 

and confronted with those experimentally obtained by means of other characterization 

techniques [132–137].  

Therefore, given the absence of studies that address a structural, chemical and 

functional characterization of thin porous layers, bearing in mind the main objective of 

contributing to the progress and optimization of this technology, this PhD Thesis not only 

targets the joint characterization at different scales of such porous systems by means of 

(S)TEM microscopies and optical spectroscopies, but also the optimization of realistic 

ellipsometry models capable of evidencing the structural, optical and electrical behavior 

of porous coatings thanks to the incorporation of the data previously recorded through all 

the characterization techniques previously described. 

3.2. Broadband antireflective coatings 

The optimization of anti-reflective coatings (ARCs) has been a subject of intense 

research not only for the optical base function but also for more specific applications like 

photonics in which the optical transmission is usually a critical parameter [138–141]. In 

this context, the traditional approach to achieve antireflection, known as “AR 

interferential technology”, consists in depositing multilayers alternating low and high 

refractive index layers at the surface of a substrate in order to obtain destructive 

interferences [142,143]. However, in addition to the antireflection limited to narrow 

wavelength ranges, this approach has become especially challenging due to the scarcity 

of material available as well as to the complexity of the layer assembly to deposit in order 
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to obtain high transmittance. In order to overcome these limitations, other solutions such 

as “gradient-index antireflection coatings” have been considered [97]. Based on the 

progressive decrease of the refractive index from that of the substrate to that of the air 

close to the surface, this approach allows obtaining an extended range of low reflectivity 

adapted for broadband wavelength applications. In this regard, numerical optimizations 

have determined that the optimal gradient is that close to the well-known quintic profile 

[144]. Nevertheless, because of the unavailability of optical materials with very low 

refractive indexes that closely match the refractive index of air, such broadband AR 

coatings are not realizable using standard deposition methods. Therefore, as conventional 

bulk materials with refractive index below 1.39 do not exist, the nanostructuration of 

ARCs, with the aim of reducing their refractive index through the introduction of porosity, 

is required. In this sense, staked systems with porous thin films presenting a decreasing 

index as going towards the surface (discrete ARCs) as well as moth eye architectures 

(continuously-graded ARCs) have been developed [144,145]. Since, according to the 

literature [146], discrete ARCs can outperform continuously-graded ARCs thanks to the 

interference effects, the manufacturing of porous nanostructured layers made by OAD 

has emerged as one of the simplest and most viable fabrication alternatives for attaining 

broadband discrete ARCs. By means of PVD methods such as electron beam evaporation, 

magnetron sputtering or ion-beam sputtering processes, this deposition strategy allows a 

fine-tuning of the effective refractive index of films through the insertion of voids, so that 

the higher the deposition angle, the higher the porosity and the lower the refractive index 

is [16,17].  In the light of this approach, many ARCs with remarkably low reflectivity or 

high transmittance over wide wavelength ranges have been developed 

[3,100,144,146,147].  
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In addition to the fabrication processes, the choice of materials to deposit is also an 

important issue since they must be transparent in the wavelength range in which they are 

aimed at operating. In the visible range, many candidates (in particular many oxides such 

as SiO2, ITO or TiO2) are compatible with the fabrication of gradient index AR coatings. 

In fact, OAD methods have been used many times for antireflective applications in the 

visible and near infrared ranges demonstrating remarkably low reflectivity or high 

transmittance over a large domain of wavelength [3,146,148–150]. For information, the 

best AR system already obtained for extended-visible applications, consisting of three 

TiO2 and two SiO2 OAD layers, presents reflectivity values as small as 0.1% [3]. 

Nevertheless, in the IR range, the number of candidates is much more limited so that the 

use of a technology like OAD to tune the refractive index of the layer is therefore 

essential.  

As mentioned in previous chapters, Si and Ge are among the few materials used for 

MWIR instrumentation due to their wide transparency range in the IR. However, because 

silicon and germanium compact layers exhibit refractive indexes of 3.4 and 4 at 4 µm 

wavelength, respectively, reflecting more than the 30% of the light coming from the air, 

the design and fabrication of AR surfaces of such materials becomes a matter of vital 

importance. Up to date, the best ARCs reported in the literature for Si and Ge in the 

MWIR region based on multilayer stacks presents an average transmission of 98.5% over 

3.6–4.9 μm [35]. Nonetheless, since these systems are aimed at being integrated in 

complex optical devices made of multiple diopters elements, gaining a few tenths of 

percent of transmitted light for each individual AR coatings will have a significant 

positive impact on the final device performances. For example, a 1.5% increase of 

transmittance of a single interface, from 98.5% to 99.97%, can lead to 21% of overall 

transmittance gain for an optical system composed of 8 lenses (16 interfaces). At this 
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juncture, the nanostructuration of silicon and germanium films through OAD methods 

can play a key role in the design of simpler and more efficient MWIR AR systems than 

those achieved by means of multilayer stacks of different materials, since it allows 

obtaining layers with adaptable refractive index values below that of the massive material 

counterpart. Indeed, from our own preliminary experience in the deposition of OAD 

systems, it was concluded that, at a wavelength of 4 µm, the refractive index of single 

OAD layers can be tuned from 4 to 1.6 for Ge, and from 3.4 to 1.5 for Si. Even though 

this principle has been used to prepare broadband silicon and germanium AR surfaces or 

distributed Bragg reflectors (DBRs) covering the visible and/or near-IR ranges [36,151–

154], it must be pointed out that there are no scientific reports focused on the design of 

OAD ARCs for operating in the deeper IR region such as the MWIR band.  

On the basis of the above, it is clear that discrete porous coatings manufactured by 

OAD methods postulates as the simplest and most promising alternative to produce and 

provide better optical performances. However, the future development and optimization 

of this technology will not only require a better understanding and control of the 

deposition parameters for a specific material, but also to accurately model the structure 

and optical response of these structures. Since both porosity and morphological 

anisotropy of OAD layers evolve during the growth [155,156], the use of advanced 

anisotropic models based on Bruggeman effective medium approximations, considering 

mixtures of dense material and voids, is needed [155]. Therefore, the knowledge of some 

key structural, compositional and morphological features (generally overlooked in the 

literature) at different scales, as well as the extraction of the porosity gradient within the 

film, will significantly contribute, along with optical spectroscopy measurements, to 

build, validate and hone these optical models. Keeping this in mind, this PhD Thesis 

addresses the characterization and modelling of Si, Ge and SiO2 OAD systems, deposited 
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as mono or bilayers, through advanced (S)TEM methods in combination with vis-IR SE 

and transmittance optical spectroscopy measurements.    

3.3. Transparent conductive oxide films 

Indium tin oxide (ITO) is the most widely used transparent conductive oxide for the 

fabrication of multifunctional optoelectronic devices such as liquid-crystal displays 

(LCDs) [157], light emitting diodes (LEDs) [158] or solar cells [159], since it presents 

not only relevant optical properties (high transmittance in the visible range ~ 80-90%), 

but also important electrical properties (low resistivity ~10-4 Ω cm) and a low deposition 

temperatures [39,160]. However, due to the great interdependence between the 

mechanisms of electrical conduction and optical transmission in TCOs, high transmission 

ITO films can be only attained at the expense of the electrical properties and vice versa. 

Besides, the properties of ITO films are also strongly influenced by design and fabrication 

strategies, subsequent annealing treatments and tin concentrations, which ultimately 

affect their structure at micro- and nanoscales [160–163].  

Indeed, although many carrier density (N) and electron mobility (μ) couples have 

been reported for compact polycrystalline ITO films prepared by standard PVD processes 

[150], none fulfil an acceptable compromise. In particular, carrier densities as high as 

(1−2) × 1021 cm−3, obtained by Sn doping to levels of 5-10 at. %, promote resistivities as 

low as about 10−4 Ω cm, which is relevant for photovoltaic and electromagnetic shielding 

applications, but has deleterious effects on the optical properties due to a plasma 

resonance close to the visible range. On the other side, reducing N to 1018 − 1019 cm−3 for 

shifting plasma effects toward deeper IR cannot be considered here since conductivity (σ) 

becomes so low that it cannot be compensated by an increase of μ, even if monocrystalline 

layers – almost free of grain boundaries – would be used. 
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Regarding the preparation of ITO thin films, many different strategies, most of them 

based on PVD techniques, such as electron-beam evaporation [164], magnetron 

sputtering [165,166], or pulsed laser deposition [167], have been reported. However, 

these processes generally require heating the substrates at relatively high temperatures 

(>300°C) to ensure reasonable conductivity, which can lead to remarkable transmission 

drops, formation of intermixed layers, adhesion problems of the coatings, and substantial 

increase of production costs at industrial scale. Thanks to the great deal of control of the 

ion energy, flux and species combined with the possibility to operate at low pressure, ion 

beam sputtering (IBS) appears as an alternative and attractive technique for low-

temperature deposition of ITO films with excellent properties (ρ = 1.5 × 10−4 Ω cm, 

visible transmittance > 80%) [168,169]. 

In addition to the choice of the growth process, the geometry is also an important 

parameter to take into account with a view to improving the film properties. In particular, 

oblique angle deposition of ITO thin films has been proposed in order to improve the 

transparency in the visible range and induce optical anisotropy [170–175]. Moreover, the 

OAD approach is of special interest when seeking to improve transparency in the near-

infrared (NIR) range, close to the plasmon absorption edge, even at high electron doping. 

In this way, some studies report the OAD deposition of nanostructured ITO films by 

means of electron-beam evaporation [175–177] or magnetron sputtering [178,179]. 

However, there were not found works dealing with IBS deposition of ITO in the oblique 

geometry to date. 

To fill this knowledge gap, with the ambition of achieving tin-doped indium oxides 

with controlled nanostructure and endowed with enhanced antireflective capabilities in 

the NIR range, without compromising too much the carrier density, this PhD Thesis 

investigates the possibilities offered by the fabrication at room temperature of ITO thin 
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films by combining IBS, using either Ar or Xe ions, and OAD processes. Special 

emphasis is placed on the relationship between the resulting physical properties (optical 

and electrical) of the deposited columnar ITO films and some vital details of their 

nanostructure such as the morphology, composition and porosity, as well as their 

crystallinity, grain size and orientation, or the amount of defects. For this purpose, 

comprehensive descriptions of the structure of these porous ITO layers are conducted 

combining advanced (S)TEM techniques with complementary SEM and XRD analyses, 

whereas the functional characterization of such systems is performed through vis-IR SE 

and spectral reflectometry. 

3.4. GaN nanostructures 

Due to its excellent properties, such as a wide direct and tunable band gap of 3.4 eV 

at room temperature, both thermal and chemical stability, high breakdown electric field 

and carrier mobility, GaN has become a reference material for optoelectronic and 

electronic applications in laser diodes (LDs), LEDs, FETs and sensors [180–183].  In 

recent years, GaN structures of controlled sizes, shapes and porosities have been shown 

to lead to superior optical and electrical properties than those obtained for traditional 

compact thin films [49,184–187]. In this way, GaN nanostructures such as wurtzite or 

zinc-blende nanotubes (NTs), nanowires (NWs) and nanorods (NRs) have been lately 

synthetized by methods as diverse as catalyst-free chemical vapor deposition (CVD) 

[188], or plasma-assisted molecular beam epitaxy (PAMBE) [189,190]. In turn, these one 

dimensional (1D) nanostructures can be found as single systems [191,192] or forming 

vertically-aligned porosity-controlled arrays [193–195]. Other potential GaN-based 

nanostructures are high surface area GaN nanoporous films (NPFs) attained by etching 

processes, which have also succeeded in enhancing properties in photoelectrochemical 
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water splitting [50,51] or supercapacitors for energy storage [52]. Hence, in the light of 

the above considerations, the best approach would be one that takes advantage of the 

benefits offered by GaN NTs, NWs or NRs and the technological attractiveness of NPFs, 

which can be achieved by synthesizing 1-D GaN nanostrucutures in a closed-packed 

manner that emulates the behavior of a NPF. 

Conversely, the control over the porosity and shape of one dimensional GaN arrays 

lies in the precise control of growth parameters. For the specific case of 1D GaN arrays 

grown by PAMBE, it has been proved that the size, density and shape of such GaN 

nanostructures, and thus the optical and electrical properties of the film, strongly depend 

on substrate temperature and spontaneous nitridation as well as Ga, N and dopant fluxes 

during the growth [196–199]. As a result, it is essential to accurately know the structure 

of these arrangements at different levels, since this will not only help to a better 

appreciation of the mechanisms behind the formation of these nanoarchitectures but also 

to optimize growth processes according to the property or characteristic to be enhanced. 

In this context, (S)TEM microscopy is a powerful tool to obtain valuable insights into the 

structure and chemistry of 1D GaN nanostructured arrays. Although TEM methods have 

been successfully applied to unravel the mechanisms responsible for the singular 

morphology, shape and tilt of GaN NTs and NRs [196], it must be highlighted that most 

of the relatively few TEM-based studies found in the literature for arrays of 1D GaN 

nanostructures are limited to conventional and high-resolution TEM imaging 

[47,189,192,200]. 

Another important issue to be addressed is the functional characterization of these 

GaN nanostructured films. While the optical characterization of GaN arrays through SE 

[137], polarized-goniometry [201], or reflectivity spectroscopy [193] is well reported in 

the literature, the characterization of electrical properties related to conductivity, like 
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carrier concentration and mobility, presents some difficulties associated with the 

geometry of this kind of structures [202,203]. Up to now, the majority of the studies are 

focused on Hall effect and field effect measurements performed on single nanowires after 

fabricating multiple contacts [192,204–206]. Nevertheless, given the challenges 

aforementioned, very few studies based on the electrical characterization of complete 1D 

nanostructured films have been reported so far [207–209]. Therefore, the development of 

novel and alternative methodologies for the electrical characterization of these GaN 

arrays, such as noncontact THz spectroscopic measurements [210], is crucial. 

In order to contribute to the development of GaN nanostructured films of controlled 

porosity, helping not only to improve growth processes but also to optimize their resulting 

optical and electrical properties, the present PhD Thesis purposes original methodologies 

for the advanced structural, compositional, optical and electrical characterization of 

PAMBE GaN NW arrays based on (S)TEM methods, FIB tomography, vis-IR SE and 

Hall effect measurements. 

3.5. Thermochromic vanadium dioxide films 

As mentioned in previous chapters, VO2 is currently the most promising material for 

smart windows and switching electronic applications due to its thermally induced 

reversible metal-to-insulator transition (MIT) at near room temperature (~68 ºC), which 

is accompanied by dramatic changes in its optical properties in the near-IR range, from a 

low temperature transparent monoclinic (M1) phase to a more heat blocking rutile (R) 

phase at high temperature. For this reason, VO2-based systems, fashioned in many 

different ways such as thin films, nanoparticles, NWs or microtubes, have been recently 

studied and developed [64–66,211,212]. 
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In particular, for energy conservation applications, VO2 thin films have stood out as 

the most suitable and straightforward alternative to directly coat glass substrates mounted 

in buildings [213]. Many different approaches, such as sol-gel [214], pulsed laser 

deposition [215,216], chemical vapor deposition [217], and polymer-assisted deposition 

[218], have succeeded in synthesizing VOx films with high VO2 yields, although the 

complexity and high cost involved in all these methods, which is closely linked to the 

complex chemistry of vanadium and its large number of stable oxidation states, become 

a critical limitation for practical applications. In this context, reactive direct current (DC) 

magnetron sputtering postulates as one of the most promising and simplest PVD 

techniques for depositing large-areas of vanadium or vanadium oxide films at low 

temperature [67,219–223], so that by adjusting oxygen injection times during the 

sputtering process, the proportions of V to O on the films can be controlled. As can be 

found in the literature [12,219,221–224], many different post-deposition annealing 

strategies, which are required to obtain VO2 coats with desired compositions and 

morphologies, have been extensively implemented on magnetron sputtered V or VOx 

films. However, several of these post-annealing treatments sometimes lack of precise 

control of key oxidation parameters like reaction temperatures and times or heating and 

cooling rates, either omitting or not proving accurate data on them, which seriously 

compromise their reproducibility. Others however, have the disadvantage of rigid 

experimental conditions that implies controlled O2, N2 or SO2 partial pressures at high 

temperatures (> 450ºC) for reaction times longer than 1 hour. Therefore, the development 

of a simple, fast and cost-effective thermal treatment to carry out the effective oxidation 

of vanadium or vanadium oxide films for the fabrication of thermochromic VO2 coatings 

has become a crucial issue. 
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Among the different limiting factors in the large-scale commercialization of VO2-

coated smart windows, the insufficient luminous transmittance (Tlum) in the visible rage 

becomes one of the most critical one, with typical reported values of about Tlum=30-50% 

or less [225], which are still quite far from ideal visible transmission above 60-70% for 

architectural and vehicles glazings [213,226]. A well-known strategy to overcome this 

restriction consists in engineering the morphology of VO2 at micro- and nanoscale to 

attain ARCs. Some works have reported that the introduction of porosity can improve the 

antireflectivity properties of VO2 coats, thanks to a modulation of the optical constants 

(n, k), leading to Tlum values higher than 40% [227–229]. In this sense, the manufacturing 

of porosity-controlled VO2 thin films by OAD methods, which, as seen in previous 

sections, have been proved to succeed in finely tuning the refractive index of coatings to 

achieve excellent antireflection performances, are called to be the most suitable 

alternative to mitigate this problem. Besides, as a consequence of their high surface area, 

the enhanced reactivity of OAD coatings can result in an additional appeal for the 

synthesis of VO2 ARCs through the fast oxidation of pure vanadium-based 

nanostructured films. However, very few works have tried to exploit the potential of OAD 

systems applied to VO2 thermochromic coatings to date [26,219]. 

With regard to the characterization of these VO2 thin films, although optical and 

electrical properties as well as MIT responses have been widely reported through 

temperature dependent resistivity [71,219] and vis-IR optical transmittance 

[217,220,230] measurements, structural and compositional characterizations are 

generally restricted to low magnification SEM and AFM micrographs or XRD, Raman 

and XPS analyses [73,214,216,220,231,232]. For that matter, it should be noted that both 

XRD and Raman techniques do not give local but global information about the coating, 

whereas XPS only provides quantitative information about the first 1-5 nm of layer 
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thickness. This translates into a significant lack of knowledge of the structure and 

composition of such VO2 films at nanoscale, which is key not only to enhance deposition 

processes and subsequent thermal treatments, but also to optimize functional properties 

of the coating. 

Covering all the aspects reviewed in this section, this Thesis describes a simple and 

straightforward post-deposition thermal treatment strategy for the effective oxidation of 

sputtered V or VOx films deposited at oblique angles in order to obtain thermochromic 

VO2 films of controlled crystallinity and grain size. To achieve this, SEM, Raman 

spectroscopy and (S)TEM techniques such as EELS and HRTEM, are used to evaluate in 

a pioneer manner the structure and composition such coatings at micro-, nano- and atomic 

scale, while MIT responses are investigated by temperature dependent Kelvin probe force 

microscopy (KPFM) measurements.
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4. Joint discussion of the results obtained in the different papers  

As it has been introduced in previous chapters, the performance of materials currently 

used in infrared light detection and thermal imaging devices, like silicon and germanium, 

are significantly limited to the important light losses by reflection (>30%) due to their 

high refractive indexes. A simple way to overcome this issue consists in the 

nanostructuration of Si and Ge thin films by means of OAD methods accomplishing 

broadband ARCs on top of the optical elements. Nevertheless, such OAD nanostructures 

can also be subjected to limitations arising from their porosity. In particular, their large 

specific surface areas make them more reactive to environmental exposure, leading to the 

degradation of the device performance. In this light, Publications I and II deal with the 

design and optimization of nanostructured Si and Ge OAD antireflective coatings (ARCs) 

for the treatment of silicon-based optical components operating in the MWIR range (3.7–

4.8 μm). 

Publication I reports the studies of oxidation under atmospheric conditions of silicon 

and germanium single OAD layers made of slanted nanocolumns deposited by electron-

beam evaporation. This work focuses on some features of the fabricated films such as the 

influence of the structure and the morphology on the oxidation rate, the effect of oxidation 

in their IR optical performances as well as the experimental validation of such oxidation 

and its extent by (S)TEM spectroscopy techniques. First, the porosity and the optical 

constants of Si and Ge OAD samples have been determined by means of infrared SE 

measurements using optical simulations based on the Bruggeman effective medium 

approximations (BEMA) [233], which predict that both Si and Ge porous layers are 

susceptible to oxidation, as previously reported in the literature [134,135], and water 

adsorption. Besides, studies performed on Si and Ge OAD 1 μm thick layers deposited in 
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a range of incidence angles from 60° to 82° have shown that the oxide and porosity 

percentages increase with respect to the incidence angle while the water amount 

decreases. This latter could be explained by an increase in the surface roughness with the 

deposition angle, which is also related to an increase in the water contact angle that makes 

the surface of the films more hydrophobic [234,235]. Thereafter, the effect that oxidation 

and water adsorption have on Si and Ge infrared optical properties was evaluated by 

optical transmittance spectroscopy. In this sense, BEMA simulations carried out by taking 

into account the presence of silicon or germanium plus voids and pollutants (oxidized 

species and water) have shown better fits but worse optical behaviors, revealing that the 

presence of pollutants generates absorption peaks that are significantly detrimental for 

the long wavelength infrared (LWIR) transmission window (8–14 μm). Nevertheless, 

these absorption bands observed in Si and Ge OAD systems are fortunately outside the 

MWIR range and, therefore, are not expected to degrade too much the AR performance 

in MWIR optics. 

Additionally, XPS surface elemental analyses have evidenced that such oxidation is 

due to the formation of Si and Ge dioxides, while compositional analyses carried out by 

STEM-EDX have confirmed the widespread oxidation (macroscopically homogeneous 

but inhomogeneous at the nanoscale) of these thin films in proportions rather close to the 

predicted by the SE model. In order to go a little further in the characterization of the 

related nanostructures, local STEM-EELS quantitative analyses conducted in a Ge OAD 

film deposited at α = 75° have let us prove the formation of core-shell-type 

nanostructures, consisting of pure Ge surrounded by GeO2, as a consequence of the 

superficial oxidation of germanium mesoporous architectures (Figure 1). Finally, STEM-

EDX experiments carried out on samples undergone to different vacuum and water-free 

conditions have determined that the oxidation of these systems is mainly due to 
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spontaneous atmospheric oxidation because of air exposure, which can be slightly 

accentuated during water-based polishing TEM sample preparations as a consequence of 

the partially open porous structure of OAD layers. Therefore, the insights obtained 

through (S)TEM studies not only allowed us to validate the BEMA models used to 

describe the optical behavior of the system studied but also to collect accurate valuable 

information about the morphology, distribution, and composition of the nanocolumns that 

are part of OAD films to finally unravel the surface oxidation process of these 

architectures at the nanoscale. 

 

Figure 1. STEM-HAADF image and Dual-EELS Ge-versus-O composition map of an 

isolated Ge column along with its averaged compositional profile and the core-shell 

model proposed. 

In Publication II, the design and fabrication of a simple and highly efficient ARC in 

the MWIR region using the oblique angle deposition process have been addressed. 

Likewise, the role of important nanostructural and chemical aspects influencing the 

performance of such ARC has been considered based on studies by advanced (S)TEM 

methods, IR spectrophotometry, ellipsometry and optical simulations. Taking into 
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account fictive materials with effective refractive indexes, the design of a simple discrete 

bilayer ARC for a silicon substrate (both sides treated), consisting of two layers having 

refractive index target values of 2.52 and 1.37 and thicknesses target of 427 nm and 779 

nm respectively, with 99.97% transmittance over the 3.7–4.8 μm atmospheric window 

has been simulated by using the commercial SCOUT software [236]. Among the 

materials able to meet these requirements, germanium has been chosen for the deposition 

of the first layer (n = 2.52) due to its large transparency in the infrared region as well as 

its high refractive index, which potentially permits to cover a wide range of effective 

refractive index using OAD geometries [153]. 

To reach a refractive index close to the design value, a calibration step of the effective 

refractive index obtained for Ge OAD is necessary. For this purpose, different germanium 

OAD films, deposited at angles ranging from 0º to 82º and fixed thicknesses of about 427 

nm, have been studied by means of IR SE and optical transmittance spectroscopy. The 

observance of the refractive indexes extracted from BEMA approximations, considering 

the insertion of voids in the Ge layer to reproduce film porosity, determines that the Ge 

OAD layer deposited at 65° leads to the closest refractive index, even with slightly 

enhanced AR performance (n = 2.40), compared with the designed target. On the other 

hand, with the additional aim of ensuring the mechanical and chemical stability of the 

ARC as well as to minimize the adsorption or absorption of environmental pollutants, a 

second dense MgF2 capping layer has been deposited in order to provide a refractive index 

in the MWIR that perfectly matches with the ideal one (n = 1.37). 

At this stage, some chemical aspects of this study are considered. In this sense, as 

evidenced in Publication I, IR SE, spectrophotometry and STEM-EDX analyses have 

pointed out the remarkable presence of pollutants in the Ge OAD layer, more particularly 

GeO2 and water, which lead to a degradation of the optical efficiency of the ARC in the 
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IR due to light absorption, especially in the LWIR region. More specifically, STEM-EDX 

analyses have provided relevant compositional information of the bilayer, not only 

confirming the generalized and slight oxidation of the Ge OAD (54 at.% of O) and MgF2 

(3 at.% of O) layers, respectively; but also evidencing the formation of an intermixing 

layer of about 50 nm thick at the interface between the Ge OAD and MgF2. 

Once highlighted the key role of the chemistry on the optical properties of the Ge 

OAD/MgF2 system, a new bilayer has been fabricated in which the bottom Ge OAD layer 

has been annealed at 200ºC before being capped with MgF2 to prevent water adsorption. 

This new optimized ARC presents a high maximum transmittance of 99.21% and very 

good average transmittance of 98.56% over MWIR, showing a better optical performance 

than typical commercial coatings (98% average transmission over 3.6–4.9 μm [237]) and 

similar efficiency compared with the best MWIR AR coating reported in the literature for 

Si and Ge optics [35]. Moreover, in-situ optical measurements conducted during vacuum 

annealing have showed that, simply by evaporating water, the performances of this ARC 

can be enhanced to 99.17%. However, water is readsorbed when exposed to atmospheric 

pressure. Finally, the set of all the information obtained through optical measurements 

and (S)TEM methods (presence of GeO2, water, intermixing layer), not only has helped 

to establish and validate an advanced realistic model capable of simulating the optical 

response of the system, but also to point out the role of unwanted contamination 

(spontaneous surface oxidation and water adsorption) on the way toward perfect MWIR 

transparency. 

Again on the basis of OAD approaches to attain antireflection surfaces, Publications 

III and IV describe the design, structure, optical behavior and modelling of a discrete 

broadband ARC aimed at covering a wide spectral range from the visible up the near 

infrared (NIR). This system consists in a SiO2 bilayer deposited at oblique angles (α1 = 
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65º; α2 = 85º with an azimuthal rotation of Φ = 180° in between the layers) by electron-

beam evaporation on a BK7 (optical glass) substrate (both sides coated). In the first 

instance, Publication III focuses on the study of different systems and routes to optimize 

the transparency, the design of the aforementioned bilayer system (which is carried out 

in the same way as in Publication II), as well as in the development of a method based on 

finite-difference time domain (FDTD) simulations to calculate the light scattering losses 

of these ARC nanostructures. In this sense, the complex 3D geometry of the SiO2 bilayer 

system, whose knowledge is fundamental to accurately simulate the scattering cross-

section of such ARC, has been experimentally determined from STEM-HAADF electron 

tomography experiments (see Figure 2(a)). The very good agreement between the 

experimental and simulated spectra confirms that this innovative approach combining the 

implementation of realistic 3D sample geometry with advanced simulation of light 

propagation is appropriate to account for optical losses, which are attributed to light 

scattering in the specific case of the SiO2 bilayer.  

 

Figure 2. (a) 3D reconstruction of the SiO2 OAD bilayer obtained from STEM-HAADF 

electron tomography experiments together with (b) its extracted porosity/depth profile. 

This same method has been used to evaluate the scattering behavior of gradient 

refractive index ARC SiO2 moth eye [144] pyramid nanostructures of different width (w) 

and thickness (t), demonstrating that these systems must be sufficiently thick, at least 500 

nm, to reach mean transmittance as high as that obtained for the SiO2 OAD bilayer: 304 

nm total thickness exhibiting a mean transmittance of 98.97% over the vis-NIR range 
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[400-1800 nm], which is quite close to the designed value (99.03%).  From these 

simulations, it is concluded that, to limit scattering and keep on enhancing the 

transmittance, thick moth eye nanostructures with a high aspect ratio (t/w = 20) must be 

manufactured. However, such nanostructuration becomes challenging from a 

technological point of view, since the etching processes normally used to manufacture 

such architectures offer limited control over their widths. Therefore, this demonstrates 

that the development of discrete ARCs by the OAD approach should be preferred due to 

its simplicity to produce and provide high optical performances. 

Conversely, Publication IV accounts for the optical and nanostructural 

characterization and modelling of different SiO2 OAD systems which have been 

fundamental to develop the previously referred SiO2 bilayer ARC. In agreement with the 

trends reported in the literature [156,238–241], the rise of both columns angle and 

porosity with respect to the deposition angle and film thickness, respectively, as well as 

the increase of the structural anisotropy and columnar broadening with the film thickness 

have been evidenced through cross-sectional and top-view SEM micrographs acquired 

from a series of SiO2 samples deposited at different angles and thicknesses. On the basis 

of these key morphological features, an Anisotropic Bruggeman Effective Medium 

Approximation (ABEMA) optical model has been built [242] which incorporates a 

porosity gradient composed by 20 layers of variable porosity to reproduce the behavior 

observed at the microscopic scale. This method is then applied to model the generalized 

SE and transmittance optical spectroscopy measurements performed in different SiO2 

monolayers systems, revealing a good agreement between the simulations and the 

numerous optical and structural experimental data collected. 

Once this approach was validated, a new bilayer model is used to optimize and 

describe the optical response of the SiO2 bilayer ARC, establishing that, during the second 
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deposition, no material is deposited within the porosity of the first layer, and also taking 

into account the Φ angle between the first and the second layer. To get a precise 

comparison between optical properties and microstructure, STEM-HAADF electron 

tomography experiments (previously reported in Publication III) have been used for 

further quantitative extraction of the porosity gradient within the entire ARC (Figure 

2(b)). The very fine agreement between the experimental porosity profile and that 

extracted from advanced optical simulations not only demonstrates the validity of the 

optical model used in this work, but also provides a simple and reliable way to describe 

the porosity profile of the system. This new type of information is crucial for further 

optimization of the optical design, by considering the porosity gradient naturally present 

in the OAD layer to optimize the optical function of such ARCs. 

Publication V describes the nanostructure and physical properties of ITO OAD films 

prepared at room temperature, with varying α = 50°, 70º and 85º, respectively, through 

ion beam sputtering using either argon or xenon ions. At first, SEM and (S)TEM 

micrographs evidence the two-layer character of each film where a dense layer presenting 

a uniform HAADF contrast is always detected, even for the greatest deposition angles, in 

the bottom part of the films. Moreover, as can be appreciated in Figure 3, the extension 

of this compact layer as well as the morphology of the entire film depend on both the 

deposition angle and the type of ions. (S)TEM-EDX elemental analyses performed on the 

Ar- and Xe-based films deposited at different angles have revealed a uniform distribution 

of indium, oxygen, and tin species, in concentrations very close to the nominal values. 

Nonetheless, it has been detected that ITO Ar-deposited films, in addition to presenting 

remarkable oxygen fluctuations, tend to trap small amounts of Ar (≥ 0.7 at. %) during the 

IBS process, which has been reported many times in other works [243,244].  
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Figure 3. STEM-HAADF cross-sectional views of ITO films deposited during 120 min 

in different conditions. The dashed lines highlight the interfaces observed at high 

deposition angle between the bottom dense layer and the potential top porous layer 

(note here that the scales are different for Ar-deposited and Xe-deposited films). 

Further XRD and TEM experiments have determined that the structure and texture 

of the different samples are strongly affected by the deposition angle and the type of ions. 

In this sense, it has been observed that, although almost all the films are mainly (111)-

textured, which is preserved over the full α range in the case of Ar deposition, a 

progressive switching in the preferential growth planes from (222) to (400) is detected 

for Xe deposition as α increases. Likewise, it has been realized that the 222 XRD 

reflection for both sets of Xe and Ar samples presents a slight shift of about 0.2−0.3° and 

1° toward smaller 2θ values compared to the pure In2O3 cubic-C phase, respectively, 

which may be attributed to an increase of the lattice parameter due to the larger repulsive 

forces provided by the substitution of Sn4+ ions on the indium sites [245,246]. Bright-

field and HRTEM images of ITO layers have also pointed out that IBS deposition with 

Xe leads to a better crystallinity (larger grains, lesser amount of grain boundaries, 

intragrain defects, and perturbed regions) than with Ar. On the other hand, reflectance 

optical spectroscopy measurements not only evidence an overall decrease of the 

reflectance in the visible range for both Ar- and Xe-deposited films as deposition angle 

increases, but also predict a much smaller carrier density in Ar-deposited layers (the onset 
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of free-carrier absorption appears at around 4 μm for Ar- and 2 μm for Xe-deposited 

films). 

To go deeper into the understanding of these systems, an optical model has been 

developed and fitted onto the experimental data collected by UV-vis-IR ellipsometry and 

reflectance spectroscopies. In this way, the optical properties of ITO have been 

reproduced using a three-oscillator model: (i) a Tauc-Lorentz oscillator (TLO) centered 

close to 3.5 eV (λg ≈ 360 nm) modeling the direct band gap absorption of ITO; (ii) a 

Gaussian oscillator (GO) arbitrarily centered out of the measurement range at 8 eV to 

model all UV interband transitions; and (iii) a Drude oscillator (DO) modeling the free-

carrier optical behavior in the NIR range. The best fits for the optical model are achieved 

when dividing the ITO film into two sublayers: the first sublayer at the bottom is always 

considered as compact, while porosity can be introduced in the second top sublayer in the 

framework of a BEMA approximation. In this sense, the optical constants in the UV-vis 

range (TLO and GO parameters) have been considered the same for both layers, while 

only the DO parameters (N and μ) are allowed to differ between the two sublayers. The 

good agreement between SEM and TEM analyses confirms that the two-layer optical 

model is suitable and physically meaningful to describe the optical properties of the OAD-

IBS ITO films, as well as to extract other critical parameters such as porosity, refractive 

indexes, and in-grain carrier densities and mobilities. N and μ couples sourced from the 

optical model demonstrate the superior electrical behavior of Xe-deposited ITO films, 

which is in accordance with their higher crystallinity [247,248]. 

Finally, Monte-Carlo simulations, performed to reproduce the IBS experimental 

conditions, have supported the assumption that the significant difference between the 

morphology and crystallinity of ITO layers deposited with Ar and Xe is associated to the 

fact that ions with lower masses, such as Ar, are more subject to backscattering on the 
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target and are also more energetic, making Ar ions more prone to amplify the “atomic 

peening” effect and induce an “intrinsic” ion assistance during deposition. Overall, it has 

been concluded that, for transparent and conductive optical applications that would 

require a good compromise between broad-band antireflective capabilities over the 

extended visible range and electrical transport, deposition with Xe must clearly be 

preferred to Ar. 

Moving to a different kind of porous surface, Publications VI and VII cover the 

fabrication, optimization and characterization of porosity-controlled GaN NW arrays 

grown on p-type Si(111) or (100) substrates by plasma-assisted molecular beam epitaxy 

(PAMBE). In order to explore the effect that the growth parameters have on the 

morphology, overall porosity, and optical properties of the resulting GaN-based systems, 

high-quality single crystalline GaN NW coats have been fabricated under different 

conditions of temperature (Tsubs) and gallium (ϕGa) and nitrogen (ϕN) fluxes (Publication 

VI). First of all, with the preliminary purpose of examining the effect of substrate 

orientation, the morphology and structure of samples referred as T2 and T2’ (both growth 

at Tsubs = 825ºC, ϕGa = 8 × 1014 at cm-2 s-1, ϕN = 11 × 1014 at cm-2 s-1, but on Si(111) and 

Si(100) substrates, respectively) have been examined by means of SEM and (S)TEM 

microscopies. Cross-sectional and plan-view SEM micrographs not only show that these 

columnar nanostructures are grown straight and parallel to the surface normal direction 

on both substrates but also that the top morphology of these two specimens is a 

combination of solid NWs (SNWs) with well-developed hexagonal facets, most likely m-

planes, hollow NWs (HNWs) with a hexagonal to dodecagonal shape, most likely a 

mixture of m- and a-planes, and c-shape NWs partially opened longitudinally. 

Since the intensity on the HAADF images is proportional to the product of the 

effective atomic mass (the higher, the brighter) and the quantity of projected material, 
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STEM-HAADF cross-sectional studies have been carried out to elucidate up to which 

extent the nanostructures are hollow or solid. In this light, it has been found a higher 

HAADF intensity at the base of the nanostructures than at the tips, suggesting that the 

nanostructures bases (closer to the substrate) are more compact than at the tips of the 

HNWs and CNWs. The analysis of the HAADF intensity along what seems to be an 

individual HNW reinforce the idea that most of the uncompact NWs are actually 

composed by solid bases (or initially SNWs) that evolve some of them into hollow or 

most of them into c-shape structures as the growth proceeds. 

Further insights into the nanostructure of T2 and T2’ samples by HRTEM 

experiments show that single-crystalline wurtzite GaN S-, C- and H-NWs are grown with 

the c-axis perpendicular to the Si(111) and Si(100) planes, which coincides with results 

reported by other groups [189,200,249]. In the same way, the general epitaxial 

relationships between the GaN nanostructures and the underlying Si substrates collected 

through selected-area electron diffraction (SAED) patterns have been defined as 

GaN(0001)||Si(111) and GaN(101̅0)||Si(112) for GaN on Si(111), and 

GaN(0001)||Si(001) and GaN(112̅0)||Si(110) for GaN on Si(100). Figure 4 displays the 

plan-view HRTEM micrographs of single SNW and CNW together with their fast Fourier 

transform (FFT) (equivalent to a diffractogram), both indicating the 6-fold symmetry of 

the wurtzite crystal structure in the polar [0001] direction. As can be seen, while the SNW 

shows a well-developed hexagonal shape with {101̅0} side facets, the CNW shows five 

{101̅0} external side facets (parallel to the internal ones) together with a sixth opened 

one, forming an open hexagon with wall thickness of about 30 nm. 

Once HNWs and CNWs have been identified and studied, it was time to find out 

what is the mechanism behind the formation this kind of structures. According to previous 

works, it could be due to three different explanations: firstly, the screw dislocation driven 
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model [196,250], which has been discarded because of the very low percentage of screw 

dislocations found after carrying out TEM studies in two-beam diffraction-contrast 

conditions; secondly the reduction of the nucleation barrier along the NW top facet 

boundary by introducing high Si-flux [197], which is not applicable in this case because 

of the absence of such silicon flux; and lastly, the growth under a locally Ga-limited 

regime [251,252].  

 

Figure 4. Plan-view HRTEM micrographs of a (a) SNW and a (b) CNW registered 

along their [0001] GaN zone axes. FFT images of both top-view HRTEM micrographs 

of the SNW and the CNW are shown in their respective insets. 

In order to consider this third mechanism, a comprehensive study of the influence of 

growth conditions on the morphology of these nanostructures has been performed. The 

observation of top view SEM micrographs of samples grown under different conditions 

allowed us to determine that, when Ga flux is smaller than the nitrogen flux, three 

competing processes take place: (i) the incorporation of Ga atoms on the top facets; (ii) 

the evaporation of Ga atoms from the top facet (c-plane) and side-walls (m-planes); and 

(iii) the incorporation of atoms on the m-plane to c-plane edges leaving a mixture of S-, 

H-, and C- NWs. 

To conclude, taking advantage of methodologies developed in previous studies, vis-

NIR SE analyses have been performed on three samples tagged as N3, N4 and N5 (all of 

them grown on Si(111) at Tsubs = 850ºC and ϕGa = 11 × 1014 at cm-2 s-1, but at different 

nitrogen fluxes of ϕN = 19, 22 and 27 (× 1014 at cm-2 s-1)) to prove the impact of growth 
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under Ga-limited conditions on both the total porosity and the evolution of the optical 

constants along the thickness layer. For this purpose, the original BEMA model has been 

enhanced by separating the in-plane (X, Y) and out-of-plane (Z) optical responses 

(uniaxial anisotropy), whereas, to describe the columnar morphology of these 

nanostructures [135,253,254], the out-of-plane depolarization factor has been fitted to qz 

≈ 0. The defined model shows a good agreement for the modeled and the experimental 

spectra, letting us know some further information about the studied systems. For instance, 

thanks to the increase of porosity arising from the identified NW morphologies, it has 

been observed that all these samples present a progressive refractive index decay (from 

the substrate to the surface) at 500 nm, which make them ideal for AR applications in the 

visible range. Besides, it is noticed that such refractive index decrease is more pronounced 

for greater MBE N2 fluxes, which is directly related to the effect of the total density of 

nanostructures and the SNWs to CNWs proportion. In this sense, N4 and N5 samples 

present a faster drop in n within the first 100 nm, which could be related to the 

aforementioned structural change from SNWs to CNWs. This demonstrates that, by 

tuning the growth conditions, the density and shape of the nanostructures, and thus the 

porosity and optical performance of the array, can be finely controlled. 

In this same line, Publication VII reports an original and straightforward method for 

the simultaneous optical and electrical characterization of such GaN nanowire arrays 

through vis-IR SE. With the additional purpose of examining the effect of substrate 

orientations on optical and electrical properties, this study is exclusively focused on the 

previously identified T2 and T2’ samples. Firstly, because the presence of solid and 

hollow GaN NWs in different proportions makes the porosity profile along the Z direction 

uncertain and nonlinear, which in turn hinders the optical characterization of these 

systems, focused ion-beam (FIB) tomography experiments have been performed. Figure 
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5 illustrates the 3D reconstructions of representative areas of T2 and T2’ samples together 

with their extracted porosity/depth profiles. Once more, the characteristic morphologies 

of GaN NWs (SNW, HNW, and CNW) are disclosed. As in Publication VI, the shapes of 

these two profiles only can be explained by considering that nanowires are composed by 

solid (filled) bases that evolve (or not) into hollow structures (HNW or CNW). On the 

other side, the initial drop in porosity in sample T2’ has been associated to a possible the 

broadening of solid bases after attaining 100–150 nm of thickness.  

 

Figure 5. 3D reconstructions of the NW arrays in (a) T2 and (b) T2’ samples through 

FIB tomography (slice and view). Porosity profiles of (c) T2 and (d) T2’ samples 

extracted along the surface normal together with some planar views obtained by data 

segmentation at different depths. 

Thereafter, vis-IR SE measurements have been performed on T2 and T2’ samples, 

which have then been fitted to an ABEMA model (similar to that defined in Publication 

VI) composed by a mixture of wurtzite GaN, whose optical constants have been modeled 

by those obtained from the literature [255], and voids. Nevertheless, although after 

incorporating the experimental porosity profiles this model has provided a fine agreement 
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to the experimental data in the visible range, it failed to reproduce the absorption in the 

IR range. In a similar manner as in Publication V, the optical constant of wurtzite GaN 

have been modelled by a multioscillator approach: (i) a TLO modeling the direct band 

gap (Eg) absorption of GaN [256], and (ii) a DO modeling the free-carrier behavior in the 

IR range [257]. 

The incorporation of these two oscillators to the ABEMA not only allows to improve 

the modelling of the IR oscillations, but also to determine, in addition to porosity, 

thickness, and optical constants, the carrier density and intragrain mobility of such 

nanostructures. In this sense, the N, µ couples extracted from the DO have evidenced the 

unintentional high doping level of both samples (≈ 1 × 1020 e- cm-3). Likewise, the N 

values measured for T2 and T2’ samples by Hall effect measurements, which are directly 

comparable with those resulting from SE estimations, since they are not affected by the 

porosity [258], are in accordance with those predicted by ellipsometry, confirming the 

high n-doping level. With regard to electron mobility, great differences between the 

electrical behavior of T2 and T2’ samples have been observed, with the T2’ sample 

exhibiting a greater opposition to the flow of electric current than T2 (just over 1 order of 

magnitude). In this context, it should be noted that the reason why the mobility measured 

by Hall effect does not correspond with the one predicted by the SE model is because 

ellipsometry only provides information related to the free-carrier mobility within grains, 

while the Hall effect gives information about the total mobility of the layer, including the 

effects of grain boundaries as well as the porosity of the structure. Hence, the greater 

values of mobility predicted by the SE model, compared to those measured through Hall 

effect measurements, suggest that the mobility in GaN NW arrays is dominated (i.e. 

mostly affected) by intergrain barriers. 
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Further analyses by XRD, HRTEM and STEM-EDX support all these assumptions. 

The analyses of XRD rocking curves (ω and χ-scans) of 0002 GaN diffraction peaks for 

both samples not only indicate the good crystal quality of the NWs content in both 

samples, but also a more significant misorientation (although slight) in T2’ than in T2, 

which explains its lower value of mobility obtained by the SE model. STEM-EDX 

elemental maps have revealed a remarkable presence of oxygen distributed throughout 

both films. Moreover, the fact that the oxygen signal becomes greater on the edges of the 

nanowires suggests that oxygen is mainly accumulated at NW surfaces. In addition, EDX 

qualitative analyses reveal that the amount of oxygen in T2′ is larger than the one detected 

in T2. 

On the other hand, HRTEM micrographs recorded in individual NWs of T2 and T2’ 

have evidenced the formation of amorphous layers of native oxide on their surfaces, being 

considerably thicker in the nanowire of T2’ than that observed in the NW of T2. In the 

same way as in Publication I, this phenomenon is attributed to the spontaneous oxidation 

of these higher surface-to-volume ratio structures when exposed to air compared to 

compact GaN films. This issue has been previously reported by other authors [202,259], 

resulting in a detrimental effect on electrical properties since this oxide shell acts as a 

barrier for the motion of electrons among nanowires. According to similar studies 

[260,261], this fact might also provide an explanation for the high levels of electron 

concentration in these GaN nanostructures: part of the oxygen atoms could diffuse from 

the oxide layer into the GaN nanowire at room temperature, originating oxygen 

impurities. Furthermore, it has been proposed that both the native oxide layer formed on 

cylinder-like surfaces and porosity are the limiting factors on the global mobility of GaN 

nanowire array films. Finally, the nice agreement of the results predicted by the SE model 

with those obtained by combining Hall effect measurements, XRD, and (S)TEM, have 



Joint discussion 

 

66  

 

supported the validity of the proposed method, opening new horizons in the functional 

characterization of nanowire-based semiconducting layers. 

Emphasizing the importance of the (S)TEM investigations conducted on the systems 

studied in previous publication, Manuscript VIII explores the possibilities that (S)TEM 

techniques provide to the study and development of porous nanostructured coatings. As 

mentioned in previous chapters, the fact that very few advanced TEM based studies were 

found for such nanostructured thin films, is closely linked to the difficulties encountered 

during the TEM sample preparation process of these uncompact and fragile coats. 

In an attempt to lead the way for further TEM studies of porous nanostructured 

coatings, Manuscript VIII firstly addresses the challenging collection of electron-

transparent lamellae of porous (multi)layers of different materials, architectures and 

hardness with methods of thinning down by tripod polishing plus ion milling, or focused 

ion beams (FIB). Throughout the manuscript, the viability of both approaches to collect 

electron-transparent regions of porous and delicate thin films has been evidenced, 

including recommendations (either based on own experience or on what has been reported 

in the literature) on which of the two alternatives to use depending on the type of (S)TEM 

study to be carried out. In this sense, since it has been the main preparation technique that 

has made possible the TEM studies included in this PhD Thesis, the role of the tripod 

polishing as a cheap and easily adaptable method for achieving good quality TEM 

preparations was highlighted. A proof of this is shown in Figure 6, in which the STEM-

EELS relative thickness map of a SiO2 OAD bilayer (Publications III and IV) prepared 

for TEM observations by means of tripod polishing plus ion-milling demonstrates that 

this approach offers extensive and homogeneous regions of electron transparency (t/λ ≈ 

0.3 over several microns, but extreme parts of the specimen exhibit reduced t/λ values) 

which is ideal to carry out a wide panel of (S)TEM experiments. 
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Figure 6. Large field-of-view (more than 4 μm width) STEM-EELS thickness-map of a 

SiO2 OAD bilayer (about 300 nm thick). The colour scale represents the evolution of 

relative thickness of the specimen (t/λ) where t is specimen thickness and λ is the 

characteristic mean free path for inelastic scattering. 

Once this difficulty has been overcome, several advanced (S)TEM characterization 

techniques, such as HRTEM, STEM-HAADF, integrated differential phase contrast 

STEM (STEM-iDPC), STEM-EDX, STEM-EELS or ET, have been implemented to 

complete the study of some porous coatings. In this way, the implementation of new 

breakthroughs in (S)TEM imaging and spectroscopy has allowed us to accomplish some 

of the pioneering studies presented in this PhD Thesis, emphasising the versatility and 

capabilities that TEM methods offer to the extensive characterization of porous 

nanostructures. Issues, such as (i) the morphology, porosity, crystal structure and 

composition of individual columns or nanowires, local regions and entire layers; (ii) the 

nature, morphology, composition and thickness of transitions between layers; and (iii) the 

3D reconstruction of such porous structures have been finely explored by (S)TEM 

methods, providing, at the same time, both local and overall data. 

Based on the evidences shown throughout Manuscript VIII, it is intended to make 

materials scientists aware of the niche of opportunity that (S)TEM methods represent for 

the advanced characterization of porous nanostructured systems, opening new horizons, 

since they allow to examine the structure and composition of miscellaneous materials at 

scales and levels of detail that other techniques do not reach, simplifying methodologies, 

as they allow to obtain, by using a single equipment, equivalent results to those that could 



Joint discussion 

 

68  

 

be acquired thorough the combination of SEM, AFM, XPS and XRD analyses, and 

contributing to a better knowledge of growth mechanisms and properties of 

multimaterials. 

Lastly, putting into practice the knowledge and methodologies acquired during the 

characterization and development of the porous systems previously studied, Manuscript 

IX reports an original strategy to attain thermochromic uncompact VO2 coatings of 

controlled grain size and crystallinity by means of the initial deposition by DC magnetron-

sputtering of vanadium or vanadium oxide films, combining the OAD and reactive gas 

pulsing process (RGPP) approaches, and the subsequent fast oxidation of such layers in 

air atmosphere at high temperatures and short reaction times. 

In the first instance, taking advantage of the enhanced reactivity of such porous 

nanostructures, which are expected to lead to the selective and quasi-instantaneous 

formation of vanadium oxidized species, pure vanadium or vanadium oxide (VOx) OAD 

films have been deposited on silicon substrates at α = 85°, while oxygen has been pulsed 

during the deposition, varying the oxygen injection time (tON) from 0 to 8 s. In this regard, 

five samples have been deposited which were named as V0 (tON = 0s), V2 (tON = 2 s), V4 

(tON = 4 s), V6 (tON = 6 s), and V8 (tON = 8 s). Afterwards, cross-sectional and planar view 

SEM micrographs have been acquired so as to evaluate the effect of the oxygen injection 

time on the structure and the morphology of as-deposited samples. Overall, it has been 

observed that as oxygen injection time increases, samples gradually become thicker and 

columns are more and more narrow, which not only promotes the connection between the 

columns but also leads to a decrease in the total porosity. Additionally, with the aim of 

disclosing the crystal structure and the predominant species present in the as-deposited 

films, V0 and V8 samples were prepared for TEM observations. As evidenced by SEM, 

the V0 overlayer presents a more porous structure when compared to that of V8. Also 
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noteworthy is the great difference between the column angles (β) values for both samples, 

being indeed double for the non-oxidized one (β = 52° for V0, and β = 26° for V8). 

Besides, HRTEM and SAED studies not only demonstrate that the V0 sample is 

crystalline after deposition at room temperature but also it is mainly composed by the 

pure vanadium cubic phase. By contrast, the vanadium oxide OAD layer (V8) presents a 

less crystalline structure constituted by a mixture of cubic VO and tetragonal V16O3. 

Once disclosed the nature, morphology and structure of the as-deposited vanadium 

or vanadium oxide OAD films, their fast heating has been conducted. For the first series 

of thermal treatments, the only oxidation of pure vanadium samples has been performed, 

at fixed heating rates (hr = 42ºC s-1) and reaction temperatures (Tr = 550ºC), with reaction 

times (tr) ranging from 1 to 300 s, followed by the subsequent instantaneous cooling in 

air. Raman spectroscopy analyses of these oxidized samples determined that, as reaction 

time increases, VO2 (M1) peak signatures gradually become more significant, reaching a 

typical pure VO2 (M1) signal for tr = 45 s which perfectly matches with other Raman VO2 

spectra previously reported in the literature [262–265]. However, from this point forward, 

longer reaction times only promote the formation of the α-V2O5 phase (according to Ref. 

[265]), turning into the predominant phase for tr > 75 s. The structure and morphology of 

all these annealed samples have then been explored by means of plan-view SEM 

micrographs, which have not only allowed us to appreciate a progressive widening of the 

grain size for reaction times between 1 and 45 seconds, but also to notice that tr > 60 s 

leads to the gradual growth of these grains along the axial direction, emerging a kind of 

micro-rod structures randomly distributed in all directions which are characteristic of the 

V2O5 [266,267]. Cross-sectional (S)TEM images disclose that oxidation initiates on the 

surface of the film and progresses towards the substrate as the reaction time increases. 

Similarly, it is also evidenced that the OAD morphology disappears as the oxidation of 
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the film evolves. Further HRTEM and STEM-EELS analyses verify that the mosaic 

subgrain-line reaction product that progresses from the surface of the layer towards the 

substrate for tr ≤ 45 s, with thicknesses between 120 to 400 nm, is the thermochromic 

VO2 phase. 

Once known how oxidation develops for pure vanadium OAD films, a thermal 

treatment consisting in a fast heating ramp of 42ºC s-1, followed by keeping a constant 

temperature of 550ºC for 45 seconds, and a final cooling down to ambient temperature 

by exposing in air atmosphere, has been systematically applied to V2, V4, V6 and V8 

samples. Plan-view SEM micrographs of these oxidized layers reveal a mosaic structure, 

quite similar to those presented in the V0 sample subjected to tr = 45 s, but with 

remarkable differences regarding the undesired appearance of V2O5 micro-rod bundles 

on the surface, as well as the cracking (sample V6) or the final detachment (sample V8) 

of the coating associated to residual stresses favored by thermal expansion mismatches 

between sublayers. In the same vein, the measured Raman spectra for V2, V4 and V6 

samples (V8 sample could not be studied as result of its detachment and loss) show the 

characteristic Raman bands of the VO2 (M1) phase together with other weaker signals 

associated to different V2O5 polymorphs. Nonetheless, TEM and STEM-EELS analyses 

confirm the good results obtained for the oxidized V2 sample, showing the formation of 

VO2 (M1) multilayers of about 570 nm total thick (Figure 7(a)). In such way, it has been 

distinguished a most superficial sublayer composed by larger and single-crystalline VO2 

subgrains, and a second inner sublayer characterized by smaller grains. Finally, the 

remarkable surface potential drops at heating recorded by temperature dependent Kelvin 

probe force microscopy (KPFM) measurements of the best thermally treated vanadium 

or vanadium oxide (see Figure 7(b) as  an example) samples, which are considerably 
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greater than those reported in the literature to date for VO2 thin films [268], have 

confirmed the outstanding MIT electronic response of the resulting VO2 (M1) films.  

 

Figure 7. (a) Bright-field TEM overview of the V2 sample of VOx after thermal 

treatment at 550ºC, hr = 42ºC s-1 and tr = 45 s demonstrating the appearance of 

thermochromic VO2. (b) Work function of the surface potential versus sample 

temperature during heating (black squares) and cooling (red circles) for KPFM 

experiments performed on the V2 sample. 

In view of the foregoing, it is clearly demonstrated that the controlled and fast 

oxidation of V or VOx OAD films in air atmosphere leads to the attainment of high-

performance VO2 thermochromic layers. Hence, given the VO2 thicknesses achieved here 

for the different fast thermal treatments carried out, it is thought that the deposition and 

subsequent oxidation of vanadium or vanadium oxide OAD film thicknesses similar to 

those required for optical applications in smart windows (< 100 nm) would give rise to 

the exclusive formation of VO2 (M1) layers of adjustable grain size and crystallinity by 

controlling (a) oxygen injection times during deposition (tON ≤ 2 s); and (b) reaction times 

(tr ≤ 45s) for thermal treatments conducted at 550ºC and hr = 42ºC s-1.  
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5. Conclusions 

The results obtained in this PhD Thesis, which are framed in the development and 

optimization of multifunctional porous nanostructures, have led to the following general 

conclusions: 

 The large surface-to-volume ratio of the Si and Ge nanostructures generated by 

OAD methods promotes the spontaneous surface oxidation of their columnar 

structures in air atmosphere as well as the adsorption of water. Both phenomena 

have proved to have a detrimental effect for their use in Si and Ge LWIR optics 

due to significant light absorption in this range. Furthermore, it has been 

evidenced that this surface oxidation leads to the formation of core-shell-type 

architectures consisting of pure Si or Ge surrounded by SiO2 and GeO2 species, 

respectively. (Publication I) 

 Oblique angle deposition is the most suitable and simplest approach to 

manufacture broadband and high-performance ARCs for application in the MWIR 

range. Proof of this is the 98.56% average transparency for 3.7–4.8 μm achieved 

for a Si substrate when coated with a Ge OAD/MgF2 bilayer. (Publication II) 

 Light scattering is an important aspect to consider for the improvement of high 

transmittance ARCs. By means of FDTD simulations combined with STEM-

HAADF electron tomography reconstructions, it has been possible to develop a 

method that takes into account this phenomenon, which also demonstrates that a 

discrete SiO2 bilayer manufactured by OAD processes provides better optical 

performances than theoretical moth-eye nanoarchitectures. (Publication III) 

 The study of the micro- and nanostructure of OAD systems through electron 

microscopies provides key insights to build and validate physically meaningful 
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optical models based on (A)BEMA approaches. When applied to ellipsometry and 

transmittance optical spectroscopy measurements, these models allow to optimize 

and describe the optical response of ARCs deposited by OAD. (Publications I, II, 

III and IV) 

 The deposition at room temperature of ITO through IBS at oblique angles leads 

to the manufacture of crystalline films of controlled porosity. In addition, these 

films are also characterized by presenting two regions of different degree of 

porosity and crystallinity, and, thus, electro-optical properties. (Publication V) 

 ITO OAD films deposited with Xe exhibit better crystallinity and larger porosity 

than those achieved using Ar ions, providing superior electrical transport 

properties and offering more flexibility in the design of broadband low-reflectivity 

surfaces. (Publication V) 

 The growth under local Ga-limited conditions of GaN self-assembled NW arrays 

by PAMBE gives rise to a mixture of wurtzite GaN vertical nanostructures, from 

solid (SNW), to c-shaped (CNW) and hollow (HNW) nanowires, with their [0001] 

directions perpendicular with respect to different surfaces of Si substrates. 

Besides, it has been demonstrated that these uncompact NWs are composed by 

solid bases (or initially SNWs) that evolve into hollow or c-shape structures as the 

growth proceeds. This fact allows that, by adjusting the growth conditions, the 

density and shape of these GaN nanostructures, and thus the porosity of the array, 

can be controlled. (Publication VI) 

 The modeling of vis-IR SE measurements collected from porous semiconducting 

films by combining BEMA and multioscillator (TLO + DO) approaches is a 

straightforward method for simultaneously reproducing the optical and electrical 

response of these systems. The fine agreement of these results with those 
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experimentally obtained supports the validity of the proposed methodology. 

(Publication V and VII) 

 The high n-doping levels found in GaN NW array films are associated with the 

oxygen impurities generated as a consequence of the diffusion of oxygen atoms 

from the amorphous oxide layer spontaneously formed on the surface of such 

structures. Likewise, the total mobility of these nanostructures is mainly limited 

by the combined effect of porosity and the native oxide layer formed on surfaces. 

(Publication VII) 

 Both tripod polishing plus low-energy ion milling and FIB sample preparation 

processes are good approaches to collect electron-transparent regions of porous 

and delicate thin films for TEM observations. Nonetheless, as a function of the 

(S)TEM study to be addressed, one method can result more appropriate than the 

other. (Manuscript VIII) 

 The application of advanced (S)TEM imaging techniques and spectroscopies has 

enabled the realization of several pioneering studies on the morphology, structure 

and chemistry of multifunctional porosity-controlled coatings, which have been 

not only essential to complete their characterization at micro-, nano- and atomic 

scales, but also for a better knowledge of their fabrication processes and 

properties. (Manuscript VIII) 

 High-performance VO2 (M1) coatings of adjustable grain size and crystallinity 

can be achieved by the post-deposition fast oxidation of vanadium-based samples 

deposited at oblique angles and oxygen injection times tON ≤ 2 s when the 

subsequent fast thermal treatments are conducted in air at hr = 42ºC s-1, Tr = 550ºC, 

and tr ≤ 45 s. (Manuscript IX)
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Conclusiones 

Los resultados obtenidos en la presente Tesis Doctoral, los cuales se enmarcan en el 

desarrollo y optimización de nanoestructuras porosas multifuncionales, han llevado a las 

siguientes conclusiones generales: 

 La elevada superficie específica de las nanoestructuras de Si y Ge generadas por 

los métodos OAD promueve la oxidación superficial espontánea de sus 

estructuras columnares en condiciones ambientales, así como la adsorción de 

agua. Ambos fenómenos han demostrado tener un efecto perjudicial en la 

respuesta óptica de los sistemas Si y Ge en el infrarrojo lejano. Además, se ha 

evidenciado que esta oxidación superficial conduce a la formación de 

arquitecturas de tipo “core-shell” que consisten en Si o Ge puros, rodeados por 

especies de SiO2 y GeO2, respectivamente. (Publicación I) 

 La deposición en ángulo oblicuo es el enfoque más adecuado y más simple para 

fabricar recubrimientos antirreflectantes de banda ancha y alto rendimiento para 

aplicaciones en el infrarrojo medio. Prueba de ello es la transparencia promedio 

del 98,56% conseguida en el rango de longitudes de onda 3.7–4.8 μm para un 

sustrato de Si cuando se recubre con una bicapa de Ge OAD/MgF2. (Publicación 

II) 

 La dispersión de la luz es un aspecto importante a considerar para mejorar la alta 

transmitancia de recubrimientos antirreflectantes. Mediante simulaciones FDTD 

y reconstrucciones 3D mediante técnicas de tomografía electrónica STEM-

HAADF, se ha podido desarrollar un método que tiene en cuenta este fenómeno, 

a través del cual también se demuestra que una bicapa discreta de SiO2 fabricada 

mediante procesos OAD proporciona mejores rendimientos ópticos que las 
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nanoarquitecturas AR basadas en cálculos teóricos que simulan una topografía de 

tipo “ojo de polilla”. (Publicación III) 

 El estudio de la micro- y nanoestructura de los sistemas OAD a través de 

microscopías electrónicas proporciona información clave para construir y validar 

modelos ópticos basados en aproximaciones (anisotrópicas) de medio efectivo de 

Bruggeman. Cuando se aplican al modelado de medidas experimentales de 

espectroscopía óptica de transmitancia y elipsometría, estos modelos permiten 

optimizar y describir la respuesta óptica de los recubrimientos antirreflectantes 

depositados mediante técnicas OAD. (Publicaciones I, II, III y IV) 

 La deposición a temperatura ambiente de ITO a través de técnicas de dispersión 

de haces de iones en ángulos oblicuos conduce a la fabricación de películas 

cristalinas de porosidad controlada. Además, estas películas también se 

caracterizan por presentar dos regiones de diferente grado de porosidad y 

cristalinidad y, por tanto, con diferentes propiedades electro-ópticas. (Publicación 

V) 

 Las películas ITO OAD depositadas con la asistencia de iones de Xe exhiben una 

mejor cristalinidad y una mayor porosidad que las obtenidas con iones de Ar, 

proporcionando propiedades superiores de transporte eléctrico y ofreciendo 

mayor flexibilidad en el diseño de superficies de banda ancha de baja 

reflectividad. (Publicación V) 

 El crecimiento, en condiciones locales de déficit de Ga, de matrices de nanohilos 

autoensamblados de GaN mediante epitaxia de haces moleculares asistida por 

plasma da lugar a una mezcla de nanoestructuras verticales de GaN con estructura 

wurtzita, desde nanohilos sólidos (SNW) hasta en forma de C (CNW) y huecos 

(HNW), con sus direcciones [0001] perpendiculares a las diferentes superficies de 
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sustratos de Si. Además, se ha demostrado que estos nanohilos no compactos están 

compuestos por bases sólidas (o inicialmente SNW) que progresan hacia 

estructuras huecas o en forma de C a medida que avanza el crecimiento. Este 

hecho permite que, ajustando las condiciones de crecimiento, se pueda controlar 

la densidad y forma de estas nanoestructuras de GaN y, por tanto, la porosidad de 

la matriz. (Publicación VI) 

 El modelado de las medidas de elipsometría vis-IR, recopiladas de películas 

semiconductoras porosas, mediante la combinación de aproximaciones de medio 

efectivo de Bruggeman y modelos de osciladores (Tauc-Lorentz + Drude) es un 

método sencillo y directo para reproducir, de forma simultánea, la respuesta óptica 

y eléctrica de estos sistemas. La buena correspondencia de estos resultados con 

los obtenidos experimentalmente respalda la validez de la metodología propuesta. 

(Publicación V y VII) 

 Los altos niveles de dopado tipo n que presentan las películas formadas por 

matrices nanohilos de GaN están asociados con las impurezas de oxígeno 

generadas como consecuencia de la difusión de átomos de oxígeno desde la capa 

de óxido amorfo formada espontáneamente en la superficie de tales estructuras. 

Asimismo, la movilidad total de estas nanoestructuras está principalmente 

limitada por el efecto combinado de la porosidad y la capa de óxido nativo 

formada en las superficies. (Publicación VII) 

 Tanto el pulido por trípode y posterior adelgazamiento iónico de baja energía 

como los procesos de preparación de muestras mediante FIB son buenos métodos 

para la obtención de lamelas electrón-transparentes de películas delgadas porosas 

y relativamente frágiles para estudios de microscopía TEM. No obstante, en 
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función del estudio (S)TEM que se pretenda llevar a cabo, un método puede 

resultar más apropiado que el otro. (Manuscrito VIII) 

 La aplicación de técnicas avanzadas de imagen y espectroscopias (S)TEM ha 

permitido la realización de varios estudios pioneros sobre la morfología, 

estructura y naturaleza química de recubrimientos multifuncionales de porosidad 

controlada, los cuales no solo han sido imprescindibles para completar la 

caracterización de los mismos hasta la escala atómica, sino también para un mejor 

conocimiento de sus procesos de fabricación y propiedades. (Manuscrito VIII) 

 Se pueden lograr recubrimientos de alto rendimiento de VO2 (M1) de tamaño de 

grano y cristalinidad ajustables mediante tratamientos térmicos rápidos en 

atmósfera de aire, a velocidades de calentamiento de 42ºC s-1, temperaturas de 

reacción de 550ºC, y tiempos de reacción ≤ 45 s, aplicados posteriormente a 

muestras de vanadio depositadas en ángulos oblicuos con tiempos de inyección 

de oxígeno ≤ 2 s. (Manuscrito IX)
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6. Prospects 

The versatility of porous thin film synthesis and processing has led to the 

development of a wide variety of solutions for a wide range of case studies and 

applications. However, there are some issues, such as the clear understanding of the 

structure-property relationship of these systems, which is key to the successful 

development and optimization of this technology, or the integration of these procedures 

at a large scale in the real manufacturing industry, which are still awaiting a solution. In 

this context, the fabrication of porosity-controlled coatings by means of self-assembled 

processes has stand out as one of the most cost-effective and promising alternatives to 

attain nanostructured materials with adaptable morphologies, structures, compositions 

and properties. Of all these processes, there is one that has proven to be efficiently 

transferred to the industrial scale: oblique angle deposition [269]. A proof of it is the 

massive fabrication of antireflective coatings for wire-grid polarizers [270,271] and 

substrate for surface-enhanced Raman spectroscopy [272,273] products by the OAD 

technique. However, although this demonstrates the applicability of OAD thin films, the 

reality is that there are not many industrial processes that have finished adapting this 

technology [16] . In this sense, it is expected that the definitive take-off and consolidation 

of OAD methods on an industrial scale will be closely linked, in addition to the reduction 

in cost to be competitive with alternative technologies, to the arrival, in the near future, 

of the so-called “smart coatings” to the construction and transportation sectors. 

According to the Clean energy for all Europeans package of the Energy strategy 

framed in the climate and energy plans of the EU [274], the building sector is responsible 

for approximately 40% of the whole energy consumption and of 36% of the CO2 

emissions in the EU, making it the single largest energy consumer in Europe mostly due 
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to air conditioning and lighting. In the transportation sector, the intensive use of mobile 

air conditioning systems is also responsible for a significant energetic demand with about 

20% extra fuel consumption [275]. The envelope of buildings and vehicles plays a pivotal 

role in their energy management performance. In particular, windows are regarded as the 

weaker point since they have high thermal transfer coefficients that cause significant heat 

losses during the colder seasons and undesired heat gains in warmer times [276]. Thanks 

to their capability to regulate the solar energy transmittance, smart windows based on 

VO2 thermochromic coatings are considered as one of the most exiting routes to make 

construction and transportation sectors more energy-efficient and to achieve the 

governments energy and climate directives included in the Paris Agreement. These 

systems are smart in the sense that they can respond independently to external 

environmental conditions without the needs of external electrical power and user 

intervention, blocking the infrared light (solar heat source) when the outdoor temperature 

becomes too high to prevent overheating inside building rooms and vehicles cabins. 

Nevertheless, finding an appropriate balance between the transition temperature, the 

visible transmittance, and the solar modulation ability of these VO2-based thermochromic 

coatings is far from being straightforward. In particular, the current challenge is to achieve 

a thermochromic coating with a transition temperature around 25ºC, a transmission in the 

visible range greater than 80% and a solar energy modulation capacity of 30% or greater. 

Hence, to meet these requirements, the development of novel VO2 nanostructures is 

needed. In this scenario, beyond postulating as the best alternative to tackle the 

antireflection issue, the OAD technique also presents interest in the search for new 

functionalities such as self-cleaning capabilities [234,277]: keeping these systems clean 

is necessary not only to ensure optimal transmittance but also to reduce the maintenance 

costs and environmental impacts. Of course, the application of the characterization 
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methodologies developed in the context of this present PhD Thesis (advanced (S)TEM 

methods and optical spectroscopies) will be crucial (i) to better understand the fabrication 

processes (OAD deposition, annealing, etc.) and the physical-chemical properties 

(transmittance, thermochromism, surface wetting, etc.) of the systems up to the 

nanoscale; (ii) to unravel the key limitations in their development; and also (iii) to provide 

relevant feedback for their optimization.
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A B S T R A C T

Issues on the superficial oxidation of mesoporous amorphous silicon and germanium photonic layers generated
at oblique angles are reported. Such films were designed to improve the transmittance of optical elements over
the mid-IR window (3.6–4.9 μm) by removing the light reflection. These nanostructures were deposited on si-
licon substrates by e-beam evaporation at room temperature. IR ellipsometry and spectrophotometry studies
combined with models based on effective medium approximations predicted the presence of silicon or germa-
nium oxides. Such oxidation was evidenced by combining X-ray photoelectron spectroscopy and advanced
(scanning-)transmission electron microscopy studies based on energy-dispersive X-rays and electron energy-loss
spectroscopies. Both techniques also allowed to prove the formation of core-shell-type architectures consisting of
pure Si or Ge surrounded by oxidized species, even for a Ge layer subsequently capped with a dense MgF2
coating. The different approaches used for preparing electron transparent specimens (tripod polishing and fo-
cused ion-beams) confirmed a fast oxidation of the Ge nanocolumns even for short air exposure periods, and
allowed comparing it with the level of oxidation promoted from other pollutant sources. This work sheds light on
the spontaneous undesired oxidation in Si or Ge slanted nanorods which can diminish the performances and
limit further development of optical devices.

1. Introduction

The mid-wavelength infrared (MWIR) spectral band (3–5 μm) is
known to be one of the most important atmospheric transmission
windows used for thermal imaging systems [1]. Because of their
transparency in the infrared (IR) region, silicon and germanium are two
materials of common election to produce IR optical components re-
quiring high levels of transmittance. Si and Ge are usually found in
high-resolution optical systems allowing to use a minimum number of
lenses. Besides their IR transparency, each of them also have good
thermal conductivity, excellent surface hardness, and high strength,
that make them the favorite choices for optical designers of high per-
formance infrared objectives for thermal imagers [2,3]. However, these
dense materials suffer from important optical losses (> 30% at each
interface with the air) due to their high refractive indices [4], which
can limit the devices performances. Since Si and Ge are among the few
transparent solid elements in the IR, cutting down the light reflection

on them to increase their transmittance in this spectral range has be-
come a critical issue. This can be achieved, however, by using anti-
reflective (AR) coatings.

In this context of thin AR surface design, a well-known approach to
reduce the effective refractive index of Si and Ge consists in manu-
facturing porous films. Among the different methods to fabricate porous
structures, such as sol-gel [5], laser writing [6] and Metal-Catalyzed
Electroless Etching (MCEE) [7], oblique angle deposition (OAD) stands
out as a promising technology to remove efficiently unwanted light
reflections. This bottom-up process provides tilted columnar and highly
porous films which are influenced by atomic-scale shadowing effects
when the incident flux of particles arrives at an oblique angle. Because
it can be used to engineer self-organized architectures on surfaces with
a fine control of their micro- and nano-structures, and their properties
[8–11], and many fields have already benefitted from this technology,
including sensing [12], magnetism [13], electrochemistry [14] and
catalysis [15]. Oblique angle deposition has also demonstrated to be a
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powerful technique in optics, since the effective refractive index (n) of
the deposited coatings can be tuned by controlling the porosity through
parameters such as the deposition angle [16,17]. This principle has
been applied for the fabrication of broadband antireflection graded-
index coatings presenting smooth sequential variations of their n va-
lues, in order to reduce index mismatches at the interfaces between the
substrate and the air and eliminate reflections over the visible and near-
IR domains (up to about μm) [16,18,19]. This approach has appeared as
an alternative to the conventional interferential AR coatings generally
made of complex stacks of dense layers. As an example of devices in
which the opposite effect is desired, OAD also allows to simplify the
fabrication of distributed Bragg reflectors (DBRs), by using stacks of
single materials (Si or Ge are extensively used) with different degree of
porosities to provide a high n contrast, and thus to attain a high re-
flectivity and stop bandwidths [20–24]. Nevertheless, to the best of our
knowledge, at the time of submission of this work, very few studies
report the design of AR coatings based on OAD or DBRs in the MWIR
range [25].

An important issue to be considered in the design and fabrication of
OAD films for optical applications is their chemical stability and pos-
sible reactivity with atmospheric oxygen and water, note that this im-
plies a similar environment to the operation conditions of many asso-
ciated optical devices. A negative consequence of the oxidation is the
detrimental effect on optical transmission and reflection that AR coat-
ings can suffer due to the appearance of absorption peaks associated to
the oxidized species. Several authors have studied the oxidation of si-
licon OAD coatings exposed to the air, reaching the conclusion that
films are more or less partially oxidized depending on the quantity of
exposed surface area [26–28]. According to these studies, the amount of
silicon dioxide, which usually increases with the angle of incidence
(level of porosity), can be estimated from optical measurements using
effective medium approximations. The same applies to porous Ge sys-
tems [29,30]. Nonetheless, despite oxidation is a critical aspect for
these structures, the way this process occurs is generally cleared up or is
claimed without any verification and quantification by complementary
experiments at the micro- and nano-scales.

In an attempt to gain a better understanding of OAD nanostructures,
we report the studies of oxidation under atmospheric conditions of si-
licon and germanium single OAD layers designed to operate over the
MWIR window, both grown at ranging incidence angles. In a first stage,
the manufactured AR coatings were optically characterized by com-
bining infrared spectroscopic ellipsometry (IRSE) and spectro-
photometry studies. To elucidate the oxidation states for Si and Ge in
the OAD structures, X-ray photoelectron spectroscopy (XPS) analyses
were implemented. Finally, scanning-transmission electron microscopy
(S)TEM techniques, which include elemental mapping methods like
energy-dispersive X-ray spectroscopy (EDX) and electron energy-loss
spectroscopy (EELS), were carried out in order to complement the
previous studies but also to confirm and evaluate how oxidation takes
place in Si and Ge OAD architectures. To identify the polluting agents
that could be responsible for the presence of oxygen in the studied
structures, a similar germanium OAD film to those previously studied,
protected with a dense MgF2 capping film to act as an oxygen seal, was
again evaluated by (S)TEM techniques. To confirm that there could be
various sources and degrees of oxidation, this sample was subjected to
different methodologies of preparation of the electron-transparent la-
mellae that involve processes free of O2 and H2O, or the presence of
oxygen, either with liquid water or with gaseous water.

2. Materials and method

2.1. Sample fabrication

The porous amorphous silicon (a-Si) and germanium (a-Ge) films
were fabricated in an electron-beam evaporator placed into a physical
vapour deposition (PVD) vacuum chamber. The process was carried out

at room temperature with a base pressure of 2×10−6 mbar. The OAD
layers were deposited at different angles of incidence (α) relative to the
substrate normal from 50° to 85°, without substrate rotation, by ad-
justing the angle of the substrate holder with respect to a fixed eva-
poration direction. The aforementioned e-beam systems employed the
evaporation of Si and Ge sources (Photonic sense© purity> 99.999%)
onto 2mm thick single crystalline (001) silicon substrates with a ~
2 nm native oxide overlayer. With the aim of facilitating TEM studies,
the substrates were placed on the holder with a 〈110〉 crystallographic
axis normal to the incoming flux direction. The thickness was controlled
and the deposition rate was maintained at 10 Å/s using a quartz crystal
thickness monitor.

2.2. Optical studies

To evaluate the optical properties of each sample, the IRSE studies
were carried out using a Woollam IR-VASE ellipsometer that permits to
determine porosity, thickness and optical constants of the grown me-
soporous layers by using advanced models based on effective medium
approximations (EMA). Ellipsometric data were acquired at 65° and 75°
angles of incidence with a spectral range from 2 to 14 μm. Otherwise, IR
transmittance and reflectance measurements were taken with a Bruker
Tensor 27 spectrometer for the same spectral window.

2.3. Nanostructural and chemical characterization

XPS analyses were carried out on a Kratos Axis Ultra DLD spectro-
meter equipped with monochromatized Al Kα radiation (1486.6 eV)
with a selected X-ray power of 150W. The spectrometer was operated
in the constant analyzer energy mode, with pass energy of 80 eV for low
resolution and wide range survey spectra, and 20 eV for high resolution
and narrow core level spectra. Surface charging effects were compen-
sated by using the Kratos coaxial neutralization system. Cross-sectional
and plan-view scanning electron microscopy (SEM) images were ac-
quired using a FEG 7001F-TTLS JEOL microscope operated at 30 kV, as
a first approach to examine the general morphology and size of each
film. More in-depth compositional and nanostructural studies were
carried out using some advanced characterization techniques including
high-angle annular dark-field imaging (HAADF), and local composi-
tional analyses by EDX and EELS spectroscopies. On this purpose, two
high resolution TEM microscopes (FEI Talos F200S and FEI Titan Cubed
Themis 60–300) were used, working both in scanning mode at an ac-
celerating voltage of 200 kV. EDX was implemented in the Talos mi-
croscope by using 2 Super-X windowless detectors, while a Gatan GIF
Quantum ERS high energy resolution spectrometer and an energy filter
were used for EELS in the Titan microscope. Due to the relative
weakness of the mesoporous systems to be studied by TEM, the me-
chanical dimpling process must be avoided during the sample pre-
paration process [31]. Taking this into account, cross-sectional OAD
samples were progressively thinned down by a tripod polisher (Model
590 Tripod Polisher®) up to few microns, followed by Ar+-ion milling
in a Gatan PIPS system setting the acceleration energy of both guns to
3.5 keV (+7° top and− 7° bottom). As an alternative to the tripod
process, a focused ion beam (FIB) sample preparation was carried out in
a Zeiss Auriga FIB-SEM system. To highlight the originality and im-
portance of the present studies, note that advanced (S)TEM techniques
are not commonly devoted to OAD systems due to the difficulties of
preparation of these mesoporous brittle materials, and there are only
very few reports as the present one dedicated to such level of char-
acterization till the nanoscale.

3. Results and discussion

The OAD layers were deposited at different incident angles in order
to reduce the refractive index of silicon and germanium, respectively,
and thus promote AR effects to increase their transmission levels in the
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MWIR window. Some aspects of the fabricated films were explored: (i)
the relationship among factors such as deposition angle, porosity and
reactivity to oxygen; (ii) the effect of oxidation in their IR optical
properties; (iii) the experimental validation of oxidation, as well as its
extent, present in the coatings.

3.1. Influence of the structure and the morphology on the oxidation rate

As examples of the achieved layers formed by slanted nanocolumns,
Fig. 1 shows cross sectional and top-view SEM micrographs of a-Si and
a-Ge films, deposited at incident vapour flux angles (α) of 85° and 80°,
respectively. On the top surface, it can be observed the presence of
empty spaces between bundled nanorods very similar to the model of
columnar growth proposed by Messier et al. [32]. On the other hand,
the cross-sections show homogenous OAD layers whose nanocolumns
are not completely isolated even at these higher deposition angles. This
can be associated to a combined growth mechanism in which the dif-
fusion must be taken into account and a self-shadowing effect is not
totally dominant. The columns tilt angle (β) with respect to the sub-
strate normal, which amount increases with α, was found to be smaller
than the deposition angle and strongly affected by the type of incoming
atoms (in these micrographs, for Si grown at α=85°, β is 54° whilst for
Ge at α=80°, β is 66°). Theoretical column angles (β) were calculated
making use of heuristic expressions [33,34] but they differed from
those measured because of its dependence on the chemical nature of the
deposited material as well as on the deposition conditions [8,9].

The porosity of each sample and their optical constants were de-
termined by means of IRSE and IR spectrophotometry using optical
simulations based on the Bruggeman effective medium approximation
(BEMA) [35]. This model allows describing the optical behavior of a
heterogeneous medium with cavities of small sizes in regard of the

probing wavelength.
For the purpose of determining the refractive index dispersion laws

of both materials, Si and Ge dense samples deposited at normal in-
cidence were measured and simulated. Then, in a first approach, as-
suming that individual nanocolumns exhibit the same behavior as the
dense material, we simulated the resultant optical properties of the thin
film by adding a volume fraction of porosity. The resulting ellipsometric
simulations spectra are compared to the experimental ones in Fig. 2 for
a silicon OAD coating deposited at α=70°, for optical incidence angles
(θ) of 65° and 75°. It can be noticed that there is a good agreement for
the modeled spectra and the experimental ones except for short wa-
velengths and a singularity localized around 9 μm. This absorption band
is characteristic of silica [36]. Thus to complete this optical model we
have considered in a second time to add a volume fraction of silicon
dioxide to the effective refractive index layer, but also water to account
for the absorption features observed in Fig. 4 at about 2.9 and 6 μm. It
can be appreciated that simulating IRSE with a Bruggeman's model,
considering not only the presence of amorphous silicon (25%) mixed
with voids (48%) but also silicon dioxide (20%) and water (7%), re-
produces more closely the measured experimental data. In accordance
to the above, the formation of silicon dioxide in Si layers prepared by
OAD has been previously reported by other authors [26,27]. Those
works proved that the amount of SiO2 increases with the incidence
angle up to a certain angle from which it starts to decrease due to a
column surface-to-volume ratio reduction, suggesting that a silicon
oxidation reaction takes places on the surface exposed to air. It is worth
to note here that similar absorption features due to water and GeO2

were observed and taken into account to describe satisfactorily the
optical spectra for the Ge OAD layers.

Fig. 3(a) and (b) show the evolution of the volumetric fraction of
oxidized species, water and air for Si and Ge OAD 1 μm thick layers

Fig. 1. SEM micrographs of OAD systems. Cross-sectional and top-view SEM images of a-Si (a and b) and a-Ge (c and d) samples deposited at α=85° and 80°
respectively).
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deposited in a range of incidence angles from 60° to 82°. As can be
appreciated in both samples, the oxide and porosity percentages in-
crease with respect to the incidence angle while the water amount
decreases. This fact could be explained by an increase in the surface
roughness with the deposition angle, which is also related to an in-
crease in the water contact angle that makes the surface of the films
more hydrophobic [37,38]. Besides, Fig. 3(c) illustrates the volumetric
silicon and germanium dioxides percentages versus the porosity varia-
tion (implicating the change of incidence angles). Unlike the results
obtained by the aforementioned authors, the amount of oxides in-
creases with the deposition angle, which could be related to the texture
of the layers: increasing the porosity implies greater surface-to-volume
ratios. Note that in common OAD layers, the shadowing effect involves
the formation of columns that become wider as they are thicker (see for
example those at references [39,40]), implying the formation of big
voids between them that increase the local and general porosity.
Nevertheless, the columns reported in the present work are formed by
packed groups of smaller cylinder-like nanorods that preserve their
diameters, which suggest a weak tendency of angular broadening as
well as a low surface trapping probability [9]. Increasing the deposition
angle implies that the diameter of these bundles is getting smaller along
a direction perpendicular to the incoming flux, increasing the general
porosity, but not with bigger or smaller pores localized in some parts of
the layer heights. This allows a fine control of gaps among nanocolumns
that are somehow homogeneously distributed all over the layer, hence
contributing to increase the surface-to-volume ratio.

After evaluating the IRSE results, it is concluded that the studied
OAD layers have been subjected to a significant oxidation and some
water absorption, which could have a crucial effect in their final optical
properties.

3.2. Effect of oxidation in IR optics

Once established the relationship between both porosity and oxi-
dation using a BEMA model, the effect that this oxidation has on silicon
and germanium infrared transmittance properties has been evaluated.
For instance, Fig. 4(a) shows the transmittance spectrum of a Si OAD
structures deposited at α=70°. Here again we simulated this trans-
mittance spectrum with the BEMA when considering only porosity
mixed with silicon in one hand and in the other considering silicon
mixed with its dioxide, porosity and water. The same applies for the Ge

OAD layer. It is worthwhile to mention the remarkable fitting difference
before and after incorporating oxidation and water pollution to the
BEMA models (see pairs of dashed arrows in Fig. 4(a)). The simulations
carried out by taking into account the only presence of silicon and voids
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show a better optical behavior of that ideal system, which indicate that
the presence of pollutants generates absorption peaks that are detri-
mental for IR optics as can be observed on the transmittance spectrum.
In this way, transmission minima due to water (2.9 μm), silicon dioxide
(9 μm) and others associated with the contamination of the substrate
(SiC and SiH4) were identified. On the other hand, the fits of the best
models (presence of dioxides and water) for the extinction coefficients
and the refractive indices in a part of the IR region (Fig. 4(b)) also
shows corresponding absorption bands of water and SiO2 which results
in a transmittance drop. Moreover, the values of n oscillate between 1.4
and 1.8 for this region, and this is positive for approaching to the air
index n=1 in the goal of getting antireflectivity. Note that the ex-
pected value of refractive index for the dense Si in this region is about
3.42–3.44 [41]. These results are in agreement with our previous el-
lipsometric studies implemented on a germanium OAD layer in which
germanium dioxide (GeO2) and water absorption peaks could be
identified [25]. Although the commented absorption peaks are luckily
outside the MWIR range in both cases, the optical properties of Si and
Ge would be severely depleted in the long wavelength infrared (LWIR)
transmission window (8–14 μm) as a consequence of this optical ab-
sorption generated by the oxidized species.

3.3. XPS characterization of the oxidation states of Si and Ge films

X-ray photoelectron spectroscopy analyses were performed in order
to confirm the aforementioned spontaneous oxidation of Si and Ge OAD
thin films predicted by SE as well as to determine their oxidation states.
Initially, it could be thought that silicon and germanium dioxides
should be the predominant oxidized species due to the fact that their
formation reactions are more favored thermodynamically than those of
their monoxides, i.e., the ΔGf° of SiO2 and GeO2 compounds are −856
and− 521 kJ/mol respectively, whereas for SiO and GeO formation are
−405 and− 237 kJ/mol [42,43]. Nevertheless, it should be noted that
all the reactions are spontaneous since the values of their Gibbs free
energy of formation are negative, which makes XPS studies adequate to
clear up the dominant Si and Ge oxidized species present in the OAD
nanostructures.

Fig. 5 shows the high-resolution spectra corresponding to Si 2p for
Si OAD at α=50° and Ge 2p for Ge OAD at α=75°. In both cases, the
binding energy scale was calibrated with respect to the C 1 s signal
coming from adventitious carbon contamination and set at 284.8 eV.
The CasaXPS software was used for spectra processing. Additionally,
XPS survey spectra of these samples are shown in Fig. S1. The Si 2p
spectrum (Fig. 5(a)) was deconvoluted into three components which
correspond to Si elemental (99.1 eV), SiO2 (103.1 eV) and SiC
(101.7 eV) [44,45], whereas the Ge 2p deconvoluted spectrum
(Fig. 5(b)) showed the presence of two signals which were attributed to
elemental Ge (1217.6) and GeO2 (1220.0 eV) species [46,47]. Here is
important to highlight that the Ge 2p spectrum was considered instead
of the Ge 3d one since the peak associated to the oxide component is
more clearly seen in the former due to the higher surface sensitivity of
the Ge 2p electrons [46]. Therefore, these results obtained from XPS
studies let us prove the spontaneous formation of Si and Ge dioxides in
the OAD nanostructures just like the BEMA model had anticipated.

On the other hand, the atomic percentages for Si (41% Si, 47% SiO2

and 12% SiC) and Ge (19% Ge and 81% GeO2) OAD samples were also
estimated from the corresponding XPS spectra. However, these latter
results should be interpreted carefully since they are only referred to
the oxidation at the very top surface, which is much more exposed to
the air. Thus, it is quite risky to extrapolate the result obtained here to
the entire film.

3.4. (S)TEM studies: structural and compositional characterizations at
micro- and nanoscale

Advanced (S)TEM studies were carried out with the aim of ob-
taining valuable information to thereby validate the presence of diox-
ides evidenced from optical and XPS measurements as well as to de-
termine their distribution at the nanoscale and the way they are formed
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within the films. These experiments will also help to improve the el-
lipsometry models used to simulate the optical response of these AR
coatings in the IR range. To achieve the above, a sample of Si at α=50°
and another of Ge at α=75° were prepared by tripod polishing for
TEM observations along a 〈 110〉 crystallographic direction of the Si
substrate. Note that samples deposited at different angles were selected
for TEM studies in order to explore how oxidation occurs at varying
materials and porosity levels. Fig. 6(a) presents a bright-field (BF) TEM
micrograph of the silicon OAD layer which gives information about the
layer thickness, columns tilt angle and as well as the amorphous
character of the slanted columns according to the selected area electron
diffraction (SAED). Similar studies were carried out in the OAD Ge
sample in which the oblique columnar amorphous structure of the film
is evidenced (Fig. 6(b)).

3.5. (S)TEM-EDX overall elemental analyses

To obtain a better knowledge of the elements presence and dis-
tribution, STEM-EDX chemical analyses were carried out in both AR
coatings. It is important to note that all samples studied through EDX
and EELS techniques were previously introduced in a plasma cleaner so
as to remove residual hydrocarbon contamination. At a micrometric
scale, EDX elemental maps supported the presence of oxygen homo-
geneously distributed throughout the scaffolds of Si (Fig. 7(a)) and Ge
(Fig.8(a)) nanocolumns just as the BEMA model predicted. Average
quantifications of atoms amounts at both layers were obtained from
these EDX spectra, recorded over many wide areas (430×430 nm2 for
Si, and 250×250 nm2 for Ge) and at large integration times (several
minutes) using a current probe of about 500 pA, beam convergence
angles of 10.5mrad and a dispersion of 5 eV/channel over 4000
channels. The FEI Velox™ software was used for data acquisition and
processing. Quantification of the EDX data was performed using the
standardless method. In order to minimize errors during this step, in-
tensities of the different peaks were extracted with a great care after
background subtraction with a multi-polynomial approach. We are
aware that this approach can lead to inaccuracy in the composition
determination, especially for low Z elements like O, but it should be
noted that EDX measurements have been performed in the current
study with the aim of demonstrating the Si and Ge OAD layers oxidation
as well as the evolution of this fact after being undergone to different
environments and sample preparation processes, and not for proving

Fig. 6. (a) Bright-field TEM overview of the α=50° Si OAD film. (b) High-angle annular dark-field STEM overview of the α=75° Ge OAD film. The insets
correspond to the SAED patterns recorded in the different regions.

Fig. 7. STEM-EDX analysis of the α=50° Si OAD film. HAADF image and
elemental maps obtained for Si and O atoms are presented together with the
elemental profile of the layer; (b) EDX integrated spectrum and associated
quantitative analyses of composition for the Si OAD layer.
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compositions with ultimate accuracies. Nevertheless, according to the
literature, we may assume that our EDX compositional analyses con-
ducted with the standardless method can provide results with relative
errors between 4 and 10% [48,49]. Furthermore, similar compositional
analyses carried out in other OAD sample made of compounds with
defined stoichiometry (SiO2 and TiO2, results not published) showed
relative measurement uncertainties below 5% for the values of oxygen
quantification, supporting the validity of the analyses performed. Re-
presentative EDX integrated spectra are shown in Fig. 7(b) and Fig. 8
(b) which confirmed the homogeneous oxidation (at microscopic scale)
of the Si (38 at. % of O) and Ge (51 at. % of O) OAD studied samples.
Special attention must be paid to the implicit O/Si (0.61) and O/Ge
(1.06) atomic ratios, since they are much lower than that obtained if
they were pure dioxides (2 in SiO2 and GeO2). This difference in coef-
ficient is an indication of a mixture of each pure elemental solid and its
dioxide, that could be related to a feasible texture in which each column
would be mainly oxidized at their surfaces, after a possible first stage of
O decoration at the nanocolumns surface. Note that the measured oxide
amount was much smaller in the more compact (Si, α=50°) than in the
more porous (Ge, α=75°) OAD sample, even though the formation of
the oxidized specie of Si is more favored thermodynamically than that
of the Ge (the ΔGf° of SiO2 is −856 kJ/mol while the ΔGf° of GeO2 is
−521 kJ/mol). Furthermore, the experimental activation energy for Si
oxidation (1.23 eV), which occurs by the diffusion of the O2 molecule
along the channels of the a-SiO2, is lower than for Ge oxidation (2.0 eV),
which is controlled by the diffusion of interstitial network oxygen [50],
letting us to conclude that in layers with similar thicknesses, the degree
of porosity (estimated to be twice in Ge than in Si) increases dramati-
cally the reactivity with oxygen and water, even for the less reactive
atomic specie because of the higher surface-to-volume ratio.

3.5.1. (S)TEM-EELS elemental analyses at nanoscale
In order to go a little further in the characterization of related na-

nostructures, careful STEM-EELS nanoscale analyses were carried out in

a similar Ge OAD film (400 nm thick, α=75°) for demonstrating the
formation of core-shell-type structures as a consequence of oxidation,
and the oxidation extent depending on the ambient to which the spe-
cimen was exposed. Let us remind that this porous Ge film prepared at
oblique incidence was briefly exposed to the air (during 30–60min)
before being evacuated and later sealed by a dense MgF2 layer during a
second e-beam deposition stage at normal incidence. The Ge/MgF2
multilayer itself has a supplementary interest for IR optics [25] that is
outside the scope of the present article, but we may not obviate that
after the placement of this capping, a further Ge oxidation should be
restricted. In consequence, one could expect that the OAD layer consists
mainly of pure Ge this time.

For a tripod TEM preparation, a general BF-TEM bilayer overview
and a more local annular dark-field (ADF) STEM Ge OAD micrograph
are shown in Fig. 9(a). For this evacuated TEM lamella, two STEM-EELS
spectrum images (SIs) were acquired simultaneously in two different
ranges (the first from 470 to 982 eV and the second from 950 to
1462 eV, with a dispersion of 0.25 eV/channel over 2018 channels)
using the Dual-EELS method [51] in order to record the OeK (532 eV)
and the Ge-L2,3 (1217–1248 eV) with sufficient signal and energy re-
solution for further analysis. These experiments were done with a sub-
Angstrom probe size and integration times of 154ms/pixel and 246ms/
pixel were used to record the first and second SIs, respectively. After
aligning the two SIs separately using the OeK and Ge-L2,3 edges as
references and applying a multivariate statistical treatment to remove
the noise (principal component analysis (PCA) approach with Hyperspy
program [52]), both SIs were spliced together in order to get a con-
tinuous spectrum at each pixel position that contains both the OeK and
Ge-L2,3 edges (Fig. 9(c)). The EELS quantification was then applied by
using the DigitalMicrograph™ software with hydrogenic cross-sections
calculated for our experimental conditions (200 kV, convergence semi-
angle of 19.5 mrad, collection semi-angle of 36.7 mrad). To minimize
possible multiple scattering effects, OeK and Ge-L2,3 edges were in-
tegrated over the same window width (60 eV). The procedure men-
tioned above, including instrumentations and techniques of last gen-
eration, was the key to ensure an accurate elemental quantification (the
relative experimental error was assumed to be close to 3% according to
the literature [53]). From the evidences associated to the quantification
of the ADF portion and the associated elemental mapping presented in
Fig. 9(b), the STEM-EELS analysis of a single Ge nanocolumn proves a
subnanometric-scale inhomogeneous distribution of oxygen in the
column, which is higher in the column outline and lower in the central
region. According to these fluctuations, a core-shell structure with a
higher quantity of O in the shells can be interpreted as the consequence
of the surface oxidations of the nanocolumns. This suggests that the
incorporation of oxygen is posterior to the film deposition process.
Nevertheless, the composition integrated profiles carried out across the
column width (Fig. 9(b)) point out that Ge composition grows until
reaching a maximum from which it remains constant during certain
distance to then decrease. This plateau distance could be considered as
the unoxidized core diameter of the nanocolumn. Note that in these
profiles, the Ge percentage remains smaller than the associated O signal
even in the central position because it must be considered that the
nanocolumn projection brings together contributions from the shell
parts that are above and below the pure Ge mass, all of them crossed by
the electron beam. Nevertheless, attending to this ADF image, assuming
that the columns are pseudo-cylindrical, then that the projection crosses
22 nm of GeO2 and 8 nm of pure Ge, this implies about 51% of Ge and
49% of O (taken from the elemental profile in Fig. 9(b)), while the shell
cross section gives values of 33% of Ge and 66% of O, that are the those
corresponding to the GeO2 stoichiometry (this is especially clear in the
Fig. 9(b), which is a portion of the nanocolumn closer to a pore). It is
worth to note that similar observations were done on other nano-
columns. Consequently, these results provide an experimental con-
firmation of the formation of core-shell structures in germanium OAD
systems due to atmospheric exposure. Nevertheless, since Si and Ge

Fig. 8. STEM-EDX analysis of the α=75° Ge OAD film. HAADF image and
elemental maps obtained for Ge, O and Si atoms are presented together with the
elemental profile of the layer; (b) EDX integrated spectrum and associated
quantitative analyses of composition for the Ge OAD layer.
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layers present similar optical and nanostructural features, we may ex-
pect a similar oxidation behavior in Si OAD.

3.5.2. Oxidation rate dependence on TEM sample preparation and air/
vacuum exposure

So as to be sure that this oxidation is not a product of our electron-
transparent lamellae fabrication process (a wet TEM sample prepara-
tion with tripod water-based polishing in air), the same Ge/MgF2 bi-
layer sample was prepared by FIB milling and kept in vacuum until
TEM observations. For the tripod preparation, the STEM-EDX analysis
gives an average percentage of 54% of O and 46% of Ge for the capped
Ge OAD layer, not far of the previously commented 51/49 given by the
uncapped one. For the FIB preparation, the sample was also studied by
STEM-EDX before (without O2 or H2O, and whose EDX elemental map
can be seen in Fig. 10(a)) and after being exposed to atmospheric
conditions (with O2 and gas-H2O) for several weeks. In order to com-
pare them in an accurate way, these analyses were executed under
identical experimental conditions (the very same as in the previous EDX
analyses for uncapped and capped samples prepared by tripod

polishing) and covering similar porous Ge areas (300×300 nm2). The
elemental quantifications obtained for average O/Ge percentages for
these two cases are 50/50 for the naturally aged FIB specimen, and 47/
53 for the fresh (kept in vacuum) one. A brief overview of the results
obtained from the elemental analyses performed in all studied samples
can be found in Table.1. The EDX spectra of the Ge/MgF2 sample,
evaluated under the three different conditions previously mentioned
(Fig. 10(b)), also evidence the same oxidation tendency as shown in the
OeK peaks. Therefore, it is proved that the main amount of oxidation of
the capped germanium OAD layer was quickly produced upon exposure
to atmospheric oxygen and water vapour, as well as there is a small
additional oxidation by natural aging, and during TEM sample pre-
paration as a consequence of polishing in the presence of liquid water.
This conclusion might be extrapolated to the oxidation of Si OAD sys-
tems. These EDX experimental data can also be confronted with the
compositions estimated by the SE models for 1 μm OAD layers of Ge
(α=75°) and Si (α=50°). For this purpose, considering only the re-
spective volume fractions of Si and SiO2, and of Ge and GeO2, and their
densities in amorphous states [54–57], when contributions of water and

Fig. 9. STEM Dual-EELS analysis of Ge (α=75°) OAD/MgF2 sample. (a)Bright-field TEM overview of the bilayer together with HAADF image of several Ge α=75°
columns (bright contrast) separated by the porosity (dark contrast). (b) HAADF image and Dual-EELS Ge-versus-O composition map of an isolated Ge column along
with its averaged composition profile and the core-shell model proposed. (c) EELS spectrum images obtained around the Ge-L2,3 and OeK edges, before (blue) and
after (red) removing the noise by PCA methods and the subsequently spliced spectrum. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
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voids are discarded, the compositions of 55 at.% of Ge and 45 at. % of
O, and 75 at. % of Si and 25 at. % of O are calculated for the Ge and Si
OAD layers. Note that atomic compositions predicted by the BEMA
model (obtained after conversion from volumetric fractions) are quite
close to the measured by STEM-EDX for the uncapped, and the capped
fresh and aged Ge OAD layers. Nevertheless, the slight differences

between the oxygen compositions obtained by ellipsometry and EDX
can be attributed to the additional oxidation produced during sample
preparation by tripod polishing, and that they come from different
groups of OAD deposited samples. Thereby, the similar tendency be-
tween the simulations and the information obtained through (S)TEM
studies not only allowed us to validate the SE models used to describe
the optical behavior of the system studied but also this accurate in-
formation about the morphology, distribution, composition and surface
oxidation of nanocolumns, that could be used as key inputs to create an
improved nanostructural-analytical model as close as possible to the
physical reality through finite-difference time-domain (FDTD) ad-
vanced optical simulations.

Finally, it is worth mentioning that the MgF2 capping layer can act
as a real seal for the oxygen permeability because of its compact nature.
High-resolution TEM micrographs of the Ge OAD/MgF2 interface as
well as the fast Fourier transform (FFT) diffractions (Fig. 11(a)) reveal a
dense polycrystalline structure of the MgF2 film and the porous amor-
phous structure of the Ge OAD layer. For EDX mappings of this interface
(see example in Fig. 11(b)), it was found a residual homogeneously
distributed presence of O in the amount of 3% together with Mg and F
in a ratio proportional to the expected stoichiometry; besides the bi-
layer interface shows to be abrupt in their different compositions.

4. Conclusions

The oxidation of silicon and germanium AR single-layer coatings
manufactured by the OAD technique and designed to operate over the
MWIR range was investigated by combining ellipsometry, spectro-
photometry, X-ray photoelectron spectroscopy and scanning-transmis-
sion electron microscopy studies. Simulations using a BEMA ellipso-
metric model predicted the oxidation of the deposited layers
establishing, in addition, a proportional relation between the porosity
and the oxidation rate of nanocolumns. The effect of this oxidation was
evaluated through spectrophotometric measurement which proved that
oxidized species (silicon and germanium dioxides) do not have sig-
nificant negative effects in MWIR optics. Nevertheless, optical perfor-
mances in the LWIR range may be degraded due to the absorption peaks

Fig. 10. STEM-EDX analyses of the Ge (α=75°) OAD/MgF2 bilayer under
different conditions of preparation and preservation. (a) HAADF image of the
fresh FIB sample and its EDX elemental maps obtained for Si, Ge, O, Mg and F
atoms. (b) EDX spectra, normalized at the Ge-Lα peak (1.188 eV), for fresh (blue
solid line) and aged (red dashed-dotted line) FIB preparation as well as for the
prepared by tripod polishing (black dotted line). The inset correspond to the
feature of the O-Kα peak (0.525 eV). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article.)

Table 1
Summary of (S)TEM-EDX and EELS compositional analyses for all studied
samples. Note that values provided by EELS quantification (core and shell) are
referred to the projected sections of a single nanocolumn.

Sample TEM
preparation

(S)TEM
technique

Air/vacuum Composition (at. %)

Si Ge O

Si (α=50°)
OAD

Tripod EDX Air 38 – 62

Ge (α=75°)
OAD

Tripod EDX Air – 49 51

Ge (α=75°)
OAD/
MgF2

Tripod EELS
(core)

Air – 51 49

EELS
(shell)

– 33 66

Tripod EDX Air – 46 54
FIB EDX Air – 50 50
FIB EDX Vacuum – 53 47

Fig. 11. Feature of the Ge (α=75°) OAD/MgF2 interface. (a) High-resolution
TEM micrograph of the interface with the corresponding FFT diffraction of each
layer; (b) STEM-ADF and STEM-EELS Ge-versus-Mg and O-versus-Mg elemental
maps of the Ge OAD/MgF2 interface.
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related with these dioxides. Such losses could drastically limit the
performance of IR devices made of many optical elements. XPS surface
elemental analyses evidenced that the oxidation of Si and Ge OAD films
was due to the formation of silicon and germanium dioxides.
Compositional analyses carried out by STEM-EDX confirmed the
widespread oxidation (macroscopically homogeneous but in-
homogeneous at the nanoscale) of these thin films in proportions rather
close to the predicted by the SE model. Local STEM-EELS analyses let us
demonstrate the formation of core-shell-type nanostructures, consisting
of pure Ge surrounded by GeO2, as a consequence of the superficial
oxidation of germanium mesoporous architectures. This effect is also
proposed for the Si OAD scenario. Additional experiments carried out
under different vacuum and water-free conditions determined that the
oxidation of these systems is the result of the combined effect of
spontaneous atmospheric oxidation and water absorption during TEM
sample preparation process, both favored by the strong porous structure
of OAD layers. The validity of the ellipsometric model was supported by
the close agreement with the combined XPS, STEM, EDX, and EELS
investigations which also provide us with accurate and valuable data to
be able to design and develop advanced optical models based on FDTD
methods.
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A B S T R A C T

This work reports the development of a perfect antireflective coating designed to operate over the 3.7–4.8 µm
MWIR region, in order to improve the optics used in thermal detection systems. A simulated stack with 99.97%
average transmittance is designed for a silicon support using an effective refractive index approach. This
structure made of two layers is deposited by electron beam evaporation to achieve an optical transmittance as
high as 99.21% and a 98.56% average. These performances are similar to that reported for the best MWIR
interferential antireflective systems, but rely on a much simpler design. The first layer is fabricated by oblique
angle deposition to obtain Ge nanocolumns that are then coated with a dense MgF2 capping film. Because
environmental pollution can cause light absorption in the infrared region, different techniques are combined to
provide key insights about the nanostructure and the related optical properties: ellipsometry, spectrophotometry
and scanning-transmission electron microscopy combined with energy-dispersive X-ray spectrometry. With this
approach, essential chemical aspects like oxidation, water adsorption in the Ge layer and intermixing at the Ge/
MgF2 interface are evidenced. Advanced models based on effective medium approximation, considering this set
of information, are addressed here to gain a better description of the optical response of the surface. In a context
of performance optimization of this almost perfect antireflective bilayer, new routes and perspectives to limit or
reduce these compositional issues are proposed.

1. Introduction

Infrared (IR) optics are used in a large variety of domains such as
astronomy [1], building diagnostics [2] or agronomy [3]. In the IR
region, the mid-wavelength-IR (MWIR) band covering the wavelengths
from 3 µm to 5 µm plays a key role. This range forms one of the most
important atmospheric transmission window [4] and it is particularly
suitable for thermal imaging technologies in both civil and military
applications related to navigation, targeting, surveillance and safety
under all environmental conditions including fog, arctic, tropical, de-
sert, sandstorm and maritime [5,6]. Unfortunately, materials currently
used in the actual devices suffer from important reflection losses due to
their high refractive index, which degrade significantly their perfor-
mances. For example, at normal incidence, silicon with a refractive
index of 3.4 will reflect about 30% of the light coming from the air at its
interface. To limit light reflection, an antireflective (AR) coating can be
deposed on top of the surface of interest [7,8]. Such treatment generally
relies on destructive interferences created by the multiple reflections

occurring when light encounters a material with a different refractive
index. Up to date, the best AR coatings reported in the literature for Si
and Ge optics in the MWIR region presents an average transmission of
98.5% over 3.6–4.9 µm [9]. For IR systems containing many optical
elements and devoted to operate in a low light environment, further
enhancement of the transmission at each interface even by only a few
percent is essential. For example, a 1.5% increase of transmittance of a
single interface, from 98.5% to 99.97%, can lead to 21% of overall
transmittance gain for an optical system composed of 8 lenses (16 in-
terfaces). However, the complexity of the interferential MWIR AR sys-
tems (multilayer stacks of different materials) and the small number of
refractive indices available for transparent materials in the IR are cur-
rently limiting the design possibilities for improved MWIR optics.

To tackle this problem, a bottom-up process like oblique angle de-
position (OAD) of thin films can be considered as an alternative since it
has recently attracted much attention in the field of optics. By taking
advantage of the self-shadowing effect, this method can be used to
control the porosity rate at the nanoscale and thus to control the
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effective refractive index of the deposited material [7]. The preparation
of novel materials with tunable optical indices is suitable not only for
the design of simpler and more efficient AR systems, but also for other
coatings like distributed Bragg reflectors [10]. This OAD approach has
been used many times to prepare AR surfaces covering the visible and/
or near-IR ranges, mostly for photovoltaic applications, using SiO2,
TiO2, ITO and Ge materials [11–13]. However, to our knowledge, there
are no scientific reports that have already focused on OAD deposition
for the engineering of AR coatings in the deeper IR region such as the
MWIR band.

The paper reports for the first time the design and fabrication of a
simple and highly efficient antireflective coating in the MWIR region
(3.7–4.8 µm) using the oblique angle deposition process: a bilayer
system composed of a germanium OAD film capped by a dense MgF2
layer.

From advanced characterization, by transmission electron micro-
scopy (TEM), IR spectrophotometry, ellipsometry and optical simula-
tions, important nanostructural and chemical aspects influencing the
AR MWIR properties are exposed. Combining these results generally
overlooked in the literature, an advanced description for the optimi-
zation of the optical performances is presented.

2. Experimental section

2.1. Sample preparation

The experimental setup used for the deposition consists in a vacuum
chamber (base pressure 2 · 10−6 mbar) equipped with an electron-beam
evaporator. Germanium OAD layers were deposited under a pressure of
2 · 10−6 mbar with various angles of incidence from 0° to 82° by e-beam
evaporation method using a germanium charge (Photonic sense©
purity> 99.999%) on 2mm thick (0 0 1) silicon substrates. The molten
spot in the crucible has a diameter of 5 cm and the distance between the
crucible and the sample is 70 cm leading to an angle deposition di-
vergence of Δα=4°. Moreover, an estimated error of 10% of the de-
position angle is assumed. To make easier further cross-sectional TEM
observations of these samples, the substrates were intentionally placed
with one 〈1 1 0〉 crystallographic axis perpendicular to the incoming
deposition flux. A quartz crystal monitor was used to control the
thickness and assure the deposition rate of 10 Å/s in normal incidence.
Temperature of the deposition chamber was monitored and found to
rise from 21 °C at the beginning of the evaporation to a value of 60 °C at
the end of the process.

This elaboration set-up is not equipped with an in-situ adjustable
orientation sample-holder, so the bilayer was made in two steps. For the
first step, a germanium OAD layer was deposited at an angle of 65° with
the condition of elaboration previously described. For the second step,
the chamber was opened to modify the angle of incidence to a value of
0°. MgF2 was then evaporated from pellets (Umicore© 99.99% purity)
and deposited onto the germanium OAD layer. The deposition chamber
was heated at a temperature of 200 °C to anneal the sample and MgF2
layer was then grown at the same temperature and a deposition rate of
10 Å/s under a pressure of 2 · 10−6 mbar. This whole process was re-
peated a second time to coat the silicon substrate on both sides.

2.2. Optical characterization

To access to optical properties of monolayer and bilayer, spectro-
photometry and ellipsometry measurements were carried out for each
sample. Transmittance and reflectance spectra were recorded with a
Bruker Tensor 27 spectrometer. A great attention was dealt to assure a
good parallelism for the silicon substrates as a non-parallel substrate
can cause measurements to vary with the orientation of the sample.
Transmittance and reflectance acquisitions were repeated 4 times for
each sample giving a repeatability of 0.1%. The in-situ annealing
transmittance measurement was made with a Woollam IR-Vase

ellipsometer. Ellipsometry experiments were performed on the same
Woollam IR-Vase ellipsometer.

2.3. Morphological and nanostructural characterizations

The overall morphology and thickness of the films were studied by
scanning electron microscopy (SEM) using a FEG 7001F-TTLS JEOL
microscope at an accelerating voltage of 30 kV.

To get additional insights about their nanostructure, transmission
electron microscopy (TEM) experiments were conducted in a FEI Talos
F200S microscope operated at 200 kV and equipped with a Super-X
energy-dispersive X-ray spectrometry (EDX) system that includes two
silicon drift detectors. Local compositional analyses were performed by
combining high-angle annular dark field imaging (HAADF) and EDX
acquisitions using the scanning (STEM) mode. EDX elemental maps of
100× 100 pixels were obtained using a dwell time of 100ms, energy
resolution of 5 eV/channel over 4000 channels, and spatial drift cor-
rection. Cross-sectional specimens were thinned down by mechanical
polishing using a tripod apparatus up to less than 10 µm followed by
argon ion milling in a GATAN PIPS system (3.5 keV,± 7° incidence). To
minimize irradiation damage, the final step was performed at
2.5 keV,± 5° during 5min up to electron transparency.

3. Results and discussion

3.1. AR design for silicon substrate in the 3.7–4.8 µm range

AR coatings are usually designed with predefined materials, i.e.
prefixed refractive indices. The thicknesses and number of layers are
then optimized with a numerical iterative process to minimize the re-
flection at the interface, for a defined range of wavelength, by max-
imizing destructive interferences [14]. Herein we expected that the
OAD technique could allow obtaining any effective refractive index
values below that of the dense material counterpart. From this hy-
pothesis, the optimization method used here for an AR coating can
theoretically be used to improve the performance of any kind of optical
thin film coating, for any substrate and any range of wavelength. In this
paper, we have thus optimized a simple bilayer AR coating design for a
silicon substrate (both sides treated) in the 3.7–4.8 µm region. Silicon
was chosen because it is transparent in this infrared range, inexpensive,
with well-known optical properties, and widely used in the industry.
The AR optimizations were made with the commercial SCOUT software
using the downhill simplex method with four free parameters for the
bilayer coating (layer thickness and refractive index of each layer) [15].

Fig. 1. Simulated transmittance spectra of an interferential (black) and an ef-
fective material bilayer (red) double sided AR coatings on silicon with their
respective index profiles at λ=4µm.
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Fig. 1 presents the transmittance spectrum of this optimized AR bilayer
(with fictitious refractive index) compared with a conventional inter-
ferential system using dense materials: YbF3/ZnS. This stack was de-
signed with the Macleod software [14]. The optimal refractive indices
of the optimized AR bilayer and those of the simulated classical inter-
ferential stack have been added on Fig. 1.

The simulated transmittance of the multilayer interferential stack is
closed to the commercial specifications: 99.02% of average transmit-
tance for the 3.7–4.8 µm range [16,17]. According to these simulations,
it appears clearly that the transmittance of a silicon wafer can be in-
creased significantly by reducing and controlling precisely the effective
refractive index of the surface. In the present case, an average value of
99.97% over 3.7–4.8 µm may be reached with two layers having re-
fractive index target values of 2.52 and 1.37 and thicknesses target of
427 nm and 779 nm respectively. This represents a 0.95% increase re-
lative to the conventional interferential treatment. Among materials
able to lead to these refractive indices, germanium was chosen because
the latest is a well-known transparent material in the infrared region
and because its high refractive index (n=4 at λ=4 µm) potentially
permits to cover a wide range of effective refractive index using OAD
geometries [18].

3.2. Ge OAD films: microstructural aspects and consequences on their
refractive index as a function of deposition angles

To reach a refractive index close to the design value (n= 2.52 at
λ=4 µm), a calibration step of the effective refractive index obtained
for Ge OAD is necessary. This was achieved by varying the deposition
angle of Ge from α=0° to a value of α=82°. Fig. 2a shows a SEM
cross-section and Fig. 2b is a plane view micrograph of a Ge OAD thin
film taking, as an example, the thin film deposited with a deposition
angle α=65°. Pores and empty spaces are clearly seen on the top
surface, which indicate the porosity of the films and the isolated nature
of nanocolumns. The cross-section shows well separated inclined na-
nocolumns. This tilted angle β of the nanocolumns with respect to the Si
surface depends on the deposition angle α: a value β=62° was found in
the present case for α=65°. This tilt angle is higher than the one re-
ported by Grüner et al. [19]. These differences may be ascribed to our
large different setup chamber parameters as a higher divergence of the
vapor flux, higher pressure in the chamber, effect of the temperature
rise which can increase significantly the surface diffusion and to mea-
surement errors of the deposition angle. However the objective being to
calibrate the optical properties of a series of Ge, those uncertainties can
be considered as acceptable. The porosity of OAD films increases with
the deposition angle α due to an increasing shadowing effect and a
lower ad-atom mobility on the film surface [20].

The effective refractive index of the Ge OAD thin films has been
extracted from infrared ellipsometric and spectrophotometric mea-
surements. For that purpose, we first determined the dispersion law

(Cauchy law) of the Ge thin film deposited at a normal incidence
(α=0°), considered as a dense and homogenous Ge thin film on silicon
substrate. Then, taking into account the heterogeneous behavior of the
nanostructured OAD thin films [21], a mixing law has been used
(Bruggeman effective medium approximation BEMA) for each deposi-
tion angle. It is assumed here that the nanocolumns have the same
optical behavior as the germanium dense material (obtained at α=0°)
so the mixing law is the result of a mixture of this bulk material and
voids. The refractive index drop observed at higher deposition angle
was simulated from BEMA model by taking into account the insertion of
a volume fraction of air in the Ge layer, which is assumed to correspond
to the film porosity.

Fig. 2. (a) SEM cross-section view, (b) SEM tilted plane-view of a Ge OAD sample deposited at α=65°.

Fig. 3. (a) Spectrophotometric and (b) ellipsometric measurements for a re-
flexion angle θ=65° and 75° (black) of a α=65° Ge OAD thin film and its
simulations (red) obtained with a simple Ge/void BEMA.

F. Maudet et al. Applied Surface Science 470 (2019) 943–950

945



In the 2–6 µm spectral range, Fig. 3 shows a good fit of ellipsometric
and spectrophotometric measurements on a Ge OAD thin film elabo-
rated at α=65° except for local discrepancies (located for example
close to 3 µm and 10 µm), coming from pollution (discussed later). The
simple BEMA optical model used for this simulation leads to 42.8% of
porosity and an effective refractive index of n= 2.39 at λ=4 µm. This
model correctly fits the ellipsometric measurements for all deposition
conditions. Fig. 4 presents the evolution of the porosity and effective
refractive index of Ge OAD thin films at λ=4 µm as function of the
deposition angle. It shows that the effective refractive index of this
material can be controlled from a value of 3.97 for α=0° to a value of
1.75 for α=82°. This also confirms that Ge is promising candidate to
design AR films because it allows to cover a wide range of effective
refractive indices using the OAD technique, as demonstrated by other
authors [18].

3.3. Nanostructure and chemical analyses of the bilayer

In consideration of the preliminary results, the best experimental
bilayer should be made using a germanium OAD bottom layer obtained
with α=60° or with α=65° because these angles lead to the closest
refractive index respectively (n=2.58 and n= 2.40) compared with
the designed target (n=2.52). It must be added that the design was
made with effective refractive indexes independent of the wavelength.
By considering the dispersion law of the real refractive indexes, de-
position of Ge OAD layer with α=65° was preferred since it provides
slightly enhanced AR performance. This ideal index of the top layer
(n=1.37) can be reached with this type of Ge nanostructuration (using
an incident close to α=88°, not presented here). Instead, a dense MgF2
film deposited in normal incidence has been chosen as capping layer
because its refractive index matches the ideal one (n=1.37). In addi-
tion, this encapsulating layer can help ensuring the mechanical and
chemical stability of the sample by minimizing the adsorption or ab-
sorption of environmental pollutants.

At this stage, chemical aspects of this study are considered because,
as shown in Fig. 3, they can impact the optical performance of our
stacks (refer for example to the singularities located at about 3 µm and
10 µm). This discussion is based on two experiments: the transmittance
of the nanostructured Ge thin film (α=65°) on the IR spectral range of
2–13 μm (Fig. 5) and an elemental analysis of the complete bilayer
(including the nanostructured Ge thin film and the dense MgF2 cap)
from scanning TEM (STEM) energy-dispersive X-ray spectrometry
(Fig. 7).

Various chemical features coming from pollutants can be observed
on Fig. 5. The good match between the experimental spectrum and the
simulation (described later in detail) attests that all of them have been

identified. Those due to silicon contamination (referenced in black) are
out of the range of interest 3.7–4.8 µm. Additional components coming
from the nanostructured Ge thin film (referenced in blue and green)
have been observed: two of them are attributed to water (located at
2.9 μm and 6 μm), the other one to germanium dioxide (located at
11.8 μm). According to PubChem [22], another absorption peak of
GeO2 should be present around 3.7 µm but its intensity is probably too
small to identify it precisely. As demonstrated by other authors
[23–25], these results show that, being a porous medium, the nanos-
tructured Ge thin film is subjected to oxidation as well as water ad-
sorption. These two elements were thus added in the BEMA mixing
model and a regression was made on transmission (Fig. 5) and ellip-
sometry (Fig. 6a) spectra to determine the volume ratio of the different
components. Thus, the germanium OAD layer deposited at α=65° was
found to be composed of 44.4% of Ge, 14.9% of GeO2, 17.2% H2O and
23.5% of air as illustrated on Fig. 5.

Finally, the resulting effective refractive index of this composite thin
film is given in Fig. 6b. From the obtained extinction coefficient, we
demonstrate that H2O and GeO2 will generate non-negligible absorp-
tion in the 3.7–4.8 µm range.

To gain further insights into the bilayer nanostructure and to con-
firm the chemical information extracted from optical spectroscopies,
local analyses have been performed by TEM (Fig. 7). An overview of
this system observed along a 〈1 1 0〉 direction of the Si substrate is
shown in bright field in Fig. 7a. This observation confirms the mor-
phology of the porous Ge OAD layer made of titled nanocolumns, and
the dense character of the MgF2 film. The selected area electron dif-
fraction (SAED) patterns recorded in the different regions also indicate
that the Ge nanocolumns are amorphous whereas the MgF2 layer has a
polycrystalline rutile structure, which is commonly observed after de-
position by PVD processes [26]. Note that these TEM measurements
were performed prior to the optimization of the thickness layers, which
was done to match the designed performances. This explains why the
layer thicknesses in Fig. 7 differ from the other results from SEM and
ellipsometry, which were obtained on already optimized systems.
However, the main purpose of TEM in this work was focused on the
chemical characterization of the system which is expected to be un-
changed after optimization.

The STEM-EDX analysis provides relevant compositional informa-
tion of the bilayer. According to the elemental maps (Fig. 7b), a clear
chemical evidence of Mg and F insertion inside the porosity of the
bottom Ge layer is pointed out (see arrows), which contributes to form
an intermixing layer at the interface between the Ge OAD and MgF2
films. The extension of this interface layer is about 50 nm. The presence

Fig. 4. Values of effective refractive index at λ=4µm and changing porosity
of Ge OAD thin films extracted from simulations with the simple BEMA optical
model for various deposition angles. Fig. 5. Spectrophotometric measurement (black) of a α=65° Ge OAD thin film

and its simulation (red) with its BEMA model after considering water adsorp-
tion and oxidation.
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of oxygen is also visible in the Ge nanostructured film in agreement
with the IR optical analysis predictions (Fig. 5). Quantitative data about
the composition in the different layers has been obtained from EDX
spectra, which were recorded by scanning areas of 150×200 nm2

during 30 s with an electron probe of about 500 pA. Because sets of
suitable standards materials are missing for our study, standardless
analysis without thickness correction was performed using the FEI TEM
Imaging and Analysis (TIA) software in order to evaluate the film
composition. The K-lines were used to quantify O, F, Mg and Ge ele-
ments. Beforehand, the integral intensities of the different lines were
extracted with a great care (subtraction of the background with a multi-
polynomial approach, fitting of the peaks with a non-linear least square
method). We are aware that this approach can lead to inaccuracy in the
composition measurement, especially for light elements like O or F
(systematic error of around 10–20% are generally admitted [27]), but it
allows providing at least a general compositional tendency. The validity
of the measurement is also supported by similar analyses we did on
other systems presenting well-controlled stoichiometry (SiO2 and TiO2

OAD layers obtained by evaporation, results not published). The results
shown in Fig. 7c not only confirm that the Ge is highly oxidized (54 at.
% of O), but they also indicate that the MgF2 layer contains oxygen in a
minor amount (3 at.%). It is worth to note here that the F/Mg atomic
ratio obtained from EDX is very close to 2, as expected for the MgF2
layer. In the Ge OAD layer, the EDX analyses performed in different
regions (from the bottom to the top) indicate that the oxygen content is
constant (within the uncertainties of the measurement). Across the
nanocolumns of the OAD layer, the O/Ge atomic ratio is substantially
smaller than that of GeO2 compound expected from the IR

measurements. However, such differences may be explained by het-
erogeneous distributions of the oxide in each column (surface oxida-
tion) or by uncertainties of the EDX measurements.

3.4. Optical performances and perspective of optimization of the Ge OAD/
MgF2 bilayer

The analyses presented in the previous section clearly highlight the
key role of the chemistry on the optical properties of the Ge OAD/MgF2
system. To optimize the transmittance, the presence of water and GeO2

must be avoided since their absorption peaks are centered in (or close
to) the range of interest, 3.7–4.8 µm (refer to Fig. 6b). For this, a new
bilayer was fabricated in which the bottom Ge OAD has been annealed
at 200 °C and was then, after opening the chamber to change the angle
α to 0°, capped with MgF2. These two layers were deposited on both
sides of a thick silicon substrate (2 mm) for further optical character-
izations and simulations. On Fig. 8c, the transmittance of the Ge OAD/
MgF2 bilayer is compared with the transmittance of the ideal AR design.
The optimized Ge OAD/MgF2 bilayer has a high maximum transmit-
tance of 99.21% and very good average transmittance of 98.56% over
3.7–4.8 µm. This bilayer presents better performance than a typical
commercial coating of 98% average transmission over 3.6–4.9 µm (re-
presenting a 0.56% transmittance average gain) [17] and similar effi-
ciency compared with the best MWIR AR coating reported in the lit-
erature for Si and Ge optics [9]. However, simplicity of the design
proposed in this paper enables a reduction of the manufacturing time
and costs. Unfortunately, the experimental transmittance is still below
the ideal design one.

To study other optimization paths of the Ge OAD/MgF2 bilayer we
have first simulated its optical characteristics (transmittance and el-
lipsometry). From the set of chemical information obtained by optical
measurements and TEM, an optical model to simulate the behavior of
the system was established. For the bottom layer, the model already
described previously has been used: a BEMA, mixing Ge, GeO2, water
and void, using the optical properties of these compounds from litera-
ture. As pointed out from the STEM-EDX analysis, an intermixing layer
is present between the Ge OAD and MgF2 layer. This layer was also
taken into account in the simulations using a BEMA mixing model. A
graded concentration of MgF2 mixed with Ge-GeO2 has been assumed
for this intermixing layer simulating the concentration by decomposing
this region into 10 sublayers with various concentration rates of MgF2.
Finally, a MgF2 layer was added on top of this intermixing layer. On
Fig. 8b and Fig. 8c the optical simulation (ellipsometry and transmit-
tance) of the experimental data using this model is presented. A sche-
matic representation of this model is depicted on Fig. 8a.

As shown in Fig. 8b and Fig. 8c, the very good agreement between
the simulation and the experimental measurements gives credibility to
the model used and consequently demonstrates the coherence between
chemical and optical analyses. From this simulation, we were able to
determine that the 406 nm thick Ge OAD layer is composed of 12% of
GeO2, 44% of Ge, 40% of Air and 4% of water. The annealing process is
thus able to reduce the amount of water present in the Ge OAD layer
from a value of 11% to a value of 4% when sealed by a MgF2 layer. The
intermixing layer between the Ge OAD layer and the MgF2 layer was
found to be of a thickness of 39 nm with a MgF2 volume fraction ran-
ging from 55% at the bottom to 100% on top. Above it the MgF2 layer
was determined to be 672 nm thick.

Qualitatively, the TEM results are consistent with the optical model
where the intermixing zone was determined to be 39 nm thick and with
an MgF2 concentration gradient. From a quantitative point of view,
compositional information extracted from optical measurements and
TEM are not directly comparable. In the case of ellipsometry, the si-
mulations provide volume fractions of the different components present
in the coating at a macroscopic scale (including porosity), while EDX
gives elemental composition in individual nanocolumns. In order to
compare these data, we can estimate roughly what should be the atomic

Fig. 6. (a) Ellipsometric measurements and simulations of Ge OAD film grown
at a deposition angle of α=65° for a reflexion angle θ=65° and 75°. (b)
Refractive index and extinction coefficient of the Ge OAD layer deposited at
α=65° obtained from ellipsometric (a), and spectrophotometric (Fig. 5) si-
mulations using the optical model described by Fig. 5.
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composition of Ge and O from the volume fractions given by ellipso-
metry. For that purpose, voids contribution has been discarded and
densities of amorphous Ge and GeO2 taken from the literature have
been used [28,29]. With these assumptions, a composition of 65 at.% of
Ge and 35 at.% of O is estimated. This oxygen content in the nano-
columns estimated from ellipsometry appears to be significantly lower
than that obtained from EDX. These differences may be ascribed to the
very local STEM-EDX technique.

In a context of optimization of the Ge OAD/MgF2 bilayer, the sum of
the simulated transmittance and absorption spectra (extracted from the
optical model) are shown on Fig. 8. These data demonstrate that it is
possible to enhance the optical performances of the AR by reducing the
absorption sources present in the Ge OAD layer, i.e. GeO2 and H2O. To
support this assumption, we performed an in-situ spectrophotometric
measurement while annealing under vacuum the Ge OAD/MgF2 layer
to a temperature of 200 °C for 1 h (blue spectrum of the Fig. 8c). The
obtained spectrum is close to the summed simulated spectrum (ab-
sorption+ transmittance). This result proves that an annealing allows

suppressing efficiently the absorption caused by H2O, enhancing the
average transmittance value from 98.56% to 99.17%. Unfortunately,
water is readsorbed when exposing the annealed sample to atmospheric
pressure, which suggests that the MgF2 capping layer is probably not
fully dense. The remaining difference between the design and the T+A
spectrum is explained by the fact that the obtained refractive index of
the Ge OAD layer (n=2.40) is not the optimal one (n=2.52).

Limiting the contamination and optimizing the refractive index of
the Ge OAD layer will be the subject of further research. It will be made
possible with the ongoing construction of a new home-made deposition
chamber at the PPRIME Institute. This equipment, combining electron-
beam and ion sputtering processes, will allow controlling finely and in-
situ the deposition angle α. This approach will be considered in a close
future to avoid oxidation phenomenon due to air exposure during the
fabrication of the Ge OAD/MgF2 system and to achieve a fine-tuning of
the effective refractive indices.

Fig. 7. (a) Bright field TEM overview of the bilayer on Si. The insets correspond to the SAED patterns recorded in the different regions. (b) STEM-EDX analysis at the
vicinity of the Ge OAD/MgF2 interface. HAADF image and elemental maps obtained for Si, Ge, O, Mg and F atoms are presented. (c) EDX spectra and associated
quantitative analyses of composition in the bottom and top layers.
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4. Conclusion

In this work, we demonstrated that oblique angle deposition is a
powerful approach to design and fabricate simple and high-perfor-
mance antireflective surfaces for Si optics in the MWIR range. Taking
into account fictive materials with effective refractive indices, we were
able to design and simulate an AR coating with 99.97% transmittance
over the 3.7–4.8 µm atmospheric window. This corresponds to a theo-
retical performance increase of about 2% compared to a standard AR
system with dense materials. The optimization of the growth condi-
tions, to obtain a bilayer made of a porous Ge OAD film with reduced
effective refractive index and capped with a dense MgF2 layer, allows
achieving performances (98.56% average transmittance for 3.7–4.8 µm)
similar to that of the best multilayered AR coatings reported in the
literature, but with a much simpler structure suitable for large scale
production. By combining IR ellipsometry, spectrophotometry and
STEM-EDX analyses, it was pointed out that an important limiting
factor for the transmittance is the presence of pollutants, more parti-
cularly GeO2 and water, that lead to a degradation of the optical effi-
ciency due to light absorption. In-situ optical measurements conducted

during vacuum annealing showed that the performances of the AR
system can be enhanced to 99.17% simply by evaporating water,
opening new perspectives to achieve nearly perfect infrared transpar-
ency through the future improvements in the deposition process.
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An antireflective coating presenting a continuous refractive index gradient is theoretically better than its dis-
crete counterpart because it can give rise to a perfect broadband transparency. This kind of surface treatment
can be obtained with nanostructures like moth-eye. Despite the light scattering behavior must be accounted as
it can lead to a significant transmittance drop, no methods are actually available to anticipate scattering losses
in such nanostructured antireflective coatings. To overcome this current limitation, we present here an original
way to simulate the scattering losses in these systems and routes to optimize the transparency. This method,
which was validated by a comparative study of coatings presenting refractive indices with either discrete or
continuous gradient, shows that a discrete antireflective coating bilayer made by oblique angle deposition
allows reaching ultra-high mean transmittance of 98.97% over the broadband [400�1800] nm. Such simple
surface treatment outperforms moth-eye architectures thanks to both interference effect and small dimensions
nanostructures that minimize the scattering losses as confirmed by finite-difference time domain simulations
performed on reconstructed volumes obtained from electron tomography experiments.
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1. Introduction

Antireflective coatings (ARC) are indispensable features of high
transmittance substrate with applications in a wide variety of
domains of photonics as for example in optics or photovoltaic [1�4].
Particularly the need for a broadband ARC ensuring a high transpar-
ency glass substrate from the visible up the near infrared (NIR) is of
interest accordingly to the available detectors [5]. Different
approaches can be used to achieve broadband ARC. So far, the main
way relies on the deposition of thin films forming a multilayer stack
alternating materials with high and low refractive indices [6,7]. The
refractive index (RI) and thickness of each layer are optimized to cre-
ate destructive interference with the reflected wave [6,7]. However,
for broadband wavelength applications this approach is challenging
due to the lack of material available and to the complexity of the layer
assembly to deposit in order to obtain high transmittance [3,6,7]. To
go beyond these limitations, other approaches have been considered.
As it is now well established, a gradient refractive index ARC
(GRIARC) can suppress efficiently the light reflection over wide spec-
tral ranges [8,9]. Recently, Kim and Park have demonstrated that it is
indeed possible to perfectly remove the light reflection of any wave-
length using a gradient profile of refractive index determined analyti-
cally [10]. From this analytical development it was established that
perfect broadband antireflective property comes with a constraint on
the dispersion law of the coating material. For thin GRIARC nano-
structures in regard to the probing wavelength, it can be shown that
perfect reflectance suppression comes with the use of anomalous dis-
persion materials. In order to obtain perfectly transparent ARC, this
has to be avoided since the anomalous dispersion behavior of a mate-
rial usually comes from an increasing extinction coefficient that will
consequently lead to light absorption [10]. It may be noted however,

http://crossmark.crossref.org/dialog/?doi=10.1016/j.actamat.2020.02.014&domain=pdf
mailto:florian.maudet@helmholtz-berlin.de
https://doi.org/10.1016/j.actamat.2020.02.014
https://doi.org/10.1016/j.actamat.2020.02.014
https://doi.org/10.1016/j.actamat.2020.02.014
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actamat


F. Maudet et al. / Acta Materialia 188 (2020) 386�393 387
that the use of new metamaterials, still in the early development
stage, could remove this constraint [11].

Nevertheless, the dispersion law becomes normal for sufficiently
thick GRIARC structures. The optimal gradient profile is then close to
the well-known quintic profile that was determined from numerical
optimizations [12]. It can be derived from those calculations that
using normal dispersion lawmaterial there will be a thickness depen-
dency of the ARC efficiency.

In practice these ARC can be achieved by employing innovative
nanostructuration methods to reduce the refractive index through
the introduction of porosity, as conventional dense materials with RI
below 1.39 do not exist [3]. GRIARC can be made by moth eye nano-
structures (ME), called from their natural presence on the eyes of
moths [13]. These biomorphic structures, consisting in pseudo-
regular arrays of nanopillars, are mainly characterized by two param-
eters: their height, that is equivalent to the GRIARC thickness, and
their width. Due to their shape, these ME structures present a gradu-
ally increasing porosity from their bases to their tips. If their dimen-
sions are sufficiently small in regard of the probing light wavelength,
the mixing result can be considered as a gradient effective RI that can
be calculated from the Bruggeman effective medium approximation
(BEMA). [14] Such structures are usually obtained by a reactive ion
etching process although it can also be made from embossing process
or other replicative methods [13,15�24]. These GRIARC follow
behavior predicted by the BEMA for the long wavelength range, a
thicker GRIARC is more efficient to suppress reflectance than its thin-
ner counterpart [1,15,18,20,21,23,25]. On the contrary, on the short
wavelength range a thicker GRIARC leads to higher optical losses that
reduce the transmittance level [23]. This results in a necessary com-
promise to be found on the optimal thickness. Such compromise is
usually determined empirically as the optical losses are not consid-
ered by the BEMAmodel.

Furthermore, it was pointed out that when a very low RI, or a high
level of porosity, cannot be obtained, the performances of a discrete
ARC can be higher than a continuous gradient thanks to the interfer-
ence effects [26]. Such discrete ARC, can be made using oblique angle
deposition (OAD) as it is a viable, flexible technique among all exist-
ing fabrication processes [13,27�35]. It allows a fine-tuning of the
porosity inserted at the nanoscale through the adjustment of the
deposition angle a, thus promoting a high control of the RI [36] .This
method has been used many times for antireflective application dem-
onstrating remarkably low reflectivity or high transmittance over a
large domain of wavelength [8,27,28,37,38]. Enhancing the perform-
ances of these AR comes to the expanse of thicker stack with a higher
porosity. However, to our knowledge the problem of light scattering
that will arise on such OAD structures, limiting the transmittance
performances, has not yet been specifically addressed.

In this article we aim to compare the transmittance performances
of GRIARC with a discrete ARC made by OAD on the broadband range
of [400�1800] nm. We specifically focus on the light scattering that
may arise in these nanostructures as it hinders the transparency of
thick ARC. An original method is presented to calculate those optical
losses, making easier future designs and optimizations of nanostruc-
tured discrete ARC or GRIARC. Based on this approach, a discussion is
made to understand the current limits of broadband nanostructured
ARC performances and what problems need to be solved to lift them.

2. Experimental section

The experimental setup used for the oblique angle deposition con-
sists in a vacuum chamber (base pressure 2.10�6 mbar) equipped
with an electron-beam evaporator. For the calibration step of thick-
ness and refractive index, SiO2 OAD layers were deposited at various
angles of incidence from 0° to 85° by e-beam evaporation method
using SiO2 (Umicore� purity>99.99%) in Mo crucible on 1 mm thick,
1 inch diameter BK7 glass substrates. A quartz crystal monitor was
used to control the thickness and assure a deposition rate of 10 A
�
/s in

normal incidence. The deposition was performed at room tempera-
ture. This elaboration set-up is not equipped with an in-situ adjust-
able orientation sample-holder, so the bilayer was made in two steps
with an azimuthal rotation ofF=180° in between. For the first step, a
SiO2 layer was deposited at an angle of 65° with the condition of elab-
oration previously described. For the second step, the chamber was
opened to modify the angle of incidence to a value of 85°. The second
layer of SiO2 was then evaporated and deposited onto the first OAD
layer. This whole process was repeated a second time to coat the BK7
substrate on both sides. Note that this bilayer was deposited at the
same time on a (001) silicon substrate, which was intentionally
placed with one h110i crystallographic axis perpendicular to the
incoming deposition flux for further analyses by transmission elec-
tron microscopy (TEM [39]. The SiO2 stoichiometry was confirmed
through a STEM-EDX analysis on an OAD layer with the deposited
angle of 75° and 85°.

To access the optical properties of monolayer and bilayer, spectro-
photometry measurements were carried out for each sample. Trans-
mittance and reflectance spectra were recorded with a Carry 5000
Varian spectrophotometer. Transmittance and reflectance acquisi-
tions were repeated 4 times for each sample giving a repeatability of
0.1%. As anisotropic behavior may be expected from OAD nanostruc-
tures, measurements were made with a polarization both in the
direction of the columns (P//) and perpendicular (P?) to it as illus-
trated in Fig. 2a.

The nanostructure of the OAD samples was analyzed by TEM
experiments at an acceleration voltage of 200 kV. Bright-field TEM
images were recorded in a JEOL 2010F microscope. The 3D morphol-
ogy of the OAD SiO2 bilayer was extracted from electron tomography
in a FEI Titan Cubed Themis 60�300 microscope, using the high-angle
annular dark-field scanning TEM (HAADF-STEM) imaging mode. For
that purpose, a dedicated tomography holder operated by the FEI
Xplore3D software was used to acquire tilt series every 2° from �60°
to +60°. The FEI Inspect 3D software was then employed to align the
projections using cross-correlation methods, and to perform recon-
struction into a 3D volume using the conventional simultaneous itera-
tive reconstruction technique (SIRT) with 30 iterations. The FEI Avizo
program was used for 3D visualization and segmentation of the recon-
structed volume. Specimen for TEM were prepared by soft and flat
mechanical polishing of the two faces using a tripod apparatus (Model
590 Tripod Polisher) in order to control finely the thinning down to a
few microns. This step was followed by a short Ar+-ion milling step in
a Gatan PIPS system (using an energy of 3.5 keV and an incidence angle
of +/�7°). This procedure provides large and homogeneous electron
transparent areas, which is suitable to limit the geometrical shadowing
of the specimen at large tilt angles of the holder. Prior to insertion into
the microscope, the specimen was cleaned in an Ar/O2 plasma in order
to remove the hydrocarbon contamination.

Finite-difference time domain (FDTD) simulations were carried
out with the Lumerical� commercial software. The 3D reconstruction
model of the SiO2 bilayer obtained from electron tomography was
slightly cropped to remove defects on the edges of the reconstruction
and then converted into a surface file to be imported in the FDTD
software. We then assumed that the refractive indexes of the mate-
rial and porosity (empty space) components in the 3D reconstructed
volume correspond to that of the dense SiO2 film and of air, respec-
tively. A simulation box of 800 £ 50 £ 500 nm3 with perfect matched
layer boundaries and a mesh size of 1 nm was used. Total Field/
Scattered Field source with slightly higher dimensions than the 3D
bilayer was used to determine the scattering cross section of the
structure. The source polarization was aligned with the direction of
the columns (indicated by the red arrow in Fig. 2a) to respect the
spectrophotometric measurements conditions.

The ME simulations were performed under the same conditions
with a box size varying accordingly to the dimensions of the pyramid
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structures. Five height dimensions of pyramid going from 500 to
2000 nm were tested with each 8 square bases dimensions ranging
from 10 to 200 nm.

3. Results and discussions

3.1. Different theoretical approaches for broadband antireflective
coatings

As previously stated, a GRIARC needs to be sufficiently thick to be
efficient over a broadband. To emphasize this aspect, we present in
Fig. 1a the simulated transmittance spectra on the wide [400�2000]
nm range for different thicknesses of GRIARC on both sides of a glass
(BK7) substrate following the quintic profile. The optical designs of
the GRIARC systems are given in Fig. 1b.

Although thin GRIARC (400 and 500 nm) are relatively efficient for
short wavelengths, it can be observed that the transmittance in the
NIR wavelength range is limited by reflection of the light. To mini-
mize optical losses in this domain, thicker GRIARC must be consid-
ered as demonstrated from simulations of the thicknesses of 1000
and 1500 nm. Actually, to obtain at least 99% mean transmittance
over the 400�1800 nm range (Tm[400�1800] nm) a GRIARC coating
thicker than 400 nmmust be used.

The simulation of an optical design consisting in an interference-
based bilayer implementing fictive values of refractive index was also
performed and compared to the GRIARC systems. Those values are
considered as fictive as they are free parameters of the simulation
and might not correspond to the refractive indices of existing bulk
materials. This numerically optimized bilayer is thinner (total thick-
ness of 276 nm) than the presented GRIARC systems. It also presents
high transmittance (Tm[400�1800 nm]=99.03%), notably because it bene-
fits from the interferential effect in the NIR range.

3.2. Experimental comparison of the transmittance performances of
GRIARC and discrete ARC coatings

Because this bilayer design presents the appeal of simplicity and a
high transmittance level, it has then been prepared using oblique angle
deposition (OAD) technique. Prior to the fabrication of the bilayer, a
preliminary step was devoted to the calibration of the refractive index
Fig. 1. (a) Transmittance spectra of GRIARC coatings of different thicknesses with a quintic p
each spectrum is presented for the [400�1800] nm range. (b) Schematic representation of th
the right.
and thickness of individual SiO2 layers prepared by OAD at different
deposition angles. After finding out the optimal deposition parameters,
the ARC bilayer was then deposited on a BK7 substrate in a two-step
process. First, a SiO2 layer was deposited ata=65°with a targeted thick-
ness of 134 nm and refractive index of n = 1.30. Then a second layer of
SiO2 was deposited at a=85° with a targeted thickness of 142 nm and
refractive index of n = 1.16. An azimuthal rotation of 180° was per-
formed in between the layers in order to minimize anymaterial deposi-
tion within the porosity of the first layer during the deposition of the
second one. A TEM bright-field micrograph of the resulting stack is pre-
sented in Fig. 2a. It can be observed that the obtained thicknesses are
close from the targeted ones respectively 143 nm and 161 nm for the
first and the second layer. As expected, the nanocolumns in the top
layer are more tilted, yielding to higher porosity due to geometrical
shadowing. This micrograph also clearly indicates that the OAD nano-
columns of the first layer act as nucleation sites for the second one.
Fig. 2b and Fig. 2c, present spectrophotometric measurement of this
bilayer at normal incidence with polarized light oriented both along
the columns, P// as indicated with the red arrow in Fig. 2a and perpen-
dicular to this direction, P? (orange dot). The ARC coating presents
outstanding performances (Tm[400�1800] nm =98.97%). The resulting
transmittance and reflectance spectra match almost perfectly with the
design counterparts. Interestingly, the results are quite close to the per-
formances obtained by Sood et al. demonstrating the reproducibility of
this method [2]. The small mismatch present in the short wavelength
range (below 500 nm) between the experimental and designed ARC
coatings will be discuss further after. It can also be noted that a small
difference is observed between the two polarizations. Indeed although
SiO2 deposited by OAD produces structures that are known to be aniso-
tropic the weak refractive index of SiO2 could explain this small differ-
ence. [40] To go deeper, we have compared the performance of our
OAD bilayer with that of experimental GRIARC system based on ME
structures according to Diao et al. (Fig. 2b and 2c) [23].

As predicted by the theory and demonstrated in Fig. 1, the use of
thicker ME structures minimizes the reflectance thus increasing the
transmittance in the NIR range as observed in Fig. 2c. However in
counterpart, the transmittance level is lowered in the visible range
for an increasing thickness of the ME (Fig. 2b), a behavior not
described by BEMA simulations (Fig. 1a). This compromise between
short and long wavelengths allows reaching a mean transmittance
rofile compared with a bilayer interferential coating. The mean transmittance value of
e optical design of the different coatings: GRIARC designs on the left, bilayer design on
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Tm[400�1800] nm=98.84% for the best GRIARC nanostructures, below
that of the OAD bilayer prepared in this work.

To study the origin of low light transmittance in the short wave-
length range, optical losses of the different systems (GRIARC and
OAD bilayer) are presented in Fig. 2d. The optical losses considered
here are deduced from transmittance and reflectance measurements
as follows:

OpticalLossesðλÞ ¼ 1�RðλÞ�TðλÞ ð1Þ
where R and T denotes, respectively, the reflectance and transmit-
tance.

The OAD bilayer as well as the 450 nm ME present a low level of
optical losses mostly in the UV range. However, thicker ME structures
exhibit an increasingly high level of optical losses in this spectral
range up to 80% at λ=350 nm for a thickness of 1520 nm. Therefore,
optical losses are responsible for the weak transmittance in the short
wavelength range for thick ME GRIARC. This demonstrates that the
performances of ARC nanostructures cannot solely be determined
from reflectance measurements and that optical losses by absorption
or scattering must be assiduously considered.

As pointed out by Niklasson et al., a scattering behavior can be
observed when the dimensions of the nanostructures are non-
negligible in regards of the probing wavelength according to the Mie
Fig. 2. (a) TEM bright field micrography of the ARC OAD bilayer composed of SiO2 stacks dep
The observation was done along a h110i zone axis of the Si susbtrate. The red arrow presen
Reflectance (c) and optical losses (d) spectra of the OAD bilayer deposited on a glass substrat
reflectance spectra of the optical design of the bilayer. The transmittance, reflectance and opt
(b), (c) and (d). The mean transmittance value of each spectra is presented for the [400�1800
is referred to the web version of this article.)
theory [14]. This therefore limits the validity of the BEMA for objects
of small sizes and may explain the difference observed between
designs and experiments in the short wavelength range. This point is
supported by the diffuse scattering reported in the IR range for thick
(several microns) ME structures [41].

3.3. A method to simulate scattering losses from nanostructured ARC

In order to consider the scattering behavior of the ARC nanostruc-
tures and anticipate the optical losses observed in the UV�vis range,
we propose a method based on finite-difference time domain simula-
tions. For a transparent medium, in absence of multiple scatterings
(which is the case of weak scattering structures), the scattering effi-
ciency Qscat is related to the scattered intensity by [42]:

IscatðλÞ ¼ 1�ItransðλÞ ¼ 1�e�Qscat ðλÞ withQscatðλÞ ¼ sscatðλÞ
S

ð2Þ

where sscat is the scattering cross section and S is the section area.
The scattering cross section can be determined from FDTD simula-
tions using total-field/scattered-field (TFSF) [43]. The studied struc-
ture is excited by a TFSF source, separating space into two regions: in
the TFSF volume the total field is calculated, whereas outside the vol-
ume the scattered field is computed. The extinction, absorption, and
osited at a=65° and a=85° with azimuthal rotation between the two layers ofF=180°.
ts the polarization direction of light P// and the orange one is for P?. Transmittance (b),
e BK7 on two sides. The dashed lines in figure (b) and (c) present the transmittance and
ical losses spectra of ME measured by Diao et al. [23] were added in, respectively, figure
] nm range. (For interpretation of the references to color in this figure legend, the reader
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scattering cross section of the region enclosed can then be evaluated.
Note that for the sake of simplicity, since the structures have a very
low reflectivity, we only consider here the light attenuation due to
scattering for the transmitted wave. In the case of a substrate coated
on both sides, if we neglect light reflection at the interfaces, the cor-
responding total scattered intensity can be calculated as:

IscatðλÞ ¼ 1�e�2Qscat
ðλÞ ð3Þ
3.4. Simulated and experimental scattering of nanostructured ARC

Firstly, we applied this method to estimate the optical losses of
the ARC OAD bilayer. To simulate accurately the scattering cross sec-
tion by FDTD, the complex 3D geometry of this system was deter-
mined experimentally from electron tomography (see Fig. 3a). The
reconstructed volume, that includes morphological information of
the coating of a wide spatial range (mostly the distribution of mate-
rial and porosity components), was then used as an input parameter
for the calculations, considering that the columns have the dielectric
permittivity of SiO2. This simulated scattered intensity is presented
in Fig. 3a along with the experimental optical losses measured for
this ARC OAD bilayer.

The very good agreement between the experimental and simu-
lated spectra tends to confirm that this innovative approach combin-
ing the implementation of realistic 3D sample geometry with
advanced simulation of light propagation is appropriate to account
for optical losses. This result also validates that the optical losses can
be attributed to the optical scattering of the nanostructures. The mis-
match that is observed in the long wavelength regime comes from
the substrate absorption that was not included in FDTD computation
as only the upper interface is simulated. Knowing the scattering
losses, we present in Fig. 3b the design spectra minimized from the
simulated scattered intensity along with the experimental spectra of
the OAD bilayer. It is possible to attribute the small mismatch
between the designed spectra and the experimental OAD bilayer
(pointed out before in Fig. 2b) to the scattering behavior of the ARC.
Thus, the OAD bilayer forms a low scattering nanostructured film
thanks to the small radius of the columns and its small thickness.

For comparison, we used the same method to evaluate the scat-
tering behavior of SiO2 ME nanostructures. For the sake of simplicity,
these structures were approximated by square pyramids of width w
and thickness t (as described in Fig. 4a). The scattered intensity was
Fig. 3. (a) Optical losses of the SiO2 OAD bilayer deposited on glass substrate measured exp
from electron tomography (dashed line). (b) Transmittance spectra of the OAD bilayer mea
intensity presented in figure a to the designed value (dashed line).
then deduced using Eq. (3) from the Mie scattering cross section for
different thicknesses and a constant aspect ratio of r ¼ t

w ¼ 10. The
resulting spectra are presented in Fig. 4a.

This figure shows that, for a constant aspect ratio of 10 and an
increasing thickness of ME structures, the scattered intensity dramat-
ically increases from a maximum value of 1.5% for a thickness of
500 nm up to 96% for 1625 nm. Interestingly the simulated scattered
intensity reveals a similar behavior than the optical losses of ME
nanostructures presented in Fig. 2d. This also confirms the scattering
nature of the optical losses.

If we consider a GRIARC constituted of perfect periodic square
based pyramids, the porosity for any position z, the vertical axis, can
be calculated as:

PðzÞ ¼ 1�z
t

� �2
ð4Þ

where t is the total thickness of the structure.
BEMA can be applied from this porosity profile by decomposing it

to 100 layers of increasing porosity rate in order to calculate the
transmittance spectra of ME square based pyramids. Then by combin-
ing the scattering results to BEMA simulations, we calculated the
transmittance of ME structures. For that, both transmittance (BEMA)
and scattering properties (FDTD) for different thicknesses of ME for a
constant aspect ratio of r = 10 were considered.

The similarity between these results (Fig. 4b) and experimental
transmission (Fig. 2b) confirms the validity of the approach adopted
in this paper. This optical behavior, that consists in a transmittance
diminution in the UV range coupled with an increasing transmittance
in the IR range for an increasing thickness, is consistent with what
can be found in literature [1,15,18,20,21,23,25].

To better understand the link between ME dimensions and the
scattering losses, a contour plot of the mean transmittance
Tm[400�1800] nm of ME with different thicknesses and widths is pre-
sented in Fig. 4c. This figure is presented for a minimum thickness
value of 500 nm because below, the GRIARC is not efficient to sup-
press long wavelength reflection in order to obtain a minimum of
99% mean transmittance. To facilitate the discussion three straight
lines have been added corresponding to three different values of the
constant aspect ratio: r = 5, 10 and 20. So Fig. 4b corresponds to a var-
iation of thickness on the straight lines r = 10.

Fig. 4c shows that the width of the ME is the critical parameter to
adjust in order to obtain a high broadband transmittance. A maxi-
mum width of 110 nm is required to obtain Tm[400�1800 nm] >99%. If
erimentally (full line) and calculated from FDTD using the 3D reconstruction obtained
sured experimentally (full line) and calculated by subtracting the simulated scattered



Fig. 4. (a) Simulated scattered intensity spectra from FDTD Mie scattering cross section of SiO2 ME pyramid nanostructures with an aspect ratios of r = 10 for different thicknesses
(b) Simulated transmittance of spectra SiO2 ME pyramid nanostructures simulated by the BEMA for different thicknesses subtracting the scattered intensity presented in (a, c). Con-
tour plot of Tm[400�1800 nm] simulated from the BEMA and taking into account the scattered intensity for pyramid ME of different thicknesses t and base widths (d) Minimum aspect
ratio for Tm[400�1800] nm=99% for different thicknesses of ME SiO2 pyramid nanostructures.
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this width is kept constant, the performances are barely affected by
an increase of the thickness if the GRIARC is sufficiently thick (thicker
than 900 nm). So an increasing thickness will be beneficial only if the
width is kept constant i.e. only if the aspect ratio increases. In other
words, for an increasing thickness, an increasing aspect ratio of ME is
needed to maintain a high Tm[400�1800 nm].

3.5. Discussion

Since the Tm[400�1800 nm] is equal to 99% for the OAD bilayer, we
present in Fig. 4d the minimum aspect ratio of needed to obtain this
mean transmittance for different thicknesses of pyramids ME struc-
tures. Interestingly, pyramid ME nanostructures with a thickness of
600 nm and an aspect ratio of 8 will have the same mean transmit-
tance (99%) than pyramid ME of 2000 nm thickness and an aspect
ratio of 18. Consequently, enhancing the mean transmittance of ME
systems above 99% is in principle possible to the constraint of nano-
structuring very high aspect ratio and thick architectures. However,
beyond the mechanical instability that might be associated with high
aspect ratio ME, such nanostructuration is challenging from the tech-
nological point of view. Indeed, the etching process usually employed
to realize ME offers a limited control on the width of the structures.
To increase the ME aspect ratio, it is necessary to minimize the
dimension of the shadowing elements although these are already
quite small. For example, Diao et al. reported the use of gold nanopar-
ticles of 6 nm diameter as masks [23]. This therefore demonstrates
clearly the interest of the OAD approach in the manufacturing of
highly efficient antireflective coatings. By taking advantage of the
interferences, the ARC bilayer coating developed in this work permits
an efficient suppression of the reflectance with relatively small
dimensions nanostructures thus avoiding undesirable light scatter-
ing. One could think of enhancing the performances of the OAD
bilayer by adding supplementary layers. However, it is high likely
that such stack will suffer from the scattering losses as the nanocol-
umns obtained from OAD deposition tend to broaden with the thick-
ness [35,44]. The amelioration of optical ARC properties by OAD is
feasible in a near future but will probably require the use of modified
growth procedure to minimize the columns dimensions [40].

4. Conclusions

In summary, this paper demonstrates that light scattering is an
important aspect to consider for the development of high transmit-
tance ARC surfaces. A simple method to calculate light scattering
losses of nanostructured coatings have been introduced. A detailed
comparison of the performances of GRIARC and discrete gradient
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ARC was done to evaluate those optical losses. We showed that a
coating with a discrete gradient refractive index presents a very high
transmittance level for a relatively small thickness by taking advan-
tage of the interferences. This SiO2 bilayer prepared by OAD deposi-
tion exhibits a mean transmittance Tm[400�1800 nm]= 98.97% very close
to the designed value. A very small amount of optical losses was mea-
sured (around 2% at 400 nm) and attributed to light scattering. The
scattering behavior of this bilayer was confirmed from FDTD simula-
tion which was performed on a 3D volume reconstruction obtained
from electron tomography. On the other hand, continuous GRIARC
nanostructures can in theory result in almost perfect transmittance.
However, to be efficient on the long wavelength range, it is shown
that these systems must be sufficiently thick, at least 500 nm, to
reach mean transmittance as high as 99%. In practice, thick ME nano-
structures will favor scattering losses mainly due to the too large
width of those structures. Highlighting the presence of scattering
demonstrates the need for a more in-depth study of this phenome-
non through the use of integrating spheres. In order to limit scatter-
ing and keep on enhancing the transmittance, thick GRIARC
nanostructures with a high aspect ratio must be manufactured. For
technological reasons, this constraint represents a real challenge that
may be hard to overcome. Therefore, considering the actual state-of-
the-art of nanostructuring methods, development based on discrete
gradient ARC should be preferred in the future as they are simpler to
produce and provide better optical performances.
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A B S T R A C T

Oblique angle deposition (OAD) is a nanostructuration method widely used to tune the optical properties of thin
films. The introduction of porosity controlled by the deposition angle is used to develop the architecture of each
layer. However, optical properties of these porous layers may differ greatly from those of dense layers due to the
presence of anisotropy, refractive index gradient and scattering. This work focuses on OAD thin film of SiO2 and
it aims at considering all these effects to describe the optical response. For that, the nanostructure has been
analyzed with a complete SEM study and key parameters like the porosity gradient profile and aspect ratio of the
nanocolumns were extracted. The samples were then characterized by generalized ellipsometry to evaluate the
influence of the microstructural properties on the optical response of the films. An original optical model is then
presented to fit these new optical properties. A reliable correspondence is observed between the optical model
parameters and the microstructure characteristics like the column angle and porosity gradient. This demon-
strates that such complex microstructural parameters can be accessed solely from optical measurements. All the
work has enabled us to develop a two-layer anti-reflective coating that demonstrate high transmission level.

1. Introduction

Oblique angle deposition (OAD) is a versatile method to obtain
complex morphological nanostructures for a great variety of materials
[1–6]. By changing the deposition angle, it is possible to take advantage
of the self-shadowing effect to control the porosity rate at the nanoscale
[7–9]. These OAD thin films, are generally made of slanted nano-
columns, that will exhibit tunable optical properties that differs from
their bulk counterpart due to the presence of porosity and morpholo-
gical anisotropy, making OAD very interesting for various applications
like antireflective coatings, Bragg reflectors, solar cells or polarized
optics [10–19]. However, both the anisotropy and porosity of the OAD
films strongly depend on the growth mechanisms that may vary with
the deposited material as well as the deposition parameters [20,21]. To
engineer the optical properties of OAD thin films, it is thus necessary
not only to understand and control the growth of a specific material in

relation with the deposition parameters, but also to accurately model
the optical response of these complex structures. In most cases, the
conventional Bruggeman effective medium approximation (BEMA) is
used to describe the optical properties of mesoporous layers that are
generally considered as a mixture of dense material and air [10,22,23].
However, this simple interpretation does not take into account the
morphological anisotropy specific of OAD layers, and more advanced
models like the Anisotropic BEMA (ABEMA) should be used instead
[24]. Moreover, as demonstrated from microstructural and simulation
studies, the porosity and morphological anisotropy of OAD layers
evolves during the growth [11,25]. Integrating anisotropy, porosity and
their evolution in the optical description of thin films thus involves
using a multilayered model with graded optical properties instead of a
single homogenous effective layer as it is usually done. This approach
can lead to a more accurate description of the optical response that
provides information on the morphological parameters of the layers.
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In this article, we aim at knowing to which extent such an optical
model can describe the observed morphological properties of OAD thin
films. We studied the case of SiO2 because it is a reference photonic
material and it can be nanostructured by OAD to obtain very low re-
fractive index that is needed for a high-performance antireflective
coating [26]. We demonstrate the interest of this knowledge by de-
veloping a SiO2 antireflective bilayer presenting not only a low re-
flectance but also a high transmittance over a large band of wavelength.

We present herein first a SEM based microstructural study of a series
of SiO2 deposited by OAD made to extract key morphological features
to help building an optical model. These microstructural observations
and their possible physical origin are then discussed in regard of the
existing literature. From those observations, an optical model is pro-
posed and is then applied to model generalized ellipsometry and
spectrophotometry measurements of the prepared films. The para-
meters extracted from the optical model are then compared to the
morphological parameters observed for the SiO2 series. To illustrate the
optical model and its sensitivity to optical measurements a python code
that calculates the ellipsometric and spectrophotometric response of the
optical model is presented in Supplementary Material 1 of this article
[27]. To conclude, this model is used to optimize and describe the
optical response of a SiO2 antireflective bilayer, the morphological
parameters extracted from the optical model are compared to electron
tomography observation.

2. Experimental details

The experimental setup used for the oblique angle deposition con-
sists in a vacuum chamber (base pressure 2 · 10-6 mbar) equipped with
an electron-beam evaporator. SiO2 OAD layers were deposited at var-
ious angles of incidence from 65° to 90° by e-beam evaporation method
using SiO2 grains (Umicore© purity > 99.99%) in a Mo crucible on
1 mm thick, 1-inch diameter BK7 glass substrates. The angle range was
to chosen to be where the porosity is sufficiently high to be of interest
for photonic application. The substrate is placed 70 cm from the cru-
cible which diameter is 5 cm leading to angular broadening of Δα = 4°.
The SiO2 stoichiometry was confirmed through a STEM-EDX analysis on
an OAD deposited angle of 75° and 85°. For each deposition, a (0 0 1)
silicon substrate was also placed, with one 〈1 1 0〉 crystallographic axis
perpendicular to the incoming deposition flux for further analyses by
scanning electron microscopy (SEM) and spectrometric ellipsometry
studies. A quartz crystal monitor was used to control the thickness and
ensure a nominal deposition rate of 10 Å/s at normal incidence. The
depositions were all performed at room temperature. After calibration,
a SiO2 bilayer was deposited by OAD. Since our deposition set-up is not
equipped with an in-situ adjustable orientation sample-holder, the bi-
layer was made in two steps with an azimuthal rotation of Φ = 180° in
between on silicon glass (BK7) substrate. For the first step, a SiO2 layer
was deposited at an angle of 65° with the condition of elaboration
previously described. For the second step, the chamber was opened to
modify the angle of incidence to a value of 85°. The second layer of SiO2

was then evaporated and deposited onto the first OAD layer. This whole
process was repeated a second time to coat the BK7 substrate on both
sides.

The microstructural study was performed by scanning electron mi-
croscopy (SEM) using a FEG 7001F-TTLS JEOL microscope at an ac-
celerating voltage of 30 kV. To extract statistical data from the micro-
graphs (Fig. 1), different types of filters were used to (i) correct and
improve the quality of contrasts, (ii) highlight the contours of the nano-
columns, (iii) reduce image noise. Advanced image processing was then
implemented. The SiO2 columns were isolated by locally segmenting
the image. After this segmentation, the void appears in dark contrast
and the condensed matter in light contrast, which makes possible the
easy identification of the columns or column agglomerates (Fig. 1b and
c). Finally, we carried out a statistical analysis by adjusting an ellipse as
closely as possible to the contour of the column or agglomerate; each

ellipse being characterized by its area, ellipticity and orientation
(Fig. 1d).

To access the optical properties of monolayers and bilayers, spec-
trophotometry measurements were carried out for each sample.
Transmittance and reflectance spectra were recorded with a Carry 5000
Varian spectrophotometer for the 350–2000 nm range with a fixed step
of 1 nm. Transmittance and reflectance acquisitions were repeated 4
times for each sample giving a repeatability of 0.1%. To avoid problems
coming from the anisotropic behavior of the samples, measurements
were made with a light polarized in the direction perpendicular to the
direction of deposition, i.e. along the elongation axis of the nano-
columns. Indeed, as we will see later, ellipsometry study of OAD sam-
ples show anisotropic character such as non-zero off diagonal coeffi-
cients per block of the Mueller matrix. Consequently, a generalized
ellipsometry characterization was used to improve the optical model.
This generalized ellipsometry characterization was performed with a
Woolam M-2000, and the measurements were carried out with an in-
cidence angle going from 55° to 80° with a 5° step for each azimuthal
rotation angle going from 0° to 180° with a 5° step.

The nanostructure of the OAD samples was analyzed by TEM ex-
periments at an acceleration voltage of 200 kV. Bright-field TEM images
were recorded in a JEOL 2010F microscope. The 3D morphology of the
OAD SiO2 bilayer deposited on the substrate was extracted from elec-
tron tomography in a FEI Titan Cubed Themis 60-300 microscope, using
the high-angle annular dark-field scanning TEM (HAADF-STEM) ima-
ging mode. For that purpose, a dedicated tomography holder operated
by the FEI Xplore3D software was used to acquire tilt series every 2°
from −60° to +60°. The FEI Inspect 3D software was then employed to
align the projections using cross-correlation methods, and to perform
reconstruction into a 3D volume using the conventional simultaneous
iterative reconstruction technique (SIRT) with 30 iterations. The FEI
Avizo program was used for 3D visualization and segmentation of the
reconstructed volume. Specimen for TEM were prepared by soft and flat
mechanical polishing of the two faces using a tripod apparatus (Model
590 Tripod Polisher) in order to control finely the thinning down to a
few microns. This step was followed by a short Ar+-ion milling step in a
Gatan PIPS system (using an energy of 3.5 keV and an incidence angle
of ±7°). This procedure provides large and homogeneous electron
transparent areas, which is suitable to limit the geometrical shadowing
of the specimen at large tilt angles of the holder. Prior to insertion into
the microscope, the specimen was cleaned in an Ar/O2 plasma in order
to remove the hydrocarbon contamination.

Fig. 1. SEM micrographs for different processing steps, (a) raw picture, (b) after
cleaning with different filters, (c) after segmentation and column detection, (d)
micrograph after column adjustment with ellipses.
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3. Results and discussion

3.1. Microstructural characterization

In order to build an accurate optical model, we investigated at first
the microstructural properties of the samples. As it is expected, the
column angle βcol of our SiO2 OAD layers increases with the deposition
angle α, from βcol = 24° for α = 65° up to βcol = 38° for α = 90°
(Fig. 2). These results matched the ones observed and predicted by
Alvarez et al. for SiO2 [20]. On the other hand, we observe that the
growth of some columns has been stopped within the films due a
competitive growth process wherein the largest columns are shading
the smallest ones. This phenomenon contributes to the evolution of
porosity as function of the depth inside the film [28].

As it is hard to get information on anisotropy or porosity evolution
of the thin film solely from cross-sectional observations, SEM images
were also captured in the direction of the columns. Under these con-
ditions, four SEM micrographs of SiO2 deposited at 85° with different
thicknesses have been performed: 76 nm, 153 nm, 317 nm, 630 nm
(Fig. 3). We qualitatively observe, with the increase in thickness, a
coalescence of the columns leading to an anisotropic enlargement of the
structures. These observations indicate increasingly anisotropic struc-
tures with the film thickness, in accordance with those made by Vick
et al. and C. Lopez-Santos et al. [9,11].

To be more quantitative, we present on Fig. 4 the average area
evolution of the columns agglomerates for different thicknesses using
the method described in Part II (for more information see
Supplementary Material 2 (colored image)). The linear growth of the

average area of the columns section as a function of deposition thick-
ness indicates a columnar broadening of structures deposited by OAD,
which has been reported in other works [11,29,30]. This effect should
lead to a decrease in porosity with thickness. The competitive growth
phenomenon mentioned previously is expected to have an opposite
effect, leading instead to a porosity increase with thickness. According
to Fig. 4, the observed large increase in surface void fraction with the
thickness of the thin film actually suggests that the latter phenomenon
is dominant, at least over the thickness range studied. Furthermore, it
can be noted that the surface void fraction increases faster for the first
part of the growth process and slows down for the second part. This
suggests that the early stage of the growth is dominated by the com-
petitive growth process when for the second part this mechanism is
balanced by the column broadening process.

Using the information extracted from the ellipses approximating the
nanostructures observed on SEM images, the evolution of the aniso-
tropic character as a function of the film thickness can also be high-
lighted in Fig. 5. To describe this anisotropy, a coordinate system (x′, y′,
z′) linked to the columns is introduced, tilted from β angle along y axis
of the laboratory system (x, y, z) (Fig. 6). These ellipses are char-
acterized by their major axis lb along y′ = y axis of Fig. 6, their minor
axis la along x′ axis and the angle γ indicating the orientation of the
ellipses with respect to the horizontal axis of Fig. 3. The evolution of the
average length of these axes (Fig. 5a) clearly points out the develop-
ment of morphological anisotropy as a function of thickness. Indeed,
there is a slight increase in the average length of the short axis with
thickness, while the average length of the long axis increases more
rapidly. This reflects an anisotropic elongation of the structures during
the film growth, as evidenced by the increase of the ratio lb/la.

On the other hand, the increase in anisotropy is accompanied by a
progressive alignment of the ellipses. This behavior is materialized by
the probability distribution of the orientation of the ellipses increas-
ingly centered on the horizontal axis as the thickness increases Fig. 5b).

3.2. Microstructural synthesis and discussion

To sum up, the microstructural characterizations have highlighted
four morphological characteristics important for deepening the com-
prehension of the optical properties of OAD-formed thin films: (i) an
increase of the columns angle βcol in respect to the deposition angle α,
(ii) an increase in porosity rate during the growth, (iii) a broadening of
the column section for an increasing thickness, (iv) an anisotropic
growth of the nanostructures.

Thus, OAD deposition involves different competing growth pro-
cesses. The shadowing effect favors the growth of the largest columns
and the extinction of the growth of the smallest columns [28]. As
highlighted in the work of F. Nita et al. [25], this process is responsible
for the increase in porosity rate during thin film growth. These

Fig. 2. Evolution of the column angle βcol with the deposition angle α for a SiO2

series on Si. The scale bar is 100 nm.

Fig. 3. SEM micrographs recorded along the column direction of the SiO2

sample deposited by OAD at α = 85° on silicon substrate, for different film
thicknesses (indicated on top of each image). The arrows indicate the direction
of the incoming species during the deposition process, the scale bar is 500 nm.

Fig. 4. Evolution of the surface porosity (red) and of the mean column area
(blue) for a SiO2 sample deposited at α = 85° for different thicknesses.

F. Maudet, et al. Applied Surface Science 520 (2020) 146312

3



observations characterize Phase I of the diagram presented in Fig. 6.
However, the increase in porosity rate during growth is compensated by
the columnar broadening mechanism, Phase II in Fig. 6. For low in-
cident species energies, as it is the case for evaporation at room tem-
perature, Alvarez et al. highlighted the importance of dispersion (Δα) of
species incidence to explain the increase in column cross section [20].

Indeed, species deposited on the columns in different directions will not
only contribute to increasing their length but also to their expansion.
Thus the increase in angular aperture is accompanied by an accelera-
tion of the columnar broadening [31]. However, this purely geometric
explanation alone cannot explain the differences observed between
materials.

C. Lopez-Santos et al. have highlighted the phenomenon of species
captured passing near the columns [11]. By considering different cap-
ture radii (named the sticking coefficient in the reference) the authors
were able to explain the differences in growth behavior specific to
different materials[20]. They showed that this capture effect favors
columnar enlargement and therefore the coalescence of the columns.
This effect is also at the origin of anisotropic growth, for species with a
large catch radius the expansion of the section is favored. This broad-
ening favors the coalescence of the columns between them in the di-
rection orthogonal to the flow because there is no shading effect. The
resulting structure is an elongated ellipse orthogonally to the flow [11].
Our observations are thus in line with the OAD growth model of SiO2.

3.3. Optical model

Usually OAD deposited layers are simulated as one thin hetero-
genous layer composed of porosity and dense material. This optical
description is however very basic and it will fail to consider the porosity
evolution as well as the anisotropic morphology that was pointed out in
the previous section. In order to sense the influence of these crucial
geometrical factors from the optical point of view, generalized ellip-
sometry characterization is used to measure the Mueller matrix of the
samples. The simulation of the experimental data, which requires the
use of a model taking into account the anisotropy, gives access to a lot
of information. The model we used is the Anisotropic Bruggeman
Effective Medium Approximation (ABEMA) model. This approximation
was used over the so-called rigorous anisotropic Bruggeman effective
medium approximation because for lossless material the results are
identical [24]. This model determines the porosity ratio, the angle of
inclination βcol of the optical axis (equivalent in our case to the angle of
the columns) as well as the depolarization factors La, Lb and Lc at the
origin of anisotropy associated with the shape factors of nanostructures
along x′, y′ and z′ directions respectively.

To consider the porosity evolution along the thickness of the films (z
axis) evidenced by the microscopic observations, a porosity gradient
was applied by dividing the thin film into 20 layers of variable porosity.
To best match the evolution shown in Fig. 4, this gradient was de-
composed into two linear segments. A first segment adapted to the
evolution of the porosity over 10% of the initial thickness of the film
and a second segment adapted to the evolution of the porosity of the
remaining thickness. The ordinate at the origin of the first segment and
the slopes of the two segments are therefore the adjustable parameters
of the porosity gradient. Although the microstructural study pointed out
a morphological increase of the anisotropy as function of z, this was not
implemented in the model considered in this article. We therefore as-
sumed fixed depolarization factors representing the morphological an-
isotropy for the entire thin film. A detailed discussion on this topic can
be found in Supplementary Material 3.

The ABEMA model is considered to be valid for nanostructure di-
mensions that are much smaller than the probing wavelength, typically
r/λ < 0.1 where r is the radius of a spherical inclusion embedded in the
host matrix and λ the wavelength. For inclusion dimensions that do not
fulfil this criterion, diffusion mechanisms must be taken into account
[22,32]. To account for the possible presence of diffusion close to the
UV spectral range, an intensity attenuation was applied according to
Urbach's rule [33]. Spectrophotometric measurements can only mea-
sure optical losses without distinguishing between scattering and ab-
sorption. The absorption of dense SiO2 embedded in OAD nanostructure
is assumed equal to the one evidenced on a dense sample deposited at
α = 0°. In this way, possible additional optical losses evidenced by OAD

Fig. 5. (a) Evolution of the morphological parameters of SiO2 nanocolumns
(assimilated to ellipses with their minor and major axes Ia and Ib, respectively)
as a function of the thickness of the SiO2 OAD layers (b) Evolution of the
probability density of the orientation γ with respect to the horizontal axis in
Fig. 3.

Fig. 6. Schematic view of the columns broadening occurring during OAD
growth in cross section and plane view highlighting the different regime of
porosity rate plane view. The coordinate system (x’, y’, z’) linked to columns is
introduced for a clearer description of the anisotropy.
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nanostructures are assumed coming from diffusion. The validity of this
hypothesis is discussed in Supplementary Material 4.

In summary, the adjustable parameters of the optical model are
therefore: the thickness of the OAD layer Th; the volume fraction of air
(porosity) near the substrate (z = 0), at 10% of the film thickness and
on the surface of the layer (z = Th); the amplitude and slope of Urbach
absorption (that in fact originates from diffusion); The depolarization
coefficient Lc and the ratio of the depolarization coefficients La/Lb; the
columns angle (optical axis) βopt in respect with the y axis and Φ the
azimuth angle of these columns in respect with the z axis. Fig. 7 pre-
sents a schematic view summing up the model. It should be noted that
although our article is dedicated to the study of SiO2, a dielectric this
method can also be used for the investigation of metals or semi-
conductors deposited by OAD. On figure is a schematic picture of the
model.

To illustrate the model and its sensitivity to optical measurements a
python code that allows the calculation of all optical simulation is
presented in form of a Jupyter notebook on Supplementary Material 1.

3.4. Optical simulation of experimental OAD layers

As an example, we present on Fig. 8 the advanced optical char-
acterization for an SiO2 OAD thin film deposited at α = 70°. The
generalized ellipsometry measurements (7c.) have been acquired with
an incidence angle θ = 65° and with the optimal azimuthal angle for
anisotropic contrast: Φ = 135° from x and y axis. These ellipsometry
measurements are performed on SiO2 layers deposited and silicon
substrates when the layers analyzed by spectrophotometry are de-
posited on glass. The same model is applied for both SiO2 OAD layers
with the hypothesis that the substrate doesn’t affect their growth be-
havior.

The very good agreement between the simulations and the nu-
merous experimental measurements attests to the quality and robust-
ness of the model used. The information about the anisotropy of the
sample carried by the off diagonal block coefficients of the Mueller
matrix makes possible the determination of the optical axis angle of the
OAD layers: βopt = 25° for this thin film deposited at α = 70°. From the
depolarization coefficients La, Lb and Lc it is possible to determine the
characteristic shape factor, considering a medium composed of aligned
ellipsoids with the average aspect ratio of the SiO2 OAD ellipsoids

nanostructures [34]. In particular, the aspect ratio of the ellipses is in
this case = =r l l/ 2.31b a .

Since the model is anisotropic, the effective refractive index differs
according to the three directions of the sample reference (x′, y′ and z′).
These indices also change between the substrate and the interface with
the surrounding environment due to the porosity gradient. This gra-
dient extracted from the optical simulation is given in Fig. 9a. The
evolution of the resulting refractive indices (Fig. 9b) is illustrated by
their values at the ends of the OAD layer: positions marked by the ar-
rows (z = 0 and z = Th) in Fig. 9a.

According to this figure, a significant increase in porosity is ob-
served for the bottom part of the deposited layer followed by a slower
rise for the remaining thicknesses. This trend is consistent with that
observed in SEM (Fig. 4). The effective refractive indexes resulting from
the OAD deposition are therefore highly dependent on the polarization
direction and position in the thin film. A difference of 0.11 between
nz’(z = 0) and nx’(z = Th) can thus be noted. Finally, the thickness for
this thin film is obtained equal to Th = 537 nm and the azimuth angle
Φ of the columns in respect with the x axis is close to zero. This last
results confirms that the columns axes are aligned to the incident plane
(x,z) of the evaporated species.

Fig. 7. Schematic picture of the model used to simulate OAD layer with fitted
parameters highlighted in green.

Fig. 8. Experimental and simulated optical spectra. (a) Normal transmission.
(b) Quasi-normal reflection. (c) Off diagonal coefficients per block of the
Mueller matrix determined by generalized ellipsometry at θ = 65° and
φ = 135° or an SiO2 OAD thin film deposited at α = 70°.
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3.5. Comparison between optical properties and microstructural properties
for OAD single layers

The same approach as that described in the previous section
(Section 4) was carried out on a complete series of SiO2 layers deposited
by OAD from α = 65°–85° with step of 5°. The morphological in-
formation extracted from optical modeling have then been compared
with microstructural studies. First, the order of magnitude and evolu-
tion of the optical axis angle βopt with α are close to the measurements
of the column tilts made from cross-sectional SEM observations
(Fig. 10). We attribute the small discrepancies (maximum difference
between the two methods of 8°) to the low refractive index of SiO2 that
leads to a small optical anisotropy making the optical simulation not so
sensitive to anisotropic parameters.

Another morphological feature that can be extracted from the op-
tical model is the porosity gradient within the different layers in
function of the deposition angle α (Fig. 11a). As can be observed, the
porosity level in the first growth steps increases faster for high de-
position angles. This behavior is consistent with an increase of the
competitive character (extinction of the smallest columns) of the
growth with α. This evolution of porosity is qualitatively similar to that
described by the SEM study added on the figure for the angle of 85°.
Here again the low refractive index of SiO2 causes a small influence of
the porosity gradient on the optical properties that may explain part of
the difference between the model and the microstructural observation.
However, we argue that this cannot alone explain this significant dis-
crepancy. We attribute another part of this difference to the nature of
the SEM observation that lacks the depth information. The columns all
appear to be on the same level on the micrograph, but some could be
extinct due to neighbor shadowing but still appear leading to a

minimization of the observed porosity level. Furthermore, due to the
interaction volume of the electron, the porosity level inside the column
isn’t perceptible, despite its presence [35], but will affect the optical
response. This effect may also contribute to the underestimation of the
porosity level from the microstructural study.

Additionally, from the depolarization coefficients of the optical

Fig. 9. Parameters extracted from generalized ellipsometry for the SiO2 OAD
thin film deposited at α = 70°: (a) Porosity gradient. (b) Refractive indexes
associated with the three directions (x’, y’ and z’) of the sample reference.

Fig. 10. Evolution of the angle β as a function of the deposition angle α de-
termined by optical simulation (βopt) and by SEM observation (βcol) for a series
of SiO2.

Fig. 11. (a) Porosity evolution as a function of z for several deposition angles α,
extracted from optical modeling. The estimated surface porosity level extracted
from SEM (layer deposited with α = 85°) is also shown for comparison. (b)
Evolution of the aspect ratio as function of α.
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model, the averaged aspect ratio of the inclusion, r, could be calculated,
i.e. considering a medium composed of aligned ellipsoid with the same
aspect ratio. The results are presented on Fig. 11b for the angle series. A
small evolution of the aspect ratio with α is observed going from 2.30 to
a maximal value of 2.54 for the angle of 75°. This tends to indicate a
dependency of the column broadening mechanisms with the angle of
deposition.

Those values can be compared to the average value of aspect ratio
calculated from the microstructural study (Fig. 5) and more information
on the method of calculation of the average of aspect ratio are given in
Supplementary Material 3. Thus, for α = 85° an observed micro-
structural aspect ratio of r = 2.15 was found against r = 2.43 from the
optical model. Here again, a comparable order of magnitude of the
aspect ratio is observed between the two methods, although the dis-
crepancy between them could also be due to the weak anisotropy of
SiO2. On Supplementary Material 3 the average on the thickness is
avoided by considering the depolarizations gradient, and thus an aspect
ratio gradient in the model.

3.6. Comparison between optical properties and microstructural properties
for an OAD bilayer

From the previous optical models, the effective refractive indices
accessible from the different SiO2 OAD layers deposited from α = 0° to
α = 85° have also been determined. By taking into account this in-
formation, an antireflective bilayer coating on glass substrate was de-
signed for the 400–1800 nm range, and then numerically optimized
using the refractive index and thickness of each layers as free para-
meters to maximize the transmittance. This AR was then experimentally
achieved as follows: a SiO2 layer was first deposited by OAD at α = 65°
with a targeted thickness of 134 nm and refractive index of n = 1.30;
then, a second SiO2 layer was deposited at α = 85° with a targeted
thickness of 142 nm and refractive index of n = 1.16. An azimuthal
rotation of 180° was performed in between the layers in order to
minimize any material deposition within the porosity of the first layer
during the deposition of the second one.

To evaluate the performances of this bilayer antireflective coating,
not only the reflectance (Fig. 12b) but also the transmittance (Fig. 12a)
were measured in order to account for absorbance that might arise from
the nanostructuration and that could minimize the transparency of the
coating. According to Fig. 12a, the prepared bilayer presents high op-
tical performances, in particular a very high and broadband transmit-
tance: average transmittance of 98.97% over [400–1800 nm] range. It
is also worth noting that the experimental transmittance is close to its
original design. This demonstrate that by knowing precisely the effec-
tive refractive index of OAD, we were able to obtain the optical prop-
erties needed for our designed antireflective coating.

To go further, the previous model (Section 3) was used to describe
with more details the optical properties of the bilayer. To make it more
reliable, the optical model was constructed in two steps. On the first
step, the first layer alone was optically measured and modelled from
generalized ellipsometry and spectrophotometry. The obtained optical
properties were then conserved, and a second layer was added to si-
mulate the complete bilayer. The model is thus valid under the hy-
pothesis that the optical properties of the first layer aren’t change by the
deposition of the second. In other words, no deposition of material
should happen in the porosity of the first layer. The fitted parameters of
the second layers are the same as described previously for the mono-
layers with the addition of the angle Φ, azimuthal angle between the
first and the second layer, that was allowed to be fitted. The result of
this optical simulation are presented on Fig. 12.

It can be noted that the model allows a very precise description of
all optical measurements. Via the anisotropy information, we de-
termined the column angles βopt = 25° and βopt = 36° respectively for
the first and for the second layer. In addition, we were able to de-
monstrate that the optical axis of the second layer is not aligned in Φ

with that of the first layer. An angle of Φ = 189° between the first and
second layer is noted, which is close to the expected value (Φ = 180°).
A significant improvement in the mean square error (MSE), about 15%,
is achieved by taking into account this parameter. Although anecdotal
for stack transmission, the ability to access this value demonstrates the
high sensitivity of generalized ellipsometry. In practice, this slight

Fig. 12. Experimental and simulated (a) transmittance and (b) reflectance
spectra of the OAD SiO2 bilayer. (c) Mueller matrix determined by generalized
ellipsometry at θ = 65° and Φ = 45° simulated from the model schematized in
(d). The OAD bilayer consists of SiO2 deposited at α = 65° and α = 85° with an
azimuthal rotation between the two layers of Φ = 180°.
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deviation can be explained by a slight disorientation of the sample
during its placement at Φ = 180° for the deposition of the second layer
compared to the deposition of the first, this alignment being done ap-
proximately by the visual inspection.

To get a precise comparison between optical properties and mi-
crostructure, a 3D morphological analysis of the bilayer has been per-
formed at the nanoscale from HAADF-STEM electron tomography ex-
periments reported in our previous paper [36]. The 3D reconstruction is
presented on Fig. 13a. Interestingly, the measured thicknesses of the
first and second layers obtained from the 3D reconstruction (128 nm
and 161 nm, respectively) are quite close to the ones extracted from the
optical model (135 nm and 177 nm, respectively). Furthermore, the
column angle in the first layer determined from electron tomography
(βcol = 26°) matches the one expected from the optical model
(βopt = 25°). It should be noted however that the column angle of the
second layer determined from the model, βopt = 26°, is quite different
from the one observe, βcol = 47°. This difference for the second layer
might come as it was previously stated from the weak optical aniso-
tropy of SiO2. Interestingly this value is significantly higher than the
value found for the same angle of deposition but grown on plane silicon
substrate (βcol = 37°). This highlights a difference of the growth be-
havior of the OAD layer when deposited on prepatterned thin film as it
was previously demonstrated [37]. It can also be noted that, corre-
spondingly to our hypothesis, no densification is observed at the in-
terface between the first and the second layer.

Beside the extraction of the basic morphological information of the
OAD coatings, like thicknesses and column tilts, electron tomography
appears here as a powerful approach for further quantitative extraction
of the porosity gradient within the full layer Fig. 13b. The very nice
agreement of this porosity profile compared to that extracted from
advanced optical simulations demonstrates the validity of the optical
model used in this work, and indicate that it is possible to reliably
describe the porosity profile from optical characterization. This type of
information is crucial for further optical design optimization, by con-
sidering the porosity gradient naturally present in OAD layer to opti-
mize optical function from such layer as antireflection for example.

4. Conclusions

In this work, we demonstrated by microstructural study that the
growth process of OAD will produce nanocolumns with an anisotropic
broadening of the section and an increasing porosity rate for an in-
creasing thickness. These morphological aspects have an impact on
optical properties that needs to be considered for practical applications.
This was measured using generalized ellipsometry and spectro-
photometry. Guided by the microstructural study, we established an
optical model using the ABEMA combined with a gradient of porosity.
This model describes with great accuracy both the generalized ellip-
sometry and spectrophotometry measurements. The parameters

extracted from this model like the column angle, porosity rate and as-
pect ratio of the columns are close to the ones observed from the mi-
crostructural study which validate the merits of our model. Knowing
with high accuracy the optical properties of OAD thin films allowed us
to optimize precisely a SiO2 antireflective bilayer that shows a very
high level of transmittance. Finally, using electron tomography, we also
confirmed that the optical model describes closely the morphological
properties of the bilayer making it an interesting tool to get easy access
to morphological parameters from optical measurements. Presented in
the case of a SiO2 mono and bilayer the model could also be used to
precisely characterize semiconductors and metals deposited by OAD.
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ABSTRACT: In this paper, we report the fabrication of
porous and crystalline tin-doped indium oxide (ITO) thin
films at room temperature by ion beam sputtering deposition
at oblique angles using either argon or xenon ions. Deep
insights into these systems are provided by coupling
nanostructural (scanning and transmission electron micros-
copies, X-ray diffraction) and optical (spectroscopic ellipsom-
etry, spectral reflectometry) characterizations. This original
approach allows extracting important features of the films
(porosity, refractive indexes, in-grain carrier densities, and
mobilities) not easy to reach locally by other techniques. We
propose a model decomposing the complex film’s nanostruc-
ture into two layers presenting different electro-optical
properties, which are attributed to the shadowing effect, but also to the presence of growth defects and impurities due to
the atomic peening. In particular, we demonstrate that ITO films deposited with Xe present a better crystallinity and larger
porosity, providing superior in-grain carrier transport and offering more flexibility to design broad-band low-reflectivity surfaces.
These results widen the possibilities to engineer transparent and conductive thin films at room temperature with enhanced
properties, especially in the near-infrared range where oblique angle deposition allows a reduction of reflectivity even at high
doping.

■ INTRODUCTION

With their high optical transmission in the visible range and
simultaneously great electrical conductivity, transparent
conducting oxides (TCOs) are very attractive materials in
the field of (opto)electronics. They are playing an important
role over a variety of applications, including transparent
contacts in optoelectronic devices (solar cells, light-emitting
diodes, flat-panel displays, touch screens), low emissivity, and
smart windows for buildings, heat reflectors, static dissipation,
airplane windshield deicer, or electromagnetic shielding.1−6 In
these materials, transparency and conductivity are however
intricately linked since TCOs generally exhibit strong
absorption and reflection (and hence low transmission) of
light in the infrared (IR) range due to the free-carrier plasma.
Moreover, any effort to increase the carrier density for
improving the conductivity σ (proportional to the product of
the carrier mobility μ and the carrier density N) will produce a
shift of the plasma resonance toward the visible (vis) region,

leading to substantial narrowing of the transmission window in
this spectral domain.7 Such antagonism between the electrical
and optical properties is an important limitation for further
implementation of TCOs in devices requiring both optical
transparency across a wide portion of the electromagnetic
spectrum and low electrical resistivity (ρ = 1/σ). In
photovoltaics, for example, transparent electrodes with large
optical access and low resistance are needed to make better use
of the solar spectrum.2 In other fields as diverse as security,
surveillance, transportation, and environmental monitoring,
TCOs also merit serious consideration for their integration in
the optical components of multispectral and hyperspectral
detectors, for instance.8−10 Besides broad-band transparency,
the use of TCOs presenting low resistivity would be of great
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interest for providing other essential functionalities in these
systems to ensure optimal performances in a variety of
environmental conditions (ground, air, space, aquatic): heating
capability to prevent fog and frost formation in critical regions
exposed to humidity and low temperatures or shielding against
electromagnetic interferences.4,6,11

Within this class of materials, tin-doped indium oxide (ITO)
is certainly the best candidate for those applications because
this n-type degenerate semiconductor combines the highest
available transmissivity for visible light with the lowest
electrical resistivity due to its high free-carrier density.12

Nevertheless, finding the best compromise between reasonably
low resistivity and sufficiently high IR transmittance in a
spectral domain as wide as possible is far from being
straightforward. This is due not only to the inherent electro-
optical antagonism of TCOs but also to the actual fabrication
approaches. Indeed, although many (N, μ) couples have been
reported for dense polycrystalline ITO films prepared by
standard physical vapor deposition (PVD) processes,13 none
fulfills an acceptable compromise. In particular, carrier
densities as high as (1−2) × 1021 cm−3, obtained by Sn
doping to levels of 5−10 at %, promote resistivities as low as
about 10−4 Ω·cm, which is relevant for photovoltaic and
electromagnetic shielding applications, but have deleterious
effects on the optical properties due to a plasma resonance
close to the visible range. Reducing N to 1018−1019 cm−3 for
shifting plasma effects toward deeper IR cannot be considered
here since σ becomes so low that it cannot be compensated by
an increase of mobility, even if monocrystalline layersalmost
free of grain boundarieswould be considered.
To overcome the current difficulties related to the

optimization of the electro-optical properties of ITO, and in
TCOs in general, this work aims at proposing novel solutions
in the production of these materials. Regarding the preparation
of thin films, different techniques have been reported.5 Most of
them are based on PVD techniques, such as electron-beam
evaporation,14 magnetron sputtering,15,16 or pulsed laser
deposition.17 However, these processes generally require
heating the substrates at relatively high temperatures (>300
°C) to ensure reasonable transmittance and conductivity,
which can lead to the formation of intermixing layers, adhesion
problems of the coatings, and substantial increase of
production costs at industrial scale. Thanks to the great deal
of control of the ion energy, flux and species combined with
the possibility to operate at low pressure, ion beam sputtering
(IBS) appears as an alternative and attractive technique for
low-temperature deposition of ITO films with excellent
properties (ρ = 1.5 × 10−4 Ω·cm, visible transmittance >
80%).18,19 In addition to the choice of the growth process, the
geometry is also an important parameter to take into account
with a view to improving the film properties. In particular, the
bottom-up fabrication of nanostructured films by oblique angle
deposition (OAD) or glancing angle deposition (GLAD) has
attracted much attention in the recent years. In this setup,
incident particles arrive obliquely at the surface of the
substrate, which leads to the formation of porous layers with
tilted nanocolumns due to the so-called shadowing effect.20,21

This approach, very attractive from the optical point of view,
has been applied in the past decade to finely tune the refractive
indexes of SiO2 and/or TiO2 layers and integrate them to
obtain broad-band antireflective coatings over the entire visible
and near-infrared spectrum.22 Some studies report the OAD
deposition of nanostructured ITO films by means of electron-

beam evaporation23−26 or magnetron sputtering.27,28 However,
as far as we know, no works to date are dealing with IBS
deposition of ITO in the oblique geometry. To fill this
knowledge gap, with the ambition of achieving tin-doped
indium oxides with controlled nanostructure and endowed
with enhanced antireflective capabilities in the near-infrared
(NIR) range without compromising too much the carrier
density, the present paper purposes on the exploration of the
possibilities offered by the fabrication at room temperature of
ITO thin films by combining IBS and OAD processes.

■ EXPERIMENTAL SECTION
Ion Beam Sputtering Deposition at Oblique Angles.

Tin-doped indium oxide nanostructured films were fabricated
at room temperature on silicon substrate by ion beam
sputtering deposition in a Nordiko chamber, which includes
two radio-frequency sources. The primary source was used to
produce Ar or Xe ions accelerated at 1.2 keV (with a current of
80 mA) to sputter a 15 cm diameter water-cooled sintered
ceramic target of ITO containing a nominal concentration of
10 wt % SnO2 and inclined by an angle of 45° relative to the
primary ion flux. Prior to the deposition, the chamber pressure
was 2 × 10−6 Pa. During the process, oxygen was introduced in
the chamber through the assistance gun with a flow of 5 sccm
and the background pressure was maintained to 2 × 10−2 Pa.
Oblique deposition was performed by placing the substrates on
a laboratory-made substrate holder specially designed to allow
the growth at different angles α from 50 to 85° (α represents
the angle between the substrate normal and the incident vapor
flux).

Morphological, Structural, and Compositional Anal-
yses. After deposition, the general cross-sectional or top-view
morphologies of the films were studied by scanning electron
microscopy (SEM) using a field emission gun 7001F-TTLS
JEOL microscope at an accelerating voltage of 20 kV. X-ray
diffraction (XRD) experiments were performed using a Seifert
XRD 3000 diffractometer fitted with a copper source and a 1
mm beam collimator to study the structure and texture of the
different samples. To obtain additional insights into their
nanostructure, transmission electron microscopy (TEM)
experiments were conducted in an FEI Talos F200S analytical
microscope operated at 200 kV and equipped with a Super-X
energy-dispersive X-ray spectrometry (EDX) system that
includes two silicon drift detectors. Local compositional
analyses were performed by combining high-angle annular
dark-field imaging (HAADF) and EDX acquisitions using the
scanning (STEM) mode. The EDX spectrum images were
recorded through the Thermo Scientific Velox user interface
using an energy dispersion of 10 eV/channel over 4096
channels, to reach the In and Sn K-lines located near 25 keV.
For comparison purpose, the very same experimental and
fitting conditions were used for all of the investigated samples.
Cross-sectional specimens were thinned down by mechanical
polishing using a tripod apparatus up to less than 10 μm,
followed by Ar ion milling in a GATAN PIPS system (3.5 keV,
±7° incidence). To minimize irradiation damage, the final step
was performed at 2.5 keV, ±5° during 5 min up to electron
transparency. Before insertion into the column of the TEM
device, the prepared sample lamellae were cleaned in a plasma
cleaner to remove residual hydrocarbon contamination.

Optical Characterizations. All ITO films deposited on
silicon were characterized by standard spectroscopic ellipsom-
etry at incident angles of 65, 70, and 75° (SE) and spectral
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reflectometry at normal incident angle (SR), both in the
ultraviolet to near-infrared range (UV−vis−NIR) and in the IR
range. UV−vis−NIR and IR SE were performed with a J. A.
Woollam M2000XI and IR-Vase Mark II, respectively, and
UV−vis−NIR and IR SR with a Varian Cary 5000 and a
Bruker Tensor 27 FTIR, respectively.

■ RESULTS AND DISCUSSION

General aspects related to the nanostructure (morphology,
structure, composition) and optical properties of these films
will be addressed in detail by combining various techniques

(X-ray diffraction, electron microscopy, spectroscopic ellips-
ometry, and reflectometry). An original approach based on the
implementation of the complex film nanostructure into a two-
layer optical model will allow the local extraction of relevant
morphological (porosity) and electro-optical (refractive
indexes, carrier densities, and mobilities) parameters not easily
accessible by other techniques. It will be key to improve the
knowledge of the IBS-OAD ITO films, from the role played by
the growth parameters (sputter ions, deposition angle) up to
the understanding of their properties.

Figure 1. SEM cross-sectional views (a−d) and top views (e, f) of ITO films deposited during 120 min under different conditions: deposition
angles α = 50° (a, b) and α = 85° (c−f), with Ar (a, c, e) and Xe (b, d, f). Note that the images have been recorded at the same magnification for
comparison purpose.

Figure 2. STEM-HAADF cross-sectional views of ITO films prepared during 120 min in different conditions: Ar IBS deposition with (a) α = 50°,
(c) α = 70°, and (e) α = 85°; Xe IBS deposition with (b) α = 50°, (d) α = 70°, and (f) α = 85°. The dashed lines highlight the interfaces observed
at high deposition angle between the bottom dense layer and the potential top porous layer (note here that the scales are different for Ar-deposited
and Xe-deposited films).
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Morphology. Figure 1 presents the SEM images of ITO
films recorded after ion beam sputtering deposition at extreme
angles of the series, during 120 min, using either Ar or Xe ions.
As can be seen in Figure 1a,b, depositions at α = 50° give rise,
at first glance, to the formation of dense films for both ions.
The morphology is greatly modified when α increases, with the
formation of porous and nanocolumnar layers as observed on
cross-sectional (Figure 1c,d) and top views (Figure 1e,f) for
growth performed at α = 85°.
Complementary STEM-HAADF imaging of the films brings

to light additional morphological details of the films, with the
evidence of a two-layer character for each film. Indeed, a dense
layer presenting a uniform HAADF contrast is always detected
in the bottom part of the films (Figure 2). It can be observed in
particular that the extension of this compact layer depends on
both the growth angle and the type of ions, since Xe deposition
and smaller α give rise to a thicker dense layer. Furthermore, a
second layer showing more pronounced fluctuations of
intensity is exhibited in the top part of each film. This top
layer can be highly porous for deposition angles α > 50° and
exposes a varying thickness depending on the deposition
process as same as the bottom dense layer. This two-layer
aspect will be discussed in more detail in Optical Properties
and Modeling.
As expected, we noted that the tilt angle β of the

nanocolumns relative to the substrate normal (extracted from
SEM and TEM observations) increases with α (Figure 3). It is

however important to mention that the common empirical
ballistic approaches such as the tangent29 and Tait’s30 rules fail
in describing correctly the experimental evolution and
magnitude of β versus α. A better description of the β values
is actually found with the Lichter and Chen expression31 using
a parameter Φ = 0.6, which points out a diffusivity and
deposition rate dependence. Our β values also match very well
with those reported by Alvarez et al.32 for ITO films deposited
by electron evaporation at oblique angles. In this study, the
authors demonstrated that surface trapping processes can
modify the geometrical shadowing process and the develop-
ment of the columnar growth. These observations therefore

suggest that additional mechanisms, more complex than simple
ballistic approaches, must be taken into account to understand
the formation of ITO coatings by IBS at oblique angles.
Besides the deposition angle, the species used to sputter the

target (Ar or Xe) have a significant impact on some
morphological features of the ITO layers. According to SEM
and STEM-HAADF observations (Figures 1 and 2), deposition
with Xe at high angles leads to the formation of ITO films
containing sharper and more separated nanocolumns. The Xe-
deposited films also seem to present a higher degree of
porosity compared to the case of Ar, which will be confirmed
later from the simulations of the optical measurements (see
Optical Properties and Modeling and Figure 10a,b). Changing
the type of sputtering ions while maintaining all other
parameters unchanged has also a strong influence on the
growth rates, since substantially thicker films are obtained with
Xe (about 900 nm) than with Ar (about 600 nm) (see Figures
1 and 2 and later Figure 10). Nevertheless, the type of ions
used to sputter the target has no significant influence on the
column tilt angle β of the nanocolumns (Figure 3).

Composition. It is well known that the physical properties
of ITO films can be strongly affected by the composition. In
particular, the Sn doping level, the deviation from the nominal
source composition, and the presence of impurities are very
important issues to clarify. Note that for a coefficient of 0.1/0.9
weight fractions of the SnO2 and In2O3 homogeneously mixed
compounds, the expected solid solution to be formed might
ideally have the following atomic concentrations: 3.67 at % of
Sn, 35.61 at % of In, and 60.72 at % of O. In the present study,
STEM-EDX experiments were carried out to determine,
locally, the composition and establish any change in the
samples. Elemental mappings performed on the Ar and Xe
films deposited at different angles first revealed a uniform
distribution of indium, oxygen, and tin species, without
evidence of dopant segregation (Figure S1). Further
quantitative evaluation of the EDX spectra was done with
great care and in a systematic way using the Thermo Scientific
Velox software to achieve reliable compositional measurements
over the whole ITO films (see Supporting Information for
more details). As shown in Figure S2, this approach ensures
optimal fitting of the experimental data for reliable elemental
quantification. The averaged elemental compositions extracted
from the full films and their evolution relative to the deposition
conditions (sputtering ions, deposition angle) are summarized
in Figure 4. As can be observed, the measured Sn
concentration is very close to the nominal value (about 3.7
at %) and remains almost constant for all of the investigated
samples (values range roughly from 3.5 to 4.5 at %).
Deviations from the nominal composition can be evaluated

from the Sn/In and O/(In + Sn) atomic ratios. According to
Figure 4, the stability of Sn/In close to the nominal value
(10.3%) suggests that the O/(In + Sn) deviations from target
composition (ratio, ∼1.5) are mainly due to a change in
oxygen concentration. As a general trend, we observe that the
films deposited with Xe present a moderate oxygen deficiency
(O/(In + Sn) ≈ 1.3), which remains constant over the whole
deposition angle range. On the contrary, the Ar films deposited
at low angle (α = 50°) show a more pronounced oxygen
deficiency (O/(In + Sn) ≈ 1.0), which is progressively reduced
when α increases to reach an almost perfect match of ITO film
elements distributions with respect to that of the target
composition at α = 85°. In these films, note that the fitting of
the EDX spectra near 3 keV was improved by considering

Figure 3. Evolution of column’s tilt angle β (measured from SEM
and/or STEM-HAADF) after IBS deposition during 120 min using Ar
or Xe ions at different deposition angles. The experimental β values
have been compared to different analytic models: tangent rule,29

Tait’s rule,30 and Lichter−Chen expression31 (using the diffusivity-
and deposition rate-dependent parameter Φ = 0.6).
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small amounts of Ar entrapped during the IBS process: (0.7 ±
0.2) at % for α = 50°, (0.5 ± 0.2) at % for α = 70°, and (0.1 ±
0.1) at % for α = 85°. Note that this Ar content decreases with
α following well a direct cosine law. In the case of Xe
depositions, no Xe was detected inside the films. Such
incorporation of sputtering ions into thin films prepared by
IBS is well known and has been reported many times in other
works.33,34 This point will be discussed later at the end of this
paper. Despite these compositional results have been obtained
using the same conditions for the EDX acquisitions and
processing, they must be considered carefully. This is
particularly true for the quantification of light elements such
as oxygen, which can give rise to errors in the absolute
composition. Nevertheless, we believe that the relative changes
evidenced between the samples of this study are reliable to
establish general trends, which will be discussed in more detail
later.
Structure. X-ray diffraction was used to investigate the

structure of the films prepared at the different growth
conditions. The presence of one or several main peaks on
the θ−2θ diffractograms (Figure 5) first indicates that all of the
layers are crystalline after deposition at room temperature. The
main features located at 2θ ≈ 30.3° and 2θ ≈ 35.3° match
pretty well with the 222 and 400 reflections of In2O3 cubic-C
phase (space group Ia3̅) reported in JCPDS 71-2194,
respectively. For Xe-deposited films, the presence of a weak
440 peak at 2θ ≈ 50.7° that remains unchanged over the whole
deposition angle range is also evidenced. Depending on the
deposition angle, different behaviors are observed. For α < 65°,
all of the films are mainly (111)-textured. At higher α angles,
clear differences in the crystallographic orientation appear
depending on the process ions. Although the (222) planes are
preserved over the full α range in the case of Ar deposition, a
progressive switching in the preferential growth planes from
(222) to (400) is detected for Xe deposition as α increases.
Since no additional peak was evidenced for the sample
prepared with Ar at α = 85°, the intensity loss of the main 222
diffraction feature can be attributed to a misorientation of the
(111) planes relative to the surface. Regarding the position of
the peaks in Figure 5, we realized that the 222 reflection for the
set of Xe samples presents a slight shift of about 0.2−0.3°

toward smaller 2θ values compared to the pure In2O3 cubic-C
phase (2θ ≈ 30.6°, according to JCPDS 71-2194). This effect
may be ascribed to an increase of the lattice parameter due to
the larger repulsive forces provided by the substitution of Sn4+

ions on the indium sites.35,36 In the case of Ar depositions, the
222 reflection is broader and it presents a more pronounced
shift relative to pure cubic-C In2O3 (around 1°). Nevertheless,
the amplitude of this peak displacement cannot be fully
explained by an increase of the Sn content.36 This idea is also
supported by EDX measurements showing that the Sn
concentration remains almost constant in all of the films
(Figure 4). Alternatively, we may expect that Ar deposition
could lead to higher amounts of growth defects due to the so-
called “atomic peening” effect, giving rise to large residual
stresses as previously reported for Y2O3 thin films prepared by
IBS.34 Following this idea, the progressive reduction of the 222
peak shift when α increases (especially for Ar sputtering)
would suggest a reduction in the amount of growth defects
formed in the films and therefore a gain in their crystalline
quality.
To apprehend these structural differences at a smaller scale,

complementary TEM experiments have been conducted.
Conventional bright-field images of ITO layers prepared at α
= 50° point out that IBS deposition with Xe leads to a better
crystallinity (larger grains, lesser amount of grain boundaries,
and perturbed regions) than with Ar (Figure 6a,b). Moreover,
in Figure 6a,b, two layers with different amounts of defects can
actually be identified: a low defective layer at the bottom
(thickness of roughly 50−100 nm in the case of Ar, about 400
nm in the case of Xe) and a more defective layer on top. This
aspect will be confronted later to optical simulations reported
in Optical Properties and Modeling and then discussed. The
films deposited at higher angles follow similar trends in terms
of crystallinity, as confirmed by the bright-field TEM images
presented in Figure 6c,d for the growth at α = 85° (note here
that the films are thinner than those shown previously since

Figure 4. Average composition, and Sn/In and O/(In + Sn) atomic
ratios of ITO films prepared by Ar and Xe IBS deposition at different
angles (deposition time, 120 min). The dashed red lines indicate the
nominal values according to the ITO target composition. Figure 5. θ−2θ XRD diagrams of ITO layers after IBS deposition

using Ar or Xe ions at different deposition angles α. The vertical
dashed lines indicate the position of the 222, 400, and 440 reflections
of bulk cubic-C-type In2O3 structure (Ia3̅ space group) obtained from
JCPDS 71-2194. Inset: evolution of the 2θ position of the 222
reflection.
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they were prepared with shorter deposition time: 40 min with
Ar, 30 min with Xe).
The high-resolution TEM (HRTEM) images recorded in

the top part of these films confirm the difference of crystallinity
at the nanoscale. In the case of films deposited with Ar at low
and high angles, small grains (<20 nm in size) and larger
amount of grain boundaries are observed (Figure 7a−c). A
close examination of the HRTEM images also evidenced the
presence of intragrain extended defects (see closed dashed
lines) that may be ascribable to dislocations (see, for example,
the Burgers circuit in Figure 7a). On the contrary, Xe-
deposited layers contain larger grains behaving as almost
single-crystalline slanted nanorods at high deposition angle

(Figure 7b−d). At the higher deposition angle, note that the
nanocolumns prepared with Xe preferentially grow along the
[111] crystal direction of ITO.

Optical Properties and Modeling. The reflectance
spectra of the ITO films deposited on Si are shown in Figure
8, and several observations can be made. First, all spectra
exhibit regular oscillations of the reflectance in the visible range
(400−800 nm), as expected for a transparent thin film, which
are limited on the UV side by a direct band gap absorption of
ITO (λg ≈ 360 nm), and above a few microns by a free-carrier
absorption. Second, increasing the deposition angle α results in
an overall decrease of the reflectance in the visible range for
both Ar- and Xe-deposited films. This effect is due to the

Figure 6. Bright-field TEM observations of ITO films prepared by Ar and Xe IBS at different angles. (a, b): Deposition at α = 50° (during 120
min). The inset in (a) shows a magnified and contrast-enhanced view of the substrate/film interfacial region. The dashed lines highlight the
interfaces between two layers with different amounts of defects. Depositions at α = 85° during 40 min for Ar (c) and during 30 min for Xe (d).

Figure 7. HRTEM images of the ITO films prepared by Ar and Xe IBS at different angles. (a, b): Deposition at α = 50°. (c, d): Deposition at α =
85°. The insets show magnified views of intragrain regions.
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increasing proportion of porosity inside the film, reducing its
effective optical index and thus providing an antireflective
effect. Third, the onset of free-carrier absorption (see the
vertical arrow in Figure 8) appears at a wavelength λonset
around 4 μm for Ar- and 2 μm for Xe-deposited films,
indicating a much smaller carrier density in the Ar case. When
α increases, the λonset value decreases for Ar deposition,
indicating a slight increase of carrier density, while it increases
slightly for Xe, indicating a slight decrease of carrier density.
Finally, strong and irregular oscillations in the reflectance
spectra of all samples appear for λ ranging from roughly 1 to 3
μm. Such behavior is not expected for a thin transparent film
with optical indexes varying smoothly with λ. This is instead a
signature of a more complex layer stack as detailed thereafter.
To gain insight into the observed optical properties, a model

has been developed and fitted onto our experimental data
using the J. A. Woollam CompleteEASE software. All four
measurements (UV−vis−NIR/IR SE and SR) were put
together and fitted simultaneously with the very same optical
model, providing a very robust uniqueness of the model-fit
parameters hence extracted. The optical properties of ITO
were reproduced using a three-oscillator model: (i) a Tauc−
Lorentz oscillator (TLO) centered close to 3.5 eV (λg ≈ 360
nm) modeling the direct band gap absorption of ITO; (ii) a
Gaussian oscillator (GO) arbitrarily centered out of the
measurement range at 8 eV to model all UV interband
transitions; and (iii) a Drude oscillator (DO) modeling the
free-carrier optical behavior in the NIR range. The optical
properties of the silicon substrate were modeled using the
optical constants available in the J. A. Woollam database, which
have been checked to show perfect agreement with one of our
bare silicon substrates.
Different models were considered to simulate the optical

properties of the ITO films. As a first attempt, a single-layer
model including porosity was taken into consideration.
However, despite this approach provides a very nice match
to our experimental data in both the UV−vis and IR ranges, it
was finally discarded since it systematically failed to reproduce
them in the NIR range, close to the plasma frequency of the
DO, as illustrated in Figure 9a,b. Other more complex models
including porosity and/or carrier density gradients were also
tested without further success. Finally, the best optical model

chosen in this study comprise a 280 μm thick silicon substrate
and the ITO film divided into two layers: the first layer at the
bottom is always considered as dense, while porosity can be
introduced in the second top layer in the framework of a
Bruggeman effective medium approximation (BEMA). We
emphasize here that only this two-layer optical model provided
a good match with both the SE and SR data from the UV to
the IR range (see Figure 9), being at the same time fully
consistent with the SEM and TEM observations. Also note
that this modeling further includes backside reflection on the
substrate, surface roughness, and thickness inhomogeneity to
account the real film morphologies.
The optical constants in the UV−vis range (TLO and GO

parameters) were considered the same for both layers, and also
kept constant regardless of the deposition angle α, for the sake
of simplicity. Only the DO parameters (carrier density Ne and
mobility μ) are thus allowed to differ between the two layers,
to represent the strong contrast of the optical indexes between
them in the 1−3 μm wavelength range. We further assumed
that the properties of the first dense layer are not affected by
the deposition angle α. The DO parameters of the first dense
layer (carrier density Ne1 and mobility μ1) were also kept fixed
to the ones of the first layer of the α = 50° sample for each
sample batch (Ar or Xe), as under given deposition conditions,
the dense layer is expected to have similar properties: Ne1 (Ar)
= 3.2 × 1020 e−·cm−3 and μ1 (Ar) = 7.0 cm2·V−1·s−1; Ne1 (Xe)
= 6.0 × 1020 e−·cm−3 and μ1 (Xe) = 22.0 cm2·V−1·s−1. As an
example, Figure 9 presents the SE and SR measurements
obtained for the Xe film deposited at α = 50° together with the
corresponding modeling and the optical indexes (n, k) of the
two layers.
The use of this optical model to fit the experimental optical

measurements then allowed to extract simultaneously the

Figure 8. Reflectance measured (thick colored line) and simulated
with the two-layer optical model (black dashed line) for Ar-deposited
ITO (green, left) and for Xe-deposited ITO (blue, right) at an
oblique angle α of 50 and 85°. The black arrow points out the onset
of free-carrier-dominated reflectance. The corresponding optical
model is represented near each curve, where the effective optical
index n at λ = 550 nm, including the effect of porosity, is plotted
versus the distance z to the substrate. Figure 9. Optical properties of Xe-deposited film at α = 50°. (a)

Ellipsometric angles Ψ (red, left axis) and Δ (green, right axis)
measured at 70° incident angle. (b) Reflectance at normal incident
angle (red). For both (a) and (b), the corresponding best fits using
the two-layer optical model are shown as a dark continuous line. The
best fits using a model with only one layer are also shown for
comparison (dark dashed line). (c) Optical index n (thick line, left
axis) and extinction coefficient k (thin line, right axis) for the first
layer (dark colored) and the second layer (light colored) extracted
from the two-layer optical model. Here, the second layer has no
porosity and only the DO parameters differ between the two layers.
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thicknesses d1 and d2 of the two layers, as well as the porosity
p2 and the DO parameters Ne2 and μ2 of the second layer. In
Figure 8, the simulated reflectance (dashed line) is shown
together with the measured one (full line) for selected samples.
The resulting thicknesses and optical indexes at λ = 550 nm of
the two layers are also schemed nearby. The relevant fit
parameters extracted from the two-layer optical model are
displayed in Figure 10. We can note that despite some
discrepancies ascribable to thickness nonuniformity are visible,
the total film thickness dtot = d1 + d2 extracted for the optical
model shows an overall good agreement with SEM- and TEM-
based measurements. In addition, the thickness d1 of the first
layer matches with the one measured by SEM or TEM over the
full deposition angle range. This important point confirms that
the two-layer optical model is suitable and physically
meaningful to describe the optical properties of the OAD-
IBS ITO films, and to extract other critical parameters such as
the porosity, the refractive index, and the carrier density.
Regarding the porosity p2 of the second layer, a sharp and

almost linear increase is observed with α for both sample
batches, from p2 = 0 for α = 50° up to about 29% for Ar and
43% for Xe for α = 85°. This actually points out that
depositions with Xe provide much more porous ITO coatings
than with Ar, which is confirmed by the SEM and STEM-
HAADF observations in Figures 1 and 2. The increase of
porosity with the deposition angle has been commonly
observed in the literature for OAD electron-beam-evaporated
ITO.23−25 Nevertheless, it must be mentioned that our IBS-
deposited films are denser, since electron-beam evaporation of
ITO at α = 85° leads, for example, to porosities as high as 85%
according to ref 23. As a consequence, a simple model based
only on geometrical arguments related to the shadowing effect,
as proposed by Poxson et al.,23 cannot be applied to predict the
porosity evolution versus α of our IBS ITO films.
The fact that the second layer is not porous for α = 50° (p2

= 0) agrees with the bright-field TEM images (Figure 6) since
both Ar- and Xe-deposited films can actually be divided into

two layers of different crystallinities. This is consistent with the
larger carrier densities extracted in the bottom, less defective
region of the films (Ne1 = 3.2 × 1020 e−·cm−3 against Ne2 ≈ 0.5
× 1019 e−·cm−3 for Ar deposition, Ne1 = 6.0 × 1020 e−·cm−3

against Ne2 ≈ 3.4 × 1020 e−·cm−3 for Xe deposition; see Figure
10c,d), since higher crystallinity is known to increase the
number of free electrons in ITO.37,38 Furthermore, this
relationship between crystallinity and Ne is supported by the
larger carrier concentrations extracted in the less defective Xe-
deposited films (as compared to Ar-deposited films). Note that
the bottom layer of the films prepared with Xe, almost defect-
free and made of large grains, exhibits a carrier density (Ne1 =
6.0 × 1020 e−·cm−3) similar to that of the optimal In2O3:SnO2
alloy (90:10% wt) around 14 × 1020 e−·cm−3.39 Upon
increasing the deposition angle α, the first layer becomes
thinner and thinner for both Ar and Xe. Nevertheless, it does
not totally disappear even at α = 85° (d1 = 54 nm for Ar, d1 =
64 nm for Xe), as confirmed by TEM. Surprisingly, the carrier
density Ne2 shows a small increase with α for Ar, whereas it
slightly decreases for Xe. This behavior could be linked to an
improved crystallinity of Ar films with α, which can be inferred
from XRD data (Figure 4), as mentioned previously in the
section Structure. Regarding the mobility μ2 in the second
layer, it appears to be almost constant with α for Xe films (μ2
(Xe) ≈ 15 cm2·V−1·s−1) and slightly lower than μ1 (Xe) = 22
cm2·V−1·s−1. For Ar films, this parameter increases smoothly
with α, from μ2 (Ar, α = 50°) = 6 cm2·V−1·s−1 to μ2 (Ar, α =
85°) = 15 cm2·V−1·s−1. These values, related to the free-carrier
mobility inside the grains, thus indicate a lower mobility for the
Ar films, which may be linked to the poorer crystallinity
evidenced by TEM. However, in contrast to the carrier
densities Ne1 and Ne2, which are very robust fitting parameters,
the mobilities present a much higher sensitivity to the slight
variations of the fit procedure, with estimated uncertainties of
±5 cm2·V−1·s−1. Therefore, their absolute values as well as
their variations should not be overinterpreted. It is to be
mentioned that the present two-layer optical model is fully

Figure 10. Parameters extracted from the fitting of the optical measurements using the two-layer model, for Ar- and Xe-deposited films,
respectively. (a, b): Thickness of the first dense layer d1 (open circles), total film thickness dtot (open squares), and porosity p2 of the second layer
(open triangles). The thicknesses measured by SEM and TEM are also depicted in close symbols. (c, d): Carrier densities (Ne1 and Ne2 in close
symbols) and mobilities (μ1 and μ2 in open symbols) of the two layers from DO.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.9b02885
J. Phys. Chem. C 2019, 123, 14036−14046

14043

http://dx.doi.org/10.1021/acs.jpcc.9b02885


isotropic. The anisotropy stemming from the inclined columns
yields a birefringent behavior.40 This should be further
addressed in the framework of generalized ellipsometry,
which will be the goal of a future work.
Discussion about the Nanostructural and Electro-

Optical Differences in ITO Films. As shown throughout this
paper, the nanostructure and the electro-optical properties of
the ITO films deposited by IBS at oblique angles exhibit a
strong dependence on the growth conditions and particularly
on the nature of the sputtering ions. As a general trend, Xe-
deposited ITO films are thicker and present larger amounts of
porosity, a better crystallinity (bigger grains, and lesser grain
boundaries and intragrain defects), and superior carrier
densities and mobilities compared to Ar-deposited films
prepared in very similar conditions. A better understanding
about the origin of these films specificities can be addressed
from Monte-Carlo simulations to gain further information
related to the basic mechanisms involved during the sputtering
process, in particular on the effect of the mass of primary ions.
For that purpose, the Stopping and Range of Ions in Matter
(SRIM) package41 was used to reproduce the IBS experimental
conditions. The main results of these calculations shown in
Table 1 (see caption for more details) indicate that the type of

primary ions has a limited influence on the sputtering yields
and energies (some tens of eV) of the sputtered atoms, but on
the contrary, this parameter has a strong effect on the energy
and amount of ions that are reflected on the target. It appears
clearly that ions with lower mass, such as Ar, are significantly
more subjected to backscattering on the target (17%) and are
also more energetic (hundreds of eV) than heavier ions like Xe.
Therefore, Ar ions are more prone to amplify the “atomic
peening” effect and induce an “intrinsic” ion assist during IBS
deposition. These Ar particles impinging on the growing films
can therefore give rise to the sputtering of the material coating,
resulting in a decrease of the effective growth rate.33 They may
also enhance the surface diffusion42 resulting in less porosity
due to the broadening of the nanocolumns,43 consistent with
the experiments. Finally, Ar species reflected on the target are
more susceptible to be trapped into the growing films and to
generate knock-on events that can create disorder into the
crystal lattice. This latter point also agrees with our
experiments since the incorporation of rare gas into the films
and the formation of more defective layers have been
evidenced when Ar was employed as primary ion. These
considerations could explain why Ne and μ values are
substantially smaller in Ar-IBS films. Indeed, when the
structure is highly disordered, as in the case of Ar deposition,

Sn may not be effective as a dopant44 and scattering by neutral
impurities may become dominant.45,46 Inherent ion assistance
due to backscattered ions is also expected to play a major role
in the evolution of the structure, composition, and properties
observed with the deposition angle. The higher energies
involved during Ar deposition could, for example, explain why
the crystal orientation along the denser (111) planes does not
follow the flux of incident particles, as generally expected.47 At
low α, the strong oxygen deficiency of the ITO film prepared
with Ar could be ascribed to a preferential resputtering of
oxygen atoms at the surface of the growing film since the
energies of backscattered Ar largely exceed the formation
energies of oxygen vacancies in ITO (about 23−24 eV in
In2O3 and SnO2 according to ref 48). Since the atmosphere
was kept in similar conditions for all of the depositions, the
progressive rise of oxygen content and the strain relaxation
(see 222 peak position in Figure 5) observed when α increases
could be attributed to an enhancement of the geometric
shadowing effect that may prevent efficiently the irradiation of
neighboring areas, as commonly reported for surface nano-
patterning processes using ion beams.49,50 The decrease of the
Ar content observed at the same time is strengthening this
idea. A reduction in the number of backscattered ions captured
at the substrate surface, directly linked to the projected surface
and following a cosine law,51 could also explain this Ar content
decrease. In the case of Xe deposition, this shadowing effect
should be more limited since the nanocolumns appear more
separated, which was confirmed by the almost constant
composition and interplanar (222) distances observed in
these films for different deposition angles. Finally, the
differences in the bombardment promoted by reflected ions
could explain the development of preferred [111] orientation
in the films even at high deposition angles for Ar films.

■ CONCLUSIONS
In this work, the fabrication of porous tin-doped indium oxide
thin films at room temperature has been explored for the very
first time using ion beam sputtering deposition at oblique
angles and relying on the use of different and complementary
characterization techniques at different scales. To go deeper
into the understanding of these systems, an original two-layer
optical model taking into account the nonconventional films
nanostructure has been proposed to reproduce the optical
measurements and to evaluate locally some features not easily
accessible by other techniques, including porosity, refractive
indexes, as well as in-grain carrier densities and mobilities.
Actually, it was shown that the studied films must be
decomposed into two layers with different electro-optical
properties, which is attributed to the shadowing as well as to
the presence of growth defects and impurities due to the
atomic peening. This singular approach has been crucial to
evidence the relationships existing between the deposition
parameters, the nanostructure and electro-optical properties of
the ITO films. This work indicates that combining IBS and
OAD is relevant to deposit crystalline ITO films with
controlled porosities directly at room temperature. During
this process, both the ion species used to sputter the target and
the deposition angle have a strong impact on the structure,
composition, and electro-optical properties of these films. In
particular, it appears that the intrinsic ion assistance promoted
by the bombardment of high-energy backscattered particles
can be modulated by changing the mass of primary ions (Ar or
Xe) and by playing on the geometric shadowing at the film

Table 1. Extracted Data from SRIM Calculationsa

Ar Xe

amount of backscattered ions (%) 17 7
sputtering yield of In (atoms/ion) 2.4 2.5
sputtering yield of Sn (atoms/ion) 0.2 0.2
sputtering yield of O (atoms/ion) 3.9 4.1
mean energy of backscattered ions (eV) 218 46
mean energy of In atoms (eV) 23 15
mean energy of Sn atoms (eV) 27 17
mean energy of O atoms (eV) 17 12

aInput parameters: 500 000 Ar or Xe ions accelerated at 1.2 keV onto
an In:Sn:O target (relative composition of 36:4:60 at %; density, 7.14
g·cm−3) with an incident angle of 45°.
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surface through the control of the deposition angle. The
appropriate choice of these two parameters enables the fine-
tuning of the ITO film porosity, structure (grain size, amount
of defects, preferred crystallographic orientation), and proper-
ties (optical reflectivity, in-grain electrical transport), with great
interests to cover a variety of technological needs. For
transparent and conductive optical applications that would
require a good compromise between broad-band antireflective
capabilities over the extended visible range and electrical
transport, deposition with Xe must clearly be preferred to Ar.
Indeed, Xe IBS-OAD allows preparing ITO films covering a
wider range of porosity levels (from about 0 to 43% for
deposition angles between 50 and 85°), which offer more
flexibility in the design of broad-band low-reflectivity surfaces.
It also provides layers with better crystalline quality that permit
to achieve superior carrier density and mobilities. In the near
future, the electro-optical properties of these films will be
scrutinized through in situ thermal annealing experiments that
will combine temperature-dependent ellipsometry and aniso-
tropic temperature-dependent Hall measurements. The aniso-
tropic optical properties of the OAD films, investigated in the
framework of generalized ellipsometry, could also give us
further insight into the microstructure of our films, including
the shape of the inclined nanocolumns and porosities. These
approaches will be essential to elucidate the changes in
scattering mechanisms ascribable to in-grain and grain
boundaries as a function of the deposition conditions, as well
as to find optimization paths in view of implementing these
promising IBS-OAD ITO coatings in future transparent and
conductive optics.
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ABSTRACT: We report on the bottom-up fabrication, by
plasma-assisted molecular beam epitaxy, of monocrystalline
GaN solid, hollow, and c-shape nanowires deposited in a
compact fashion. The shape exhibited by these nanostructures
varies from solid to c-shape and hollow nanowires. They were
epitaxially grown with their [0001] directions perpendicular
with respect to different surfaces of Si substrates. Advanced
studies of these GaN nanostructures were carried out by
means of selected-area electron diffraction and scanning and
high-resolution transmission electron microscopy evidencing
their structure and epitaxial alignments with respect to the silicon. Through a comprehensive analysis of the growth conditions
(substrate temperature and Ga and N* fluxes) we demonstrate that a local Ga-limited regime is the mechanism behind the
particular shape of these nanostructures. Additionally, spectroscopic ellipsometry studies, applying a model based on
Bruggeman effective medium approximations and taking into account several aspects related to the nature of these GaN
nanostructures, were carried out to obtain valuable information about the evolution of the optical constants and the porosity
along the layer. This work shows a way to control the porosity and shape of GaN nanowires by varying the growth conditions,
which could open new horizons in the development of GaN nanostructures for future applications.

■ INTRODUCTION

Research on GaN nanostructures, such as nanowires (NWs)
and nanoporous films (NPFs), has attracted substantial
interest thanks to their high surface-to-volume ratio, and, in
case of NWs, their strain-free nature.1 The attractiveness of
GaN NPFs resides in their significant strain relaxation2,3 and
enhanced surface Raman scattering.4 Comparing with their
compact counterparts, GaN NPFs have demonstrated
improved properties in diverse applications such as photo-
electrochemical water splitting,5−7 supercapacitors for energy
storage,8,9 light emitting diodes (LEDs),2,3,10−13 distributed
Bragg reflectors,11 or mechanic removal of films from the
substrate.14,15 The research on NPFs is not limited to GaN:
different materials such as nanoporous InGaN,16−19 Si,20

carbon membranes,21 and WO3
22 have demonstrated a great

potential for photoelectrochemical water splitting18,20,21 and
photocatalytic fuel cells.22

A vast majority of reports on the synthesis of NPFs are
focused on different kind of etching of thin films or GaN−
sapphire templates such as electroless etching,3,4 electro-
chemical etching,6,10,17 or high-temperature annealing.8,9 The

fabrication of ordered NPFs has been demonstrated using
inductively coupled plasma (ICP) etching with an anodic
alumina template as etching mask.23 However, to the best of
our knowledge very few reports on the growth of GaN NPFs
can be found. Recently, Aguilo and co-workers reported the
growth of GaN NPFs by chemical vapor deposition13 and its
application on LEDs. The main drawbacks of the etching (top-
down) approach are the difficulties of controlling the porosity
level and shapes on the films. Therefore, a way to produce
high-quality NPFs in a bottom-up approach with direct control
over the composition, porosity, and shape as well as low-cost
routes to scale it to large areas for industrial transfer would be
highly desirable.
In this Article, we present the growth of high-quality single

crystalline GaN self-assembled NWs by plasma-assisted
molecular beam epitaxy (MBE). GaN nanostructures were
synthesized in a closed-packed manner that emulates the
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behavior of a NPF, combining the advantages offered by GaN
NWs with the technological attractiveness of NPFs. The shape
of the grown nanostructures varies from solid (SNW) to c-
shape (CNW) and hollow (HNW) nanowires. By means of
transmission electron microscopy (TEM) we show that
wurtzite GaN S-, C- and H-NWs are grown along the
[0001] direction, and epitaxially aligned with the underlying Si
substrate. We demonstrate that a Ga-limited growth regime at
the tips of the nanostructures is the mechanism behind their
particular shapes. Consequently, we show control over the
amount of porosity by tuning of the growth conditions. The
porosity level is assessed through a comprehensive analysis of
their optical properties by means of spectroscopic ellipsometry
(SE).

■ EXPERIMENTAL SECTION
All studied samples were grown on chemically cleaned p-type Si(111)
or (100) substrates in a Veeco Gen930 molecular beam epitaxy
(MBE) reactor equipped with a radiofrequency nitrogen plasma
source and a sumo Knudsen effusion cell for Ga. The substrates
employed were (111) ± 0.5° and (001) ± 0.5° oriented, single side
polished, and prime grade manufactured by Sil’Tronix. Before
transferring into the growth chamber, the substrates were outgassed
at 250 °C during 12 h. Prior to growth, the Si substrates were heated
in the growth chamber to 900 °C for 30 min in order to remove the
native oxide. The temperature was then slowly decreased (5 °C/min)
until a clear 7 × 7 surface reconstruction was observed (860 °C) at
the reflection high-energy electron diffraction (RHEED) pattern.24

Then, the substrates were intentionally nitridated by exposing the
surface to active nitrogen at 860 °C during 10 min under

14 10N
14 at

cm s2ϕ = ×* generating a 2 nm-thick β-Si3N4 layer (Figure

S1, Supporting Information). The growth conditions for the samples
can be found in Table 1.

The surface morphology and sample thickness were assessed by
means of scanning electron microscopy (SEM) using a Zeiss Gemini
1540XB SEM microscope. For the transmission electron microscopy
(TEM) analyses, the samples were prepared in cross-sectional
(XTEM) and plan-view (PVTEM) orientations and thinned to
electron transparency by tripod mechanical polishing followed by Ar+

ion milling at 3.5 keV, ±7° incidence with a PIPS system from
GATAN. The high-resolution TEM (HRTEM) and selected area
electron diffraction (SAED) results were collected in a JEOL 2100
microscope equipped with a LaB6 filament at an electron accelerating
voltage of 200 kV. The energy dispersive X-ray spectra (EDS) and
high-angle annular dark-field (HAADF) images were acquired using a
FEI Talos F200S TEM operated in scanning TEM (STEM) mode. A

variable angle spectroscopic ellipsometer equipped with an automatic
rotating analyzer (J.A. Woollam V-VASE) was used to measure the
ellipsometric angles, amplitude ratio (Ψ), and phase difference (Δ)
between the reflected polarized light p and s components, at different
angles of incidence, in the range of 0.5−5 eV. The samples’ back
surfaces had been previously scratched, so as to avoid incoherent
back-surface reflection.

■ RESULTS AND DISCUSSION

Samples T2 and T2′ were chosen for the morphological and
structural analysis. Both samples were grown with the same
conditions but on different substrates, Si(111) for sample T2
and Si(100) for T2′. Figure 1a,b shows a cross-section SEM
micrograph of samples T2 and T2′, respectively, taken with an
inclination of 15°, which exhibit a high density of
nanostructures with an average height of (667 ± 17) and
(734 ± 8) nm, diameters of (120 ± 5) and (134 ± 5) nm, and
wall thicknesses of (16 ± 1) and (19 ± 1) nm, respectively. It
can also be appreciated that these columnar nanostructures are
grown straight and parallel to the surface normal direction on
both substrates. The top morphology of these specimens is a
combination of solid NWs (SNWs) with well-developed
hexagonal facets, most likely m-planes (density on samples
T2 and T2′ of ∼4 × 108 and ∼1 × 108 cm−2), hollow NWs
(HNWs) with a hexagonal to dodecagonal shape, most likely a
mixture of m- and a-planes (∼3 × 108 and 2 × 108 cm−2), and
c-shape NWs (CNWs, ∼3 × 109 cm−2 on both samples). The
different nanostructures are illustrated on the top-view SEM
micrograph of samples T2 (Figure 1c) and T2′ (Figure 1d).
HAADF-XTEM studies were carried out on sample T2 to
elucidate up to which extent the nanostructures are hollow or
solid. As can be seen from Figure 1e, the highlighted CNW
seems to be a kind of rolled film partially opened
longitudinally. The great contrast between what we consider
external and internal walls makes us think that these NWs are
hollow. Note that the intensity on the HAADF images is
proportional to the product of the effective atomic mass (the
higher, the brighter) and the quantity of projected material.
Considering pure GaN (see Supporting Information section 2
for energy dispersive X-ray spectroscopy, EDS) and that tripod
polishing gives lamellae very uniform width, then different
intensities are directly related with the local emptiness or
compactness of the nanostructure. In Figure 1f, a brighter
nanostructure with more homogeneous contrast can be
observed (highlighted on the left side of this figure), so
according to the previous explanation, it is most-likely a SNW.
In addition, an increased intensity can be seen at the base of
the nanostructures (black dashed rectangle on Figure 1f) than
at the tips, suggesting that there is more GaN material on the
bases of the nanostructures (closer to the substrate) than at the
tips of the HNWs and CNWs. Analysis of the intensity of the
HAADF-XTEM micrograph of sample T2 (Figure S3,
Supporting Information) confirms the intensity decrease with
increasing the distance from the substrate. This fact, combined
with the observed and commented NWs-type surface densities,
support the idea that most of the uncompact NWs are actually
composed by solid bases (or initially SNWs) that evolve some
of them into hollow or most of them into c-shape structures as
the growth proceeds (Figure S4, Supporting Information).
To probe the microstructure of the rods, we performed HR-

XTEM experiments on samples T2 and T2′ (Figure 2a,b),
along the [101̅0] and the [112̅0] GaN directions, respectively,
close to the interfaces among Si, β-Si3N4, and GaN. The

Table 1. Growth Conditions for the Samples Referred in
This Study

impinging fluxes (×
1014 at/cm2 s1)

sample Ga N* Tsubs (°C) substrate

T1 8 11 800 Si(111)
T2 8 11 825 Si(111)
T2′ 8 11 825 Si(100)
T3 8 11 850 Si(111)
G1 4 11 825 Si(111)
G3 10 11 825 Si(111)
N1 11 11 850 Si(111)
N2 11 14 850 Si(111)
N3 11 19 850 Si(111)
N4 11 22 850 Si(111)
N5 11 27 850 Si(111)
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nitridation technique explained in the experimental section
gives rise to a 2 nm-thick β-Si3N4 in both cases. The
nanostructures are revealed to be single-crystalline wurtzite
GaN. According to Figure 2a,b the GaN nanostructures grow

with the c-axis perpendicular to the Si(111) and Si(100)
planes. This observation concurs with SEM micrographs
shown above (Figure 1a,b). For the samples grown on
Si(111) it also coincides with results reported by other
groups.25−27 In the case of Si(100) substrates, NWs grown
with the c-direction perpendicular to the Si(100) plane agrees
with previously reported results.26,28 However, Shetty and co-
workers reported similar mixture of nanostructures grown on
Si(100)29 with different alignment. They were tilted between
10° and 45° with respect to the Si(100) plane normal. In order
to inspect the general epitaxial alignment between the GaN
nanostructures and the underlying Si substrates in our
specimens, SAED patterns, for more extended interface regions
than those inspected by HRTEM, were collected (Figure 2c,d).
The diffraction spots related to GaN are arced due to the
presence of a small tilt among the nanostructures (smaller for
sample T2). A slight twist of some NWs with respect to surface
normal cannot be disregarded, against a perfect heteroepitaxy,
since only (0001) fringes are resolved on the GaN when the Si
atomic columns are perfectly aligned with the electron-beam
and thus resoluble by phase-contrast. Nevertheless, the SAED
patterns reveal a general coherency between surface and
nanowires lattices, then the epitaxial relationship is defined as
GaN(0001)||Si(111) and GaN(101̅0)||Si(112) for GaN on
Si(111), and GaN(0001)||Si(001) and GaN(112̅0)||Si(110)
for GaN on Si(100). Moreover, this is the commonly reported
epitaxial alignment for III-nitrides (thin films and NWs) on
Si(111).25,27,30,31

To gain deeper insight on the microstructure of the GaN
rods we performed HR-PVTEM on a single SNW (Figure

Figure 1. Cross-sectional SEM micrographs of (a) sample T2 and (b) sample T2′ taken at an inclination of 15°, and parallel to the Si{110}
cleavage edge. Top-view SEM micrograph of samples (c) T2 and (d) T2′ that illustrate the morphology of the SNWs, HNWs, and CNWs. (e,f)
HAADF-XTEM micrographs of the GaN nanostructures taken along the [112̅0] GaN zone axis on sample T2: dashed lines around internal (red)
and external (blue) walls of a CNW, a brighter SNW (light orange), and GaN nanostructures bases (dashed-black rectangle) are included for
clarity.

Figure 2. Cross-section HR-TEM images of GaN nanostructures on
(a) Si(111) (sample T2) along the [101̅0] zone axis and (b) Si(100)
(sample T2′) along the [112̅0] zone axis. Both micrographs show an
amorphized 2 nm-thick β-Si3N4 interlayer. SAED patterns acquired
over (c) sample T2 along the [101̅0] zone axis and (d) sample T2′
along the [112̅0] zone axis. Relevant reflections are marked for clarity
on certain diffraction spots of both SAED patterns. Probing diameter
of ∼700 nm on both SAED patterns.
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3a,b) and a single CNW (Figure 3d). The top-view of the
SNW reveals a single crystalline GaN structure (confirming the

observations done in Figure 2a) with a hexagonal symmetry of
atomic columns projected along the [0001] direction. The
SNW shows a well-developed hexagonal shape with {101̅0}
side facets. In the case of the CNW (Figure 3d), the
micrograph reveals a single crystalline CNW with five well-
developed external side facets (most likely {101̅0} facets)
together with a sixth opened one, forming an open hexagon.
The internal facets are parallel to the external {101̅0} side
facets. In this specific case the wall thickness is (30.1 ± 0.5)
nm. Insets of Figure 3b,d are the fast Fourier transform (FFT),
equivalent to a diffractogram, of the HR-TEM images of the
SNW and the CNW, respectively. Both FFT images indicate a
6-fold symmetry fingerprint of the wurtzite crystal structure in
the polar direction, on both kinds of nanostructures.
The natural question arising now is what is the mechanism

behind the formation of HNWs and CNWs? Three different
explanations can be found in the literature for the spontaneous
formation of such structures: I. The screw dislocation driven
model;29,32 II. the reduction of the nucleation barrier along the
NW top facet boundary by introducing high Si-flux;33 III. the
growth under a locally (on the tips) Ga-limited regime.7,34,35

Morin and co-workers32 reported on the spontaneous
formation of ZnO nanotubes driven by screw dislocations. In
addition, Shetty et al.29 found the role of screw dislocations to
be crucial for the formation of the internal facets on the HNWs
and CNWs. To investigate the role of screw-type dislocations
on the shape of the nanostructures, we carried out TEM
studies in two-beam diffraction-contrast conditions with g =
0002. Dislocations with total or partial screw component were
found in a very low percentage of the studied nanostructures
(<5%), suggesting that there should be another mechanism

behind the formation of HNWs and CNWs. The second
model proposed can be disregarded by the fact that no Si flux
was employed during the growth of the present nanostructures,
and the used temperatures cannot justify Si sublimation or out-
diffusion from the substrate. However, it is worth mentioning
that the morphology of the structures reported by Bolshakov
and co-workers33 is similar to the morphology exhibited by
Samples T2 and T2′. Regarding the third mechanism, we
performed a comprehensive study of the growth conditions
(substrate temperature and Ga and N* fluxes), and their
influence on the morphology of the nanostructures seem to be
clear as it will be presented hereafter.
To probe the role of the local growth regime, we need to

identify the effect of the different parameters on the local
growth conditions. Once identified, we can design proper
experiments. The number of Ga atoms arriving to the tip of the
nanostructure per unit of time and unit of area is given by

GaGa
loc

Ga
diff

GaN
dec

Ga
desϕ ϕ ϕ ϕ ϕ= + + − (1)

Being Gaϕ the Ga flux arriving directly to the tip, i.e., the flux

effusing from the K-cell, Ga
diffϕ accounts for the Ga atoms

diffused from the substrate to the side-walls and from the side-
walls to the tip, GaN

decϕ is the contribution from the
decomposition of the nanostructure itself, leaving Ga atoms
on the tip. It is defined as

C
E
k T

expGaN
dec dec

B
ϕ = −

l
moo
noo

|
}oo
~oo (2)

Fe rnandez -Ga r r i do and co -wo rke r s 3 6 r epo r t ed
C (2.4 0.2) 1029 at

cm s2= ± × to be the decomposition pre-

exponential factor and Edec the activation energy for the
decomposition process, with values ranging from 3.1 to 3.6
eV.36 Ga

desϕ accounts for the evaporation of Ga from the tip,
given by the expression:

E
k T

A( ) expGa
des

Ga Ga
diff

GaN
dec des

B
ϕ ϕ ϕ ϕ= + + −

l
moo
noo

|
}oo
~oo (3)

where A is the desorption pre-exponential factor and Edes the
activation energy for the desorption process. Bruno and co-
workers reported E (2.85 0.02) eVdes = ± for Ga desorbing
from GaN(0001) surface.37 According to the empirical work of
Brandt and co-workers38 the activation energy for desorption is
lower for the {0001} planes than for the {101̅0} planes.
Therefore, a higher desorption rate on the top facets than on
the side- and internal- walls is expected. To modify the local
conditions, we can alter directly I. the total Ga atoms lost by
adjusting the substrate temperature; II. the amount of arriving
Ga atoms by varying the temperature of the Ga effusion cell
and therefore the impinging Ga flux ( Gaϕ ); and III. the
quantity of impinging N* atoms by tuning the plasma
conditions (power or flux of pure N2).

Effect of the Substrate Temperature. The variation of
the substrate temperature has a direct effect on the amount of
Ga desorbed from the surface and on the GaN decomposed.
Note that the decomposition of GaN leaves liquid Ga on the
surface that can be either reincorporated to the lattice with the
excess of N* or desorbed from the surface. Figure 4 (a1−a3)
shows the effect of the growth temperature, from a nanowall
network grown (Figure 4 a1) at 800 °C to a low density

Figure 3. Top-view HR-PVTEM micrographs of a SNW (a) and
enlarged area (b), and a CNW (c) and enlarged area (d) taken along
the [0001] GaN zone axis. FFT images of both top-view HR-TEM
micrographs of the SNW and the CNW are shown in their respective
insets.
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packed SNWs at 850 °C (Figure 4 a3). Figure 4c illustrates the
density of the nanostructures with respect to the substrate
temperature. A further reduction of the substrate temperature
will reduce the Ga losses increasing the Ga available on the
surface, therefore, promoting a more compact growth. At
temperatures above 850 °C the losses will become higher, thus
resulting in no growth.

Effect of the Impinging Ga Flux (ϕGa). The variation of
the impinging Ga flux has a direct effect on the amount of Ga
arriving to the tip of the nanostructures. Figure 4 (b1−b3)
shows the results of the variation of the Ga flux. By increasing
the Gaϕ , the amount of Ga atoms arriving to the tip of the
nanostructures is increased modifying the local growth
conditions. At the lowest Gaϕ (Figure 4 b1) the surface is
characterized by the presence of doublets and triplets of
CNWs (nanostructures with a common origin). At this
condition, Ga is the limiting reactant and the nanostructures
are mainly of the CNW type. An increase in the amount of Ga
reaching the sample results first in an increase on the density of
nanostructures covering the surface, being dominant the HNW
and CNW types, and, by further increasing, evolves to a more
compact network of SNW. This variation on the density of the
nanostructures as a function of the Gaϕ value is plotted on
Figure 4d.

Effect of the N* Flux (ϕN*). The variation of the pure N2

flux has a direct effect on the amount of active nitrogen arriving
to the surface and hence the top of the nanostructures. Figure
5a shows the effect of increasing the active nitrogen flux. At the
lowest Nϕ * (Figure 5 a1) there is not enough N* overpressure
to counteract the effects of the GaN decomposition and Ga
desorption, resulting in a very low density of nanostructures.
As the Nϕ * increases, the surface is first saturated with
nanostructures (Figure 5 a2), and then, by further increasing
the Nϕ *, CNWs become dominant over the SNWs (Figure 5

Figure 4. Top view SEM micrographs of GaN nanostructures grown
on Si(111) at different substrate temperatures (T1, a1; T2, a2; T3,
a3) and different impinging Ga flux ( Gaϕ ) (G1, b1; T2, a2 and b2; G3,

b3). The white arrow points toward higher Ga
locϕ values. Parameters

kept constant are indicated over the white arrows. Density of the
different nanostructures vs (c) substrate temperature and (d) Gaϕ . All
the micrographs share a 200 nm scale bar. Note that micrographs a2
and b2 are the same.

Figure 5. Top-view SEM micrographs of GaN nanostructures grown on Si(111) for (a1−a5) different pure N2 fluxes (samples N1 to N5).
Parameters kept constant are indicated below panel a3. All the micrographs share a 200 nm scale bar. (b) Density of nanostructures vs pure N2 flux.
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a3 to a5). The length of the nanostructures increases with the

Nϕ * until it saturates at 19 10N
14 at

cm s2ϕ = ×* , reaching the

regime where Ga is the limiting reactant. Once reached, the
Ga-limited regime shape of the nanostructures is progressing
from a majority of SNWs to a majority of CNWs, as it is
demonstrated in Figure 5b.
Samples T3, G1, and N1 present a surface composed by a

mixture of clusters, tilted NWs, tripods, tetrapods, and
multipods (Figures 4 a3,b1 and 5 a1). In the case of samples
T3 and N1, the higher temperature (850 °C) produces an
increase in the GaN decomposition and Ga desorption rates
impossible to stabilize with the given Nϕ *, whereas in the
sample G1 the impinging Ga flux is directly reduced. In the
self-assembled growth of nanowires, two different regimes can
be distinguished; a nucleation phase and a growth phase. The
nucleation phase of GaN NWs is different than in standard
crystal growth in the sense that GaN NWs do not nucleate
directly in the form of wires. The nucleation phase comprises
two successive periods: an initial incubation of stable nuclei in
the form of clusters, followed by a transition period leading to
shape transformations that eventually ends up with GaN NWs
stable nuclei. During the growth phase the stable NW nuclei
grow axially and radially. The nonoptimal growth conditions
for those three samples affect primarily the nucleation phase,
increasing the incubation time dramatically and reducing the
density of nuclei. During the transition period, and together
with the limited incorporation of Ga into the crystal, the nuclei
cannot reach the typical stable NW nuclei shape,39 thus
forming metastable nuclei with a nonconventional shape.
During the subsequent growth phase, the metastable nuclei will
elongate in the axial and radial directions and will end up in a
mixture of tilted NWs, clusters, tripods, tetrapods, and
multipods in general (Figures 4 a3,b1 and 5 a1). The processes
governing the particular shape of an individual NW are
complex and out of the scope of this Article. However, we
think that it is a combination of the shape of any individual
metastable nucleus, i.e., the particular orientation of their free
surfaces, and the evaporation and reincorporation of the Ga
atoms.
To understand the morphology evolution leading to the

formation of S-, H-, and CNWs, we are going to focus on the
evolution of the stable NW nucleus formed after the nucleation
stage. Depending on the amount of Ga atoms with respect to
the amount of N* arriving to the tip, three different growth
regimes can be distinguished:
When Ga

loc
Nϕ ϕ= *, the growth proceeds in the axial direction

with a negligible change in radius. This is the regime for
growth of SNWs with flat top facet.39

When Ga
loc

Nϕ ϕ> *, the Ga atoms diffusing from the side-
walls to the top facet accumulate on the m-plane to c-plane
edges, and each NW starts growing radially as well as axially.
The NW will continue increasing its radius until new
equilibrium conditions are reached, self-regulating itself.40

When Ga
loc

Nϕ ϕ< *, three competing processes take place: the
incorporation of Ga atoms on the top facet, the evaporation of
Ga atoms from the top facet (c-plane) and side-walls (m-
planes), and the incorporation of atoms on the m-plane to c-
plane edges.
According to the empirical work of Brandt and co-workers,38

the activation energy for desorption is lower for the {0001}
planes than for the {101̅0} planes. Therefore, a higher

desorption rate on the top facets than on the side-walls is
expected. Taking that into account, less Ga atoms are expected
to remain on the top facet than on the side-walls. In addition to
the direct flux coming from the k-cell, Ga atoms will diffuse
from the side-walls to the top facet. When arriving to the top
facet, the higher concentration of N*, as compared to the Ga
concentration, will reduce the diffusion length of the Ga atoms
promoting their incorporation on less favorable sites such as
the m-plane to c-plane edges. As the growth proceeds, the Ga
atoms continue to incorporate on the edges. It is worth
mentioning that, at the temperatures of those experiments, the
GaN decomposition rate is not negligible; therefore, GaN is
decomposed and Ga atoms can either evaporate or
reincorporate into the crystal. Under these conditions, it is
expected that the atoms incorporated on the edges will act as
nucleation sites for the new arriving atoms, thus leaving a
mixture of S-, H-, and CNWs.
This comprehensive analysis of the shape of the nanostruc-

tures with respect to the growth conditions (growth temper-
ature, Gaϕ and Nϕ *) demonstrates unambiguously that the
mechanism behind their particular shape is the growth under
local Ga-limited conditions. This mechanism has been pointed
out to be behind the growth of ordered arrays of GaN
nanotubes34 on a Ti-masked diamond substrate. In their case
the local conditions on the tip were tuned by controlling the
geometrical design of the mask (small period and large
diameter). In addition, Park and co-workers7 reported the
growth of ordered arrays of GaN HNWs by MBE when using a
low Gaϕ . Therefore, our findings are compatible with existing
literature, provide an exhaustive growth map, and complement
the already established theory on the growth of self-induced
GaN NWs.1,39−41

Spectroscopic ellipsometry analyses were performed on
samples N3, N4, and N5 to find out the impact of growth
under Ga-limited conditions on both the total porosity and the
evolution of the optical constants along the GaN nanostructure
in a larger scale. Herein, the term porosity will be defined as
the percentage of air/voids in the GaN material. For reference,
0% porosity will be associated with a compact solid GaN thin
film, composed by 100% GaN and 0% air.
Analyses were carried out considering a wavelength range

from 250 to 2500 nm (5−0.5 eV), and the angles of incidence
were varied between 55 and 75°. The spot size of the light
beam used was 3 mm, which was always positioned in the
central region of the sample. The depolarization was registered
in all cases, and it was included in the fitting process. As a first
approach, the average porosity of each film was obtained by a
pure Bruggeman effective medium approximation (BEMA)
model, incorporating a mix of wurtzite GaN from the Woollam
software library42 and voids to describe the GaN nanowires
layer, and assuming that individual nanowires exhibit the same
behavior as the dense material. The calculated porosities show
an increase of the voids proportion from 56% for sample N3 to
66% on sample N5, which could be associated with a boost in
the density of CNWs.
Figure 6a shows the ellipsometric BEMA model enhanced

by separating the in-plane (X, Y) and out-of-plane (Z) optical
responses (uniaxial anisotropy). The out-of-plane depolariza-
tion factor was fitted to qz ≈ 0, with the sum of qx and qy being
the difference of qz from 1, due to the columnar morphology
(perpendicular to the substrate) of the nanostructures.43−45 In
order to reproduce the morphology of the GaN porous film, it
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was also assumed a variation in the refractive indexes (n) of the
GaN nanostructure along the Z direction (a graded-index
layer) so that it decreases, up to n = 1 on the surface, as we
move away from the substrate. Such variation is originated by
internal changes in the structure of the nanowires rather than
by modifications in the number of nanowires per surface unit.
Furthermore, layer thickness nonuniformity was obtained from
the depolarization registered during the experiments. Addi-
tionally, a 2 nm thin layer of silicon nitride (Si3N4), located
between the substrate and the nanowire layer, was also
considered in the optical model. Making all these consid-
erations and fixing the porosity values obtained from the pure
BEMA aforementioned, the defined model shows a good
agreement for the modeled and the experimental spectra,
obtaining good mean square errors (MSE) including
depolarization (see Supporting Information Figure S4 for the
experimental and modeled ellipsometric measurements). Note
that the thicknesses predicted by the model ((446 ± 0.24),
(460 ± 0.50), and (383 ± 0.25) for N3, N4, and N5,
respectively) differ slightly from those measured by SEM ((402
± 18), (385 ± 26), and (367 ± 14) nm for N3, N4, and N5,
respectively), being bigger for N3 and N4 samples. These
differences could be related to the nonuniformity of thickness,
which in turn is responsible for the measured depolarization.
This nonuniformity along the spot size reaches to the 18% for
N3 sample and 22% for N4 and is significantly lower for
sample N5 where it is 6%.
The results obtained from the BEMA model let us know

some further information about the studied systems. First of
all, it can be noted that GaN nanostructure layers have a high
porosity, which leads to lower refractive indexes when
compared to a massive GaN (see Supporting Information
Figure S5 for refractive index vs wavelength). Moreover, it can
also be observed that this refractive index decreasing is more
pronounced for greater N2 fluxes, which would demonstrate a
direct correlation between the effect of the total density of
nanostructures and the SNWs to CNWs proportion in the
refractive index. Figure 6b−c summarizes the evolution of the
refractive index of uniaxial anisotropic GaN nanowire layers
along the out-of-plane direction. Here, it can be found that the

refractive index in the Z direction is in all samples greater than
those corresponding to the in-plane directions, being the
difference between both (birefringence) stronger for lower
total densities of NWs and higher concentrations of SNWs. It
is important to highlight that N4 and N5 samples present a
faster drop in n within the first 100 nm, which could be related
to a structural change from SNWs to CNWs, i.e., at the
beginning all the NWs would have a solid base, which could
develop the c-shape or not depend on the growth conditions.
This would be also in agreement with the aforementioned
accumulation of material on the bases of these nanostructures.
Therefore, taking this into account, it could be said that the
concentration of CNWs is higher in N5 than in the N4 sample
because the decrease of n is sharper in the region close to the
substrate. By contrast to this, N3 sample exhibits a constant
and softer n decrease except in the zone close to the surface,
after 370 nm, which could be associated with the
nonuniformity in thickness (18% in this case). This fact
makes us think this last layer would be fundamentally
composed of SNWs. Moreover, the low initial value of both
nx,y and nz in N3 sample is due to its smaller total density of
NWs (see Figure 5a3,b).

■ CONCLUSIONS
In this Article, we performed a thorough study of GaN-on-Si
nanostructures growth by PAMBE. HR-TEM analysis showed
single crystalline SNWs, HNWs, and CNWs epitaxially aligned
with the underlying Si substrate and their effect on the
morphology of the nanostructures. We have pointed out that
the growth under local Ga-limited conditions is the mechanism
behind the particular morphology of the nanostructures. Our
findings are compatible with existing literature, provide an
exhaustive growth map, and complement the already
established theory on the growth of self-induced GaN NWs.
The porosity of the samples as well as the evolution of the
optical constants along their thickness were obtained from the
fitting of the ellipsometry measurements to the BEMA uniaxial
model. By tuning the growth conditions, the density and shape
of the nanostructures, and thus the porosity, can be controlled.
The particular morphology of the samples presented in this
Article together with the demonstrated control over the
porosity level will potentially open new horizons in the
development of GaN nanostructures for future applications.
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Fabien Paumier,∥ Thierry Girardeau,∥ Diana L. Huffaker,⊥,# Rafael García,†,‡

and Francisco M. Morales*,†,‡

†Department of Materials Science and Metallurgical Engineering and Inorganic Chemistry, Faculty of Sciences, University of Cad́iz,
11510 Puerto Real, Cad́iz, Spain
‡IMEYMAT: Institute of Research on Electron Microscopy and Materials, University of Cad́iz, 11510 Puerto Real, Cad́iz, Spain
§Department of Condensed Matter Physics, Faculty of Sciences, University of Cad́iz, 11510 Puerto Real, Cad́iz, Spain
∥Institut Pprime, UPR 3346 CNRS-Universite ́ de Poitiers-ENSMA, SP2MI, 86962 Futuroscope-Chasseneuil, France
⊥School of Engineering, Cardiff University, CF24 3AA Cardiff, United Kingdom
#School of Physics and Astronomy, Cardiff University, CF24 3AA Cardiff, United Kingdom

*S Supporting Information

ABSTRACT: We report an original and straightforward method
for both optical and electrical characterization of vertical GaN
nanowire arrays epitaxially grown on silicon through visible-
infrared spectroscopic ellipsometry methods. For the initial
purpose of adding new inputs to the ellipsometry model, focused
ion-beam tomography experiments were conducted to extract
porosity/depth profiles of these systems. To reproduce the
optical free-carrier behavior in the infrared, the ellipsometric data
acquired were fitted to an anisotropic Bruggeman model
including Tauc-Lorentz and Drude oscillators, which enabled
the determination of carrier density and in-grain mobility. The
nice agreement of these results with those obtained by combining
Hall effect measurements, X-ray diffraction, and transmission electron microscopy studies supported the validity of the proposed
method, opening new horizons in the characterization of nanowire-based semiconducting layers.

■ INTRODUCTION

Gallium nitride (GaN) nanowire (NW) arrays grown by
plasma-assisted molecular beam epitaxy (PAMBE) have
recently attracted the attention of the scientific community
due to their high crystalline quality and low defect density1−4

and their unique electrical and optical properties.5−7 By tuning
the growth conditions, the size and arrangement of the
nanowires, and thus the porosity, can be controlled so as to
modulate the optical and electrical properties of the
system.5,8−11 Thanks to its high surface-to-volume ratio,
tunable refractive index and bandgap, high light extraction
efficiency and quantum efficiency, GaN arrays have been
erected as a promising material not only for the development
of optoelectronic and optical devices such as field-effect
transistors (FETs),12,13 light-emitting diodes (LEDs),6,14 laser
diodes,15 and detectors,16 but also for photoelectrochemical
water splitting17,18 and energy storage19 applications.
While the optical characterization of GaN nanowire and

nanorod arrays through spectroscopic ellipsometry (SE),9,10

polarized-goniometry,20 or reflectivity spectroscopy11 is well
reported in the literature, the characterization of electrical

properties related to conductivity, like carrier concentration
and mobility, presents some difficulties associated with the
geometry of this kind of structure.4,21 Up to now, the majority
of the studies are focused on Hall effect and field effect
measurements performed on single nanowires after fabricating
multiple contacts.22−25 However, given the challenges
aforementioned, very few studies based on the electrical
characterization of complete nanowire films have been
reported at the time of the submission of this work.26−28

Hence, the development of novel and alternative method-
ologies for the electrical characterization of nanowire layers,
such as noncontact THz spectroscopic measurements,29 is
crucial.
In this work, we report an alternative and straightforward

way for both optical and electrical characterization of high-
quality single crystalline GaN self-assembled NW films by
means of visible-IR spectroscopic ellipsometry (SE), which is a
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cheap, fast, and nondestructive technique that can be used as a
systematic characterization tool even for industrial processes.
These porosity-controlled layers of GaN nanostructures were
grown in a compact fashion by PAMBE. The porosity profiles
along the layer thickness, which are not constant due to the
presence of different nanostructure shapes from solid (SNW)
to c-shape (CNW) and hollow (HNW) nanowires, were
extracted through focused ion-beam (FIB) tomography
reconstructions (slice and view). In order to reproduce the
SE measurements, these porosity profiles were incorporated
into an optical model through an effective-medium approx-
imation in the framework of an anisotropic Bruggeman model,
in which the optical constants of GaN are modeled by a
combination of a Tauc-Lorentz oscillator and a Drude
oscillator. This approach not only allows one to determine
porosity, thickness, and optical constants of GaN NW films but
also carrier densities and optical mobilities. The validity of the
defined model is supported by combining Hall effect
measurements, X-ray diffraction (XRD), and transmission
electron microscopy (TEM) techniques including high-
resolution (HRTEM) and energy-dispersive X-ray spectrosco-
py (EDX).

■ EXPERIMENTAL SECTION

Wurtzite GaN nanowire layers were grown on chemically
cleaned p-type Si(111) or (100) substrates by PAMBE along
the [0001] direction and epitaxially aligned with the
underlying Si substrate, following the same procedure as the
one described in a previous study.10 For 3D reconstructions,
two different systems were used to acquire FIB-SEM
tomography data sets: a Scios 2 DualBeam microscope from
Thermo Scientific and a CrossBeam 350 microscope from
ZEISS. Those data sets consist of stacks of SEM images
recorded using backscattered electrons and an acceleration
voltage of 1.4 kV. The optical and electrical properties of each
sample were evaluated by standard vis-IR spectroscopic
ellipsometry at incident angles of 65°, 75°, and 85°. These
measurements were performed with a J. A. Woollam M2000XI
(from 400 to 1700 nm) and J. A. Woollam IR-VASE Mark II
(from 1700 to 24000 nm), respectively. In order to confirm the
veracity of the electrical properties obtained through vis-IR SE
experiments, room temperature Hall Effect measurements were
conducted using a Van der Pauw Ecopia AMP-55 Hall
measurement system in the presence of a magnetic field. The
crystallographic structure was investigated by X-ray diffraction
(XRD) experiments which were performed using a Seifert
XRD 3000 diffractometer fitted with a copper source and a 1
mm beam collimator. To obtain additional insights into the
nanostructure, high-resolution transmission electron micros-
copy (TEM) experiments were conducted in a FEI Talos
F200S analytical microscope operated at 200 kV and equipped
with a Super-X energy-dispersive X-ray spectrometry (EDX)
system that includes two silicon drift detectors. Local
compositional analyses were performed by combining high-
angle annular dark-field imaging (HAADF) and EDX
acquisitions using the scanning (STEM) mode. Electron-
transparent cross-sectional FIB lamellae were prepared for
TEM observations by using the aforementioned FIB systems.

■ RESULTS AND DISCUSSION

With the additional purpose of examining the effect of
substrate orientation on optical and electrical properties, the

samples selected for this study were T2 and T2′ (following the
nomenclature of ref 10.), i.e., the same growth conditions but
different substrate orientations: Si(111) and Si(100), respec-
tively.
These two samples are composed by a mixture of three

different kind of NWs: SNWs filled and with hexagonal facets,
HNWs, with solid bases which evolve into hollow structures
when reaching a critical thickness, and CNWs, similar to
HNWs but partially opened longitudinally. More in-depth
studies of the structure and morphology of these three types of
nanowires as well as the effect that growth conditions have on
both the overall porosity and the optical properties of such
systems can be found in ref 10. Due to the presence of this
variety of nanostructures, the porosity profile along the Z
direction turns uncertain and nonlinear, hindering the optical
characterization of these systems.30 In order to overcome this
difficulty, representative areas of T2 and T2′ samples were
explored with the aim of extracting their porosity profiles by
performing FIB tomography experiments. In this regard, two
different FIB systems (Thermo Scientific Scios 2 DualBeam
and ZEISS CrossBeam 350) were employed to carry out 3D
reconstructions and analyses of T2 and T2′ volumes,
respectively (see Supporting Information Section I for a
detailed description of the experimental data acquisition,
segmentation, 3D reconstruction, and porosity profile extrac-
tion).
Figure 1a,b displays volume visualizations of T2 and T2′

samples respectively together with their porosity profiles along
the surface normal (Figure 1c,d). Note that the planar views
obtained by data segmentation at depths close to the surface
reveal the characteristic morphologies of GaN NWs (SNW,
HNW, and CNW). As a first approach, a significant difference
between the porosity profiles of both specimens can be
appreciated. Whereas one of them (T2) experiences a first
stage in which the porosity remains constant with the depth,
followed by a progressive increase in porosity, the other (T2′)
first experiments a slight decrease in porosity up to reaching a
critical thickness from which it increases sharply. Furthermore,
there are also differences in the total thickness of both samples
(around 550 and 750 nm for T2 and T2′, respectively). In this
way, the shapes of these two profiles only can be explained by
considering that nanowires are composed by solid (filled)
bases that evolve (or not) into hollow structures (HNW or
CNW), justifying the initial step of constant porosity (first 300
nm of thickness) in sample T2. These results are consistent
with the assumptions made in previous works.10 On the other
hand, the preliminary drop in porosity in sample T2′ could be
associated with the broadening of solid bases that occur after
attaining 100−150 nm thickness.
Once the evolution of the porosity along the NW layer is

known, vis-IR SE experiments were performed in areas close to
3D reconstructions with the purpose of conducting a full,
accurate, and comparable characterization of these systems. To
do so, visible and infrared spectroscopic ellipsometry measure-
ments were performed at incidence angles of 65°, 75°, and 85°.
Both spectra were acquired separately and then were spliced
and treated with the WVASE software from J. A. Woollam. In a
first stage of the study, the data acquired were fitted to an
Anisotropic Bruggeman Effective Medium Approximation
(ABEMA) model composed by a mixture of wurtzite GaN,
whose optical constants are modeled by the ones obtained for
high-quality single-crystalline α-GaN layers31 and void. A 2
nm-thick layer of silicon nitride (Si3N4) located between the Si
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substrate and the nanowire layer was also included in the
optical model. With the aim of reflecting the columnar
geometry of the film with NWs growing perpendicular to the
substrate, the depolarization factor in the extraordinary (out-
of-plane) direction (qz) was fixed to 0, whereas the ordinary or
in-plane ones (qx and qy) were fixed at 1/2 (uniaxial
anisotropy).32,33 Moreover, the porosity profiles extracted by
FIB tomography 3D reconstructions were incorporated into
the model in order to reproduce the variation in the refractive
index (n) along the Z direction (as a function based graded-
index layer). On the other side, the anisotropy associated with
the wurtzite GaN structure was considered negligible
compared to the anisotropy associated with the columnar
structure. Indeed, wurtzite GaN has a uniaxial structure, and its
intrinsic birefringence, which is the difference Δn = nz − nx,y
between extraordinary optical index nz and ordinary one nx,y is
of the order of 0.02 (in absolute terms) in the visible range
according to ref 31 (see Figure S8). On the other hand, by
modeling GaN as an isotropic material and implementing it
into the ABEMA model above-mentioned, the birefringence in
the visible range is around 0.1 in the visible range as one can
see on Figure 2c,d, that is, 5 times higher than the intrinsic
birefringence of wurtzite GaN. We may therefore neglect the
intrinsic uniaxial structure of GaN and conclude that the
observed anisotropy is mainly due to the elongated shape of
the NWs.

Despite the fact that this model provides a fine agreement to
the experimental data in the visible range, it fails to reproduce
the absorption in the IR range, as can be seen in Figure 2a,b.
Indeed, the presence of a weak but non-negligible level of
doping in the GaN results in free carrier absorption in the IR
range. In order to model correctly this absorption, we replace
the tabulated optical constants from ref 31 for wurtzite GaN by
a combination of two oscillators: (i) a Tauc-Lorentz Oscillator
(TLO) modeling the direct band gap (Eg) absorption of
GaN34 and (ii) a Drude Oscillator (DO) modeling the free-
carrier behavior in the IR range35 (a scheme of the optical
model is presented in Figure S2). From 1.5 to 3 eV, that is, in
the visible range, the parameters of the TLO were adjusted
onto the values of the dielectric constants for wurtzite GaN
from ref 31. The advantage of using a Tauc-Lorentz oscillator
over, for example, a simple Lorentz oscillator, is to impose a
more realistic value of zero for ε2 below the gap. Also, a TLO
permits the combination with another oscillator, here a Drude
oscillator, unlike, for example, a simple Cauchy model. In this
way, a DO was incorporated to represent free-carrier
absorption by fitting the ellipsometry data in the lower energy
region, considering an effective mass (m*) of 0.20 for wurtzite
GaN,36 while the free carrier density Ne(opt) and optical
mobility μopt are the parameters to be fitted. Indeed, the Drude
model is appropriate to characterize samples with carrier

Figure 1. 3D reconstructions of the NW arrays in (a) T2 and (b) T2′ samples through FIB tomography. Volume sizes are 5440 × 3222 × 1230
nm3 and 1744 × 1602 × 834 nm3, respectively. Porosity profiles of (c) T2 and (d) T2′ samples extracted along the surface normal together with
some planar views obtained by data segmentation at different depths (GaN material and voids are shown in blue and white colors, respectively).
Note that these images were cut to show the same field of view in both samples, for comparison.
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concentrations down to 1018 cm−3 when infrared spectroscopic
ellipsometry is used.37

The fittings obtained for T2 and T2′ samples after
incorporating TLO and DO models are shown in Figure
2a,b, respectively, together with the fitting obtained by using
either a TLO alone (TLO) or the data from ref 31 (Adachi)
for GaN. As one can see, a TLO alone or Adachi data provide a
quite good description of the measured Ψ and ΔSE values in
the visible range. However, while approaching the IR range, a
shift in energy between the modeled and measured oscillations

of Ψ and Δ is noticeable. Moreover, they predict oscillations
below 0.4 eV that are not observed. The addition of a Drude
oscillator to the model resolves these issues: the modeled
oscillations of Ψ and Δ remain in phase with the measured
ones even in the IR range, and their cutoff at 0.4 eV is correctly
predicted. We emphasize here that this cutoff provides a very
robust criterion to fit the carrier density: the Mean Square
Error (MSE) increases by 10% when a relative change of 10%
of Ne(opt) is applied to the model (see Figure S6). With this
criterion, the relative uncertainty on the fitted value of Ne(opt) is

Table 1. Summary of the Electrical Characterization of T2
and T2′ Samples through Hall Effect Measurements and
Vis-IR SEa

sample T2 sample T2′
Hall voltage, VH (V) (−4.4 ± 0.2) × 10−6 (−4.4 ± 0.9) × 10−6

sheet resistance, Rs (Ω) 111.5 ± 0.1 1881.2 ± 6.0
Hall carrier density,
Ne(Hall) (e

−/cm3)
(1.6 ± 0.1) × 1020 (1.2 ± 0.3) × 1020

Hall mobility, μHall
(cm2/V s)

6.8 ± 0.3 0.4 ± 0.1

optical carrier density,
Ne(opt) (e-/cm

3)
(1.3 ± 0.1) × 1020 (1.1 ± 0.1) × 1020

optical mobility, μopt
(cm2/V s)

45 ± 5 34 ± 5

aHall effect experiments were conducted by supplying a current of
100 μA and inducing a magnetic field of 0.58 T. The thicknesses
considered for these calculations were obtained from 3D reconstruc-
tions (Figure 1).

Figure 3. XRD rocking curves: (a) ω-scans and (b) χ-scans of the
GaN 0002 reflection for T2 (blue lines) and T2′ (red lines) samples.

Figure 2. Measured spectroscopic ellipsometry angles Ψ (red) and Δ (green) for (a) T2 and (b) T2′ samples at an incident angle of 65°. Thick
solid lines represent the experimental measurements. Thin solid black lines represent the best-fit achieved using the SE model (ABEMA including
TLO + DO). For comparison, dashed lines represent the best-fit obtained with an ABEMA model with only a TLO (light blue) or using Adachi et
al. (ref 31.) data (dark blue) for GaN. In-plane (blue solid lines) and out-of-plane (red solid lines) refractive indices and birefringence (dashed
green lines) of (c) T2 and (d) T2′ samples obtained from simulations using the SE model.
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±10% for values of Ne(opt) as low as 1 × 1018 e/cm3. That is, ±
0.1 × 1020 e/cm3 for a fitted value of Ne(opt) = 1.3 × 1020 e/cm3

for sample T2.
The evolutions of the in-plane and out-of-plane refractive

indices along with the birefringence of T2 and T2′ NW layers,
obtained from the enhanced ellipsometry model over the vis-
IR range, are displayed in Figure 2c,d, respectively. As
expected, the refractive indices of both samples in the visible
spectrum are smaller than that of bulk GaN due to the
presence of voids. Nevertheless, both layers start to experience
a metallic behavior at energies around 0.4 eV which
corresponds to the onsets of free-carrier absorption, leading
to an increase in refractive indices. Also note that, from visible
to near-infrared, the refractive indices in the Z direction are
greater than that corresponding to the in-plane one. Likewise,
the values of birefringence obtained in this spectral range let us
evidence that the optical anisotropy in T2′ is stronger than in
T2.
Additionally, the DO parameters (Ne(opt) and μopt) provided

by the SE model are Ne(opt) (T2) = (1.3 ± 0.1) × 1020 e−/cm3

and μopt (T2) = 45 ± 5 cm2/V s; Ne(opt) (T2′) = (1.1 ± 0.1) ×
1020 e−/cm3 and μopt (T2′) = 34 ± 5 cm2/V s. Note that the
doping level of both samples is surprisingly high, taking into
account that they were not intentionally doped. With regard to

the optical mobility, the values extracted from the SE model
are in good agreement with the electrical mobility obtained in
the literature by four-point measurement for single GaN
NWs.4,38 Besides, these results are also consistent with the
values of mobility obtained from the Hilsum equation39

adapted for the case of GaN NWs,40 that is, 32.2 cm2/V s for
T2 and 33.2 cm2/V s for T2′ considering the doping level
predicted by the SE model. This is because the optical
measurements performed supply intragranular information,
which is equivalent to the mean of a set of measurements
carried out on different single NWs.
In order to confirm the values of carrier density and mobility

predicted by SE as well as to validate the defined model, room
temperature Hall Effect measurements were conducted. For
this purpose, four contacts were placed at the corners of
squared-shaped samples which were cut in such way that the
same areas as in previous experiments were studied.
An overview of the results obtained from the Hall effect

measurements for T2 and T2′ samples can be found in Table
1. The negative sign of the Hall voltage indicates that the
majority of the carriers were electrons for both samples (n-type
semiconductor). Moreover, the values of carrier densities
measured are in accordance with those predicted by SE, which
confirms the high n-doping level. However, great differences
between the electrical behavior of T2 and T2′ samples are
observed. As can be seen, sample T2′ exhibits a greater
opposition to the flow of electric current than T2 (just over 1
order of magnitude). It should be also noted that the mobility
measured by Hall effect, in addition to being surprisingly low,
does not correspond with the one predicted by the SE model.
The latter is expected since SE provides information related to
the free-carrier mobility within grains (μopt), while the Hall
effect give us information about the total mobility of the layer
(μHall), including the effects of grain boundaries as well as the
porosity of the structure. Conversely, Ne(Hall) values are not

Figure 4. STEM-HAADF and EDX elemental maps of (a) T2 and (b)
T2′ samples obtained for Ga, N, O, and Si atoms. (c) EDX spectra,
normalized at the Ga-Lα peak (1098 eV), for T2 (magenta dashed
line) and T2′ (blue dashed line) samples. The inset corresponds to
the feature of the O−Kα peak (525 eV).

Figure 5. STEM-HAADF and Ga, N, and O EDX elemental profiles
for (a) T2 and (b) T2′ samples. Note that such profiles were
integrated across the NWs following the direction indicated by the
arrows.
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affected by the porosity,41 so it is relevant to compare them
directly with those resulting from SE (Ne(opt)). Thus, μHall
values suggest that the mobility in GaN NW arrays is
dominated by intergrain barriers.
This assumption is also supported by the shape analyses of

XRD rocking curves (ω and χ-scans) of 0002 GaN diffraction
peaks. As can be appreciated in Figure 3a, the full width at half-
maximum (fwhm) values of the ω-scans are rather small for T2
and T2′ samples (0.20° in both cases) which not only indicates
the good crystal quality of nanowires (low density of
dislocations) but also a good epitaxial alignment between the
GaN nanostructure and the single-crystalline Si substrate (the
out-of-plane epitaxial relationship is GaN(0001)||Si(111) for
T2 and GaN(0001)||Si(001) for T2′). In addition, χ-scans
(Figure 3b) reveal that the slight misorientation of the (0002)

planes along the growth direction (tilt) is more significant in
T2′ than in T2.
Once we come to this point, it is time to account for the

unintentional high doping concentration of the GaN NW
layers. With the aim of elucidating the origin of the doping,
EDX chemical analyses were carried out in both samples. The
Thermo Scientific Velox user interface was used for data
acquisition and processing. Quantification of the EDX data was
performed using the standardless method. In order to
minimize errors during this step, intensities of the different
peaks were extracted with a great care after background
subtraction with a multipolynomial approach. Since this
approach can lead to inaccuracy in the quantitative
composition determination, especially for low Z elements
like O and N, qualitative analyses were conducted. STEM
high-angle annular dark field imaging (HAADF) and EDX
elemental maps (see Figure 4a,b) reveal a remarkable presence
of oxygen distributed throughout both films. Note that the
oxygen signal becomes greater on the edges of the nanowires,
where projections only bring contributions of the surrounding
material, suggesting that oxygen is mainly accumulated at NW
surfaces (see elemental profiles obtained for both samples in
Figure 5a,b). Likewise, EDX normalized spectra (Figure 4c) of
both samples reveal that the amount of oxygen in T2′ is larger
than the one detected in T2. In this context, it is well-known
that high concentrations of oxygen in GaN can cause high
levels of electron concentration.42−45 Therefore, in consid-
eration of these results, it could be assumed that the observed
GaN NWs doping is linked to oxygen impurities.
By contrast, the explanation for the low total mobility of

such GaN nanostructures is more complex. In addition to the
effect of porosity, which acts by reducing the volume in which
the current flows,46 two additional reasons could contribute to
this phenomenon: (i) surface state trapping and (ii) the
formation of native oxide on the surface. Generally, electrical
properties of nanowire-structured semiconductors are sensitive
to the status of their surfaces. One of the main problems of
nanostructured systems is the decrease in the carrier mobility
due to the scattering from the surface states. Furthermore, this
effect becomes even more significant for the case of NWs
because of their high surface-to-volume ratio, which leads to
free carriers within the wire being trapped at surface traps.16,47

Nonetheless, this phenomenon would only affect the mobility
inside nanowires which was proved not to be responsible for
the low total mobility of the studied systems.
Another consequence of the great surface-to-volume ratio is

the formation of amorphous layers of native oxide surrounding
the nanowires when they are exposed to air. This issue has
been previously reported by other authors21,48 resulting in a
detrimental effect on electrical properties since this oxide shell
acts as a barrier for the motion of electrons among nanowires.
According to similar studies,49,50 this fact might also provide an
explanation for the high levels of electron concentration in
these GaN nanostructures: part of the oxygen atoms could
diffuse from the oxide layer into the GaN nanowire at room
temperature, originating oxygen impurities. HRTEM micro-
graphs and fast Fourier transform (FFT) diffractions of
isolated wurtzite GaN nanowires of T2 (Figure 6a) and T2′
(Figure 6b) samples evidence this formation of amorphous
layers of native oxide on the surface. Note that the amount of
oxide generated on the surface of the nanowire belonging to
T2′ is considerably larger than that observed in the NW of T2.
The latter, in addition to supporting the results obtained

Figure 6. High-resolution TEM micrographs and corresponding FFT
diffractions of single nanowires of (a) T2 and (b) T2′ samples. Note
that these TEM observations were conducted on two FIB lamellae
prepared by using the same SEM-FIB systems as for FIB tomography
experiments.
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through EDX analyses, could be associated with a major
susceptibility to oxidation of T2′ compared to the T2 sample,
leading to a minor mobility of the T2′ sample as Hall effect
measurements revealed. Thus, we propose that both the native
oxide layer formed on cylinder-like surfaces and porosity are
the limiting factors on the global mobility of GaN nanowire
array films.
After reaching these conclusions, it is clear that the surface-

to-volume ratio plays a vital role in both optical and electrical
properties of GaN NW arrays. The insertion of porosity allows
one to cut down the effective refractive index of the layer.
However, increasing the porosity implies greater surface-to-
volume ratios, which has been proven to have a detrimental
effect on the electron mobility because the formation of native
oxide shells within the semiconducting layers is favored when
the surface exposed to air is greater.51 Hence, by tuning the
growth conditions, the porosity of the nanostructures can be
controlled, making these systems more appropriate for optical
or electrical applications.

■ CONCLUSIONS
In summary, optical and electrical properties of GaN nanowire
arrays grown on Si (111) and Si (100) by PAMBE were
simultaneously explored by means of an innovative method-
ology based on vis-IR spectroscopic ellipsometry. For a better
description of these nanostructures, porosity profiles extracted
by FIB tomography reconstructions were implemented into an
ABEMA model where the optical constants of GaN were
modeled by a multioscillator approach (TLO and DO) which
enabled us to determine the carrier density and intragrain
mobility of such nanostructures. These results evidenced
electron concentrations of about 1020 cm−3 and optical
mobilities comparable to the one reported for individual
GaN nanowires (30−50 cm2/V s). Hall effect measurements,
XRD, and transmission electron microscopy (STEM-EDX and
HRTEM) studies not only provided a confirmation of the
results predicted by the SE model but also let us elucidate that
the oxygen impurity was the responsible for the high doping
level and that the total mobility of such GaN arrays was mainly
limited by the combined effect of porosity and surface
oxidation of individual nanowires.
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Educacioń y Cultura for the concessions of grants (ICARO-
173873 and FPU16-04386). The “Talent Attraction Program”
of the University of Cad́iz is acknowledged by supporting B.L.
contract code E-11-2017-0117214. University of Cad́iz and
IMEYMAT are also thanked by financing the mutual facilities
available at the UCA R&D Central Services (SC-ICYT), the
UCA project reference “PUENTE PR2018-040”, and the
IMEYMAT project reference “AGREGADOR 2018-1”. The
authors would like to acknowledge the financial support
provided by Ser̂ Cymru National Research Network in
Advanced Engineering and Materials. This work was also
supported by the IMATOP project funded by “Nouvelle
Aquitaine” Region and by the European Structural and
Investment Funds (ERDF reference P-2016-BAFE-209).

■ REFERENCES
(1) Sobanska, M; Zytkiewicz, Z R; Calabrese, G; Geelhaar, L;
Fernandez-Garrido, S Comprehensive Analysis of the Self-Assembled
Formation of GaN Nanowires on Amorphous AlxOy: In Situ
Quadrupole Mass Spectrometry Studies. Nanotechnology 2019, 30
(15), 154002.
(2) Bolshakov, A. D.; Mozharov, A. M.; Sapunov, G. A.; Shtrom, I.
V.; Sibirev, N. V.; Fedorov, V. V.; Ubyivovk, E. V.; Tchernycheva, M.;
Cirlin, G. E.; Mukhin, I. S. Dopant-Stimulated Growth of GaN
Nanotube-like Nanostructures on Si(111) by Molecular Beam
Epitaxy. Beilstein J. Nanotechnol. 2018, 9 (1), 146−154.
(3) Schlager, J. B.; Sanford, N. A.; Bertness, K. A.; Barker, J. M.;
Roshko, A.; Blanchard, P. T. Polarization-Resolved Photolumines-
cence Study of Individual GaN Nanowires Grown by Catalyst-Free
Molecular Beam Epitaxy. Appl. Phys. Lett. 2006, 88 (21), 213106.
(4) Mansfield, L. M.; Bertness, K. A.; Blanchard, P. T.; Harvey, T. E.;
Sanders, A. W.; Sanford, N. A. GaN Nanowire Carrier Concentration
Calculated from Light and Dark Resistance Measurements. J. Electron.
Mater. 2009, 38 (4), 495−504.
(5) Pauzauskie, P. J.; Yang, P. Nanowire Photonics. Mater. Today
2006, 9 (10), 36−45.
(6) Chen, C. Y.; Zhu, G.; Hu, Y.; Yu, J. W.; Song, J.; Cheng, K. Y.;
Peng, L. H.; Chou, L. J.; Wang, Z. L. Gallium Nitride Nanowire Based
Nanogenerators and Light-Emitting Diodes. ACS Nano 2012, 6 (6),
5687−5692.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.9b10556
J. Phys. Chem. C 2020, 124, 1535−1543

1541

https://pubs.acs.org/doi/10.1021/acs.jpcc.9b10556?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b10556/suppl_file/jp9b10556_si_001.pdf
mailto:fmiguel.morales@uca.es
http://orcid.org/0000-0003-3776-7080
http://orcid.org/0000-0001-7916-6377
http://orcid.org/0000-0003-2364-8814
http://orcid.org/0000-0002-8341-2478
http://dx.doi.org/10.1021/acs.jpcc.9b10556
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ABSTRACT  

Nanostructured films offer the ability of modifying surface properties, even more, when they can 

generate layers with controlled porosity. The lower implicit integrity of these (multi)layers when 
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compared to their compact counterparts, hinders the attainment of electron-transparent sections 

of submicron thicknesses (lamellae), which becomes one of the main reason for the scarcity of 

studies thorough (scanning-)transmission electron microscopy ((S)TEM). Aware of this 

opportunity, some comprehensive (S)TEM studies are conducted on different coatings deposited 

at oblique angles as well as GaN nanowire arrays, enabling the realization of several pioneering 

works presented here, which are essential to complete the characterization of such porosity-

controlled coatings. Topics as diverse as the preparation of electron-transparent specimens and 

the advanced characterization of their structures, morphologies, interfaces and compositions are 

addressed thanks to the implementation of new breakthroughs in (S)TEM, which allow to obtain 

high resolution imaging, spectroscopies, or tomography, at both microscopic and nanoscopic 

levels. This works aims not only to establish (S)TEM as a reference tool for the advanced 

structural, chemical and morphological characterization of porous nanostructured skins, but also 

to open new horizons, providing better and new insights and thus allowing the optimization of 

the fabrication and design of such architectures.  

 

KEYWORDS: Porous thin film; TEM sample preparation; HRTEM; iDPC-STEM; STEM-

EDX; STEM-EELS; STEM-HAADF tomography.  
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1. Introduction 

 

Surface engineering is an area of Materials Science & Technology that has lately attracted great 

interest thanks to the possibility of modifying the properties of the material that is covered by 

providing some characteristics that make it ideal for a determined application (Albella, 2018; 

Davim, 2012). In this light, many different approaches have emerged, being the design and 

manufacturing of porosity-controlled coatings one of the most appealing, since they endow 

materials with improved and additional functionalities of interest in many fields such as energy 

(Li et al., 2016; Dislaki et al., 2018), catalysis (Dubey et al., 2016; Abate et al., 2006), optics 

(Maudet et al., 2019; Maudet, Lacroix, Santos, Paumier, Paraillous, Hurand, Corvisier, Marsal, et 

al., 2020; Maudet, Lacroix, Santos, Paumier, Paraillous, Hurand, Corvisier, Dupeyrat, et al., 

2020; Toccafondi et al., 2014; Prikulis et al., 2015; Santos et al., 2019) and electronics (Lacroix 

et al., 2019; Santos et al., 2020). 

In recent times, coatings elaborated by means of oblique angle deposition (OAD) have become a 

widespread practice for attaining 3D micro- and mesoporous architectures of controlled structure 

and properties. Through this bottom-up approach, the deposition of tilted columnar and porous 

films is achieved thanks to the shadowing effect that occurs when the incident flux of particles 

arrives at an oblique angle (Hawkeye & Brett, 2007; van Kranenburg & Lodder, 1994; Robbie & 

Brett, 1997; Hawkeye et al., 2014; He & Zhao, 2011; Barranco et al., 2016). In this regard, OAD 

methods allow not only to deposit many types of materials (single elements, compounds with 

changing stoichiometries, metals, oxides, semiconductors, dielectrics, etc.) but also to sculpt, 

with a nanoscopic precision, a variety of complex architectures with controlled geometries 

(slanted, zig-zag, or helical structures; periodic arrays; etc.) simply by adjusting the deposition 



4 

 

parameters during the deposition. Likewise, the manufacture of fine-controlled nanoporous films 

by molecular beam epitaxy (MBE) or chemical vapour deposition (CVD) methods has also 

shown to be a good approach, even though the architectures achieved by these two techniques 

are different from those generated by OAD methods, being the most significant those formed by 

nanorods (NRs) or nanowires (NWs) of semiconducting materials (Gómez et al., 2019; Tyagi et 

al., 2019; Sun et al., 2018; Cha et al., 2009). Within the framework of the development of 

nanostructures for ultra-high performance multifunctional devices, OAD and MBE techniques 

have proved to be powerful tools since both permit to tune the effective refractive index (n) of 

the deposited film by controlling the porosity of the system, enabling to manufacture broadband 

omnidirectional graded-refractive-index antireflective (AR) coatings (Maudet et al., 2019; Santos 

et al., 2020; Maudet, Lacroix, Santos, Paumier, Paraillous, Hurand, Corvisier, Dupeyrat, et al., 

2020; Maudet, Lacroix, Santos, Paumier, Paraillous, Hurand, Corvisier, Marsal, et al., 2020; 

Lacroix et al., 2019; Gómez et al., 2019; Xi et al., 2007; Kennedy & Brett, 2003; Tian et al., 

2017; Chang et al., 2011). Nevertheless, in order to take maximum benefits from these two 

approaches, a fine description at different scales of the elaborated systems is needed. 

From the outset of these technologies, various techniques have been used to characterize such 

nanostructured films at different scales. In the case of the OAD structures, scanning electron 

microscopy (SEM) (Alvarez et al., 2016; El Beainou et al., 2017; Chu et al., 2017), atomic force 

microscopy (AFM) (Jain et al., 2013; Esfandiar et al., 2013), X-ray diffraction (XRD) (Larson & 

Zhao, 2016; Shetty & Karimi, 2012), or X-ray photoelectron spectroscopy (XPS) (Polat et al., 

2014; Salazar et al., 2017) studies have been extensively applied to obtain information about the 

structure, morphology and composition of such systems, which are relevant data to take into 

account for having a better description of their growth mechanisms and properties. It is however 
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worth to point out that these techniques mentioned above provide microstructural information 

with a limited spatial resolution: several microns in the case of XRD and XPS and up to a few 

nanometers in the case of AFM (lateral resolution) and SEM. According to Hawkeye et al. 

(Hawkeye & Brett, 2007), “the future development of OAD technology requires further study of 

fundamental growth processes as well as continued investigation and optimization of the 

physical properties of OAD fabricated films”. Therefore, in order to advance on the knowledge 

of the fundamental processes involved in the generation of such type of nanostructured films and 

to go further into their performances optimization, it is now becoming essential to apply, in a 

systematic way, characterization methodologies that allow a fine description of these systems. In 

this context, transmission electron microscopy (TEM), and its related techniques, postulates as 

the appropriate candidate, which is known to be a powerful and fast-growing analytical tool to 

probe not only the local structure but also the local chemistry and morphology of materials.  

In the past few years, the integration of efficient and multiple signal detectors combined with the 

arrival of aberration correctors for the electron lenses have enabled significant improvements 

related to elemental detection sensitivity and dramatic reduction of the attainable resolution 

limits below the Angstrom, opening up new possibilities and challenges in the characterization of 

materials (Wang, 2011; McMullan et al., 2014; Hosokawa et al., 2013). However, although it has 

become a mainstay in the repertoire of characterization techniques for materials scientists, it 

should be noted that TEM still has difficulties to establish itself as a reference tool for 

apprehending topics related to nanoporous structures. Most of these difficulties come from the 

collection of electron-transparent sections of open (multi)layers of submicron thicknesses 

(lamellae), which becomes especially challenging compared to their compact equivalents. 

Besides, a thorough review of the state of the art dealing with the OAD processes indicates that 
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only a few studies have concerned the application of TEM, most are restricted to very basic TEM 

analyses, including, mainly, conventional TEM imaging, electron diffraction, or high-resolution 

TEM (see the recent references (Phae-ngam et al., 2019; Liedtke-Grüner et al., 2019; Liedtke et 

al., 2017, 2018; Qi et al., 2019; Auer & Ye, 2017; Amaya et al., 2017; Nuchuay et al., 2017) as 

example), and do not take advantage of the full potential of the ultimate generation electron 

microscopes including high spatial resolution imaging and spectroscopies or tomography for 

example.  

On the other side, semiconducting nanowire films grown by MBE methods have also been 

broadly studied through SEM, photoluminescence spectroscopy (PL) or even TEM (Zhao & Mi, 

2017; Debnath et al., 2008; Reznik et al., 2018; Zhao et al., 2019; Koval et al., 2019; Morkötter 

et al., 2013; Anyebe et al., 2020; Abdel All et al., 2020; Novikov et al., 2010). Nevertheless, as 

with the OAD systems, these works are limited to high-resolution and electron diffraction TEM 

studies of very narrow areas, being often observed the side faces and interfaces of individual 

NWs but not being explored the entire film or different representative areas, which can be 

associated to the aforementioned difficulties that the achievement of electron-transparent sheets 

of regular widths for nanoporous structures implies.  

In this work, comprehensive studies by transmission and scanning-transmission electron 

microscopies ((S)TEM) were conducted on nanostructured porosity-controlled coatings, enabling 

several major advances, which were fundamental to reach important conclusions on the research 

of: (i) OAD systems of different nature, materials and architectures, providing not only a better 

insight of their structures and properties but also allowing the optimization of the fabrication and 

design of such architectures; and (ii) MBE films with variable morphologies and tunable optical 

and electrical properties of arrays of GaN hollow and/or compact nanowires. Issues as the 
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preparation of electron-transparent specimens and the advanced characterization of their 

structures, morphologies, interfaces and compositions are discussed thanks to the implementation 

of new innovations in (S)TEM, which allow to obtain high resolution imaging, spectroscopies, or 

tomography, at both microscopic and nanoscopic levels. 

2. Materials and methods 

 

2.1. Sample fabrication 

 

2.1.1. OAD films 

 

A variety of OAD coatings prepared using different conditions and materials have been studied. 

Silicon dioxide (SiO2) and titanium dioxide (TiO2) OAD thin films were fabricated at room 

temperature in an electron-beam evaporator placed into a physical vapour deposition (PVD) 

vacuum chamber (base pressure 2x10-6 mbar). Such (multi)layers were deposited at different 

angles of incidence (α) relative to the substrate normal from 50° to 85°, without substrate 

rotation, by adjusting the angle of the substrate holder with respect to a fixed evaporation 

direction. Since this deposition chamber is not equipped with an in-situ adjustable orientation 

sample-holder, bilayer and trilayer systems were made in two and three steps respectively with 

an azimuthal rotation of Φ = 180° in between on silicon substrates. For a more in-depth 

description of deposition parameters of some of these systems, see references 8 and 9.    

Indium tin-doped oxide (ITO) OAD films were fabricated at different angles α from 50 to 85° on 

silicon substrates by ion beam sputtering (IBS) deposition in a Nordiko chamber at room 

temperature with a base pressure of 2x10-6 Pa. The IBS chamber includes two radio-frequency 

sources: the first one was used to produce Ar or Xe ions accelerated at 1.2 keV, while the second 

one was employed as oxygen assistance gun with a flow of 5 sccm and the background pressure 
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was maintained to 2x10−2 Pa. Further information on the IBS-OAD deposition of ITO films can 

be found elsewhere in reference 13. 

2.1.2. Nanowire films by MBE 

 

High-quality single crystalline GaN self-assembled NW films were grown on chemically cleaned 

p-type Si(111) or (100) substrates in a Veeco Gen930 molecular beam epitaxy (MBE) reactor 

along the [0001] direction and epitaxially aligned with the underlying Si substrate, following the 

same procedure as the one described in reference 21. 

2.2.  (S)TEM studies 

 

To observe these materials under an electron beam, cross-sections (XTEM) of the specimens 

were prepared by two different methods: (i) a progressive thinning down by a tripod polisher 

(Model 590 Tripod Polisher®) up to few microns, followed by Ar+ ion-milling at an acceleration 

energy of 3.5 keV in a Gatan Precision Ion Polishing System (PIPS)-691 at ±7º milling angles 

(double-beam mode); (ii) the collection of electron-transparent lamellae using two different 

focused ion beam (FIB) systems: a Thermo Scientific Scios 2 DualBeam, and a ZEISS 

CrossBeam 350. Afterwards, such structures were studied by means of some advanced 

characterization techniques including high-angle annular dark field imaging (HAADF), electron 

tomography (ET), integrated differential phase contrast (iDPC) and local compositional analyses 

by EDX (energy-dispersive X-ray spectroscopy) and EELS (electron energy-loss spectroscopy). 

On this purpose, five different (S)TEM microscopes were used: JEOL 2100 LaB6, JEOL 2010, 

FEI Talos F200S, FEI Talos F200X G2 and a double aberration-corrected FEI Titan Cubed 

Themis 60-300 microscope, working all of them at an accelerating voltage of 200 kV. 

3. Results and discussion 
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Many nanoporous OAD and MBE systems of different nature, architecture and hardness will be 

here explored through the application of a wide variety of (S)TEM methods, giving special 

emphasis to (i) the most adequate procedures for the collection of electron-transparent sheets, (ii) 

overall studies of the structures and morphologies generated at micro- and nanoscale, (iii) 

atomic-resolution imaging of crystalline structures, (iv) chemical analyses by combining imaging 

and spectroscopies techniques, and (v) the 3D reconstruction of such structures by (S)TEM 

tomography. 

3.1. Preparation of electron-transparent lamellae for (S)TEM observations 

As previously mentioned, the fact that very few TEM based studies found for nanostructured thin 

films is closely linked to the difficulties encountered during the TEM sample preparation 

process. Besides, it becomes evident that the TEM sample preparation process of porous 

multilayer structures of dissimilar stiffness, such as the OAD ones, will be even more hindered. 

In order to lead the way for further TEM studies of porous nanostructured coatings, the 

challenging collection of electron-transparent lamellae of porous (multi)layers of different 

materials, architectures and hardness with methods of thinning down by tripod polishing plus ion 

milling, or focused ion beams (FIB) is here addressed. Moreover, the benefits and drawbacks of 

each sample preparation method are explored, paying special attention to aspects such as the 

homogeneity of the thinned lamella, the contamination during preparations, or the final thickness 

achieved.  

3.1.1. Tripod polishing 

As it is well-known, the TEM sample preparation process is a destructive method whose purpose 

is to collect an ultrathin specimen of a few nanometer-thick so that a beam of electrons is 
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transmitted through it interacting with the specimen and forming the image. Traditionally, cross-

section (XTEM) and planar-view (PVTEM) TEM sample preparation processes have been faced 

in many ways, although the majority of them share the following steps of cutting, 

grinding/polishing, dimpling and ion-milling (Weaver, 1997; Mccaffrey & Barna, 1997; Bradley 

et al., 1987; Flutie, 1985; Sáfrán & Grenet, 2002). Considering the relative weakness of the 

porous samples to be here studied, it is desirable to avoid the mechanical dimpling process since 

it would be quite severe (Unal et al., 1990). Keeping this in mind, flat-type polishing of cross-

sectional specimens were prepared using a tripod polisher, which allows to carefully thin down 

the specimen up to a few microns with a high control of micrometric steps applied on feet, 

evolving a much softer mechanical thinning than that achieved with heavy holders (as the Gatan 

Disc Grinder) and SiC sandpapers (as those of Struers), avoiding the dimpling stage and 

reducing the time required for the final thinning step by ion milling (Cha et al., 2016).   

As can be seen in Figure 1(a), specimen slats were cut into volume sizes of 2.5 mm x 0.8 mm. 

After that, two of these slats were glued (facing the porous films each other) using M-Bond 610 

adhesive (Micro-Measurements). Once the epoxy adhesive is cured, the stacked specimen is 

fixed on the outer edge of the Pyrex glass stub, which is mounted on the tripod polisher by 

means of an L-bracket, using thermal wax, placing the plane formed by the two porous films 

perpendicular to the Pyrex glass surface. Once the thermal wax is cooled down, the excess is 

removed by applying acetone carefully. The latter is very important since the aspect and 

thickness of the specimen after each polishing step will be checked through an optical 

microscope which has the spindle of a micrometer attached that controls the thickness of the 

sample by means of the difference of focus between the polished surface of the sample and the 

Pyrex glass surface (free of thermal wax).  
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Before starting the polishing, it is necessary to level the tripod polisher which is done by 

manipulating the micrometers installed in its structure allowing to adjust the height of its 

supporting feet.  Next, the both sides of the specimen are polished using 15, 6, 3, 1, and 0.5 μm 

grain diamond lapping films (South Bay Technology) by removing the material equivalent to 

three times the grain size from the previous stage (the “rule of three”) (Voyles et al., 2003). Here 

is very important to keep both specimen and diamond discs clean during polishing since 

otherwise bits of the sample that is being polished off or the remains of bigger diamond grains 

will cause scratches. In order to prevent that, the sample is cleaned between each polishing step 

by compressed air, while the remains of specimen retained on the diamond lapping films are 

removed after each step by using fresh paper towels. The specimen is polished until its thickness 

reaches 10-15 μm, then gluing a TEM grid on its top surface by applying small droplets of the 

M-Bond adhesive and letting it curing. Finally, the thinned specimen is easily removed from the 

Pyrex glass together with the glued grid by the immersion of the L-bracket in acetone. The 

aspect of a sample after polishing is shown in Figure 1(b).  

The supported sample is later undergone to a low-energy ion milling (3-3.5 kV) using a Gatan 

691 PIPS system working at double beam mode (±7º milling angles). It must be taken into 

account that the milling parameters depend on the specimen material. Therefore, the milling 

conditions here provided can vary slightly depending on the characteristics of specimen to be 

prepared. Figure 1(c) displays the final aspect of a sample after half an hour of ion milling. As 

can be seen here, it was not carried out an excessive ion milling stage and that is the reason why 

the electron transparent region presents an elongated shape and not the so characteristic hole. 

Indeed, a minimal and smooth ion milling is always recommended not only to reduce sample 

damage but also to prevent the amorphization of the electron transparent area. This is helped by 
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using a tripod polisher since, unlike the traditional polishing plus dimpling, it enables to thin 

down the specimen stack homogeneously up to 5-10 μm, reducing the time required for the ion 

milling step and favouring the generation of homogeneous electron transparent regions. The 

above emphasises with the homogeneously distributed yellow hue of both silicon substrate sheets 

that can be seen in the inset of Figure 1(c), which reveal that the final thickness of the sample is 

suitable and that the ionic attack has occurred homogeneously and well-aligned.  

3.1.2. FIB methods 

FIB–TEM specimen preparation technique is another simple and straightforward alternative to 

collect electron-transparent lamellae of thin films. This technique not only provides the 

capability to prepare TEM samples with minimum levels of damage and contamination but is 

also capable of preparing samples either along particular orientations or in specific areas with a 

few nanometer precision (Li et al., 2006). From the beginning of this technique, the preparation 

of FIB-TEM samples of fragile or ultra-fine specimens has become a challenging issue. 

Nevertheless, the new cutting-edge techniques developed in recent years have helped to face 

these difficulties (Dinh et al., 2018; Xu et al., 2018; Pan et al., 2018). Following, the validity to 

prepare electron transparent lamellae of porous systems by means of FIB methods is here 

scrutinised.  

Figure 2 displays a TEM lamella fabricated by means of a FIB system. As can be seen in the 

picture, the lamella was thinned after lift-out with the aim of attaining ultra-thin regions, which is 

vital for collecting adequate high-resolution TEM images. The inset of Figure 2 reveals a very 

good electron-transparent region for HRTEM observations after polishing at low energy but it 

implies an extra cost to pay: as can be noticed in the silicon substrate, a directional curtaining 
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occurs as a result of the aforementioned polishing, giving rise to an irregular electron transparent 

region which could limit the conducting of some studies (i.e. to carry out 3D reconstructions by 

means of electron tomography methods). This does not mean that the FIB lift-out plus final 

thinning is not the most suitable approach to fabricate electron-transparent foils of porous thin 

films, but quite the opposite, since it sometimes becomes in the only one alternative to prepare 

them. In general, both tripod polishing and focused ion beams are good approaches to prepare 

electron-transparent sheets of porous coatings. Nevertheless, what is certain and evident is that, 

depending on the characteristics of the specimen to be studied and the TEM techniques to be 

applied, one approach can result more appropriate than the other one.   

 

3.1.3. Selection of the most appropriate sample preparation process: advantages and 

drawbacks of both methods 

Once evidenced that tripod polishing and FIB methods are both good approaches to collect 

electron-transparent regions of porous and delicate thin films, the next step will be to analyse 

which of these two alternatives would be the most appropriate one depending on the (S)TEM 

study to be conducted.  

For this purpose, the advantages and disadvantages of one and other method are reviewed in 

Table 1. Initially, both methods will be compared from the point of view of the time invested to 

carry out a TEM preparation. As seen in previous sections, the tripod polishing method is a 

procedure that includes several stages, which have to be addressed systematically and thoroughly 

to achieve a satisfactory final result. Therefore, the preparation of a sample through this method 

usually takes, at best, 1-2 days for a trained person, but materials costs are low. In contrast, FIB 
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sample preparation is more straightforward, faster (a specialized technician could carry out a FIB 

preparation in a few hours) and cleaner than the tripod polishing, since this method allows a 

lamella to be lifted out and thinned in the absence of glue, water, or other solvents. For that 

matter, it must be highlighted that such solvents have been proved to contribute to the oxidation 

of porous thin films of metalloids such as silicon and germanium but without affecting their 

structure and morphology (Santos et al., 2019). Nevertheless, the time saved in FIB preparations 

is countered by the fact that the price of a preparation as well as the level of expertise required to 

carry out such experiment are both remarkably higher. 

Now it is time to focus on the final appearance of the samples prepared by both methods. Figure 

3 shows the STEM-EELS relative thickness map (for more information about this technique, 

refer to section 3.4) of a SiO2 OAD bilayer prepared for TEM observations by means of tripod 

polishing plus ion-milling. As can be here appreciated, the thickness of the observable region 

remains incredibly constant (t/λ ≈ 0.3 in the central part of the nanocolumns, which corresponds 

to about 36 nm assuming an electron mean free path of 120 nm according to our experimental 

conditions and to the Malis equation (Malis et al., 1988)), which is maintained longitudinally 

along approximately 4 μm. Thus, here is not only evidenced that the tripod polishing successes 

in preparing electron-transparent foils of porous multilayer systems with suitable thicknesses for 

HRTEM studies but also allows to obtain regions of homogenous thickness extended to large 

areas, which make this kind of preparation the most suitable alternative when (S)TEM 

tomography or spectroscopy studies are needed. Besides, a specimen prepared by tripod 

polishing provides up to four regions of electron transparency which enables to explore larger 

sample areas. However, all the above mentioned is subject to certain limitations: although the 

tripod polishing procedure is well-defined, there are some factors that are going to influence the 
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preparation of a particular specimen such as for instance the ability and care when dealing with 

the sample or the unique features of each film. This does not ensure that the result achieved 

through this method is always going to be the same but quite the opposite: both the aspect and 

the final thickness of the sample cannot be totally controlled in real time which can lead to 

situations in which the porous film subject to study is smashed, without knowing it, during one 

of the stages that tripod polishing implies or that, by strictly applying the method, the final 

thickness achieved for a sample is not the same as the one achieved for another of the same or 

different characteristics. In this sense, and for the purpose of making sure that a sample prepared 

by tripod polishing has not been significantly affected or damaged after the sample preparation 

process, an optional action could be to verify the prepared samples in a SEM microscope, 

verifying multiple samples at the same time and not individually since it could considerably 

increase the sample preparation costs and times (limited accessibility to SEM). In exchange, the 

tripod polishing weaknesses are precisely the strengths of the FIB preparation method, which is a 

process that allows a robust live control of the thickness and appearance of the TEM lamella. 

Moreover, the FIB method is the best alternative to prepare TEM lamellae of specific areas or 

orientations (which can be an issue of special interest when studying OAD coatings) with 

minimal damage and contamination, although, as seen before, it fails in its attempt to achieve 

homogeneous thicknesses after a final thinning at low energy. Likewise, it should not be 

neglected the effect of the protective layer of platinum deposited on the surface of a sample prior 

to FIB preparation (see Figure 2). Although the purpose of the Pt-layer is to protect the surface 

from incurring FIB induced damage, it can hinder subsequent analysis, especially on the surface. 

For instance, the appearance of unwanted peaks in spectroscopy which can hide or overlap 

relevant signals. 
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FIB-induced damage and ion implantation should also be addressed here, which both depend on 

preparation parameters like ion voltage, incident angle, substrate composition and ion species. In 

this sense, conventional Ga+ FIB processing is well known to produce amorphisation and Ga+ 

implantation during FIB milling (Rubanov & Munroe, 2004; Tong et al., 2016). In this regard, 

some alternative solutions such as using low energy argon ion milling (Nowakowski et al., 

2017), Xe+ PFIB systems (Liu et al., 2020; Zhong et al., 2020), or focused-electron-beam-

induced etching by chlorine (Roediger et al., 2011) have been shown to be capable of removing 

Ga+ implantation and amorphous damage from TEM specimens. 

Another aspect to be taken into account is the budgetary limitations that a laboratory or research 

centre may have. The cost of a sophisticated FIB system implies an important investment that 

might not be assumable for all.  In that case, tripod polishing postulates as the most affordable 

alternative to tackle the TEM specimen preparation of porous films due to its facility to be 

implemented in any laboratory without assuming a large investment. Likewise, it is interesting to 

highlight that, although it implies a higher cost of acquisition and commissioning, a FIB lamella 

provides much less areas of electron transparency that the one provided by a specimen prepared 

by tripod polishing.   

Therefore, considering all the arguments previously referred, it is recommended, as a first 

approach, to address the preparation of nanostructured porous films by tripod polishing. On the 

other hand, the FIB preparation is only urged in the following cases: (i) when tripod polishing 

preparation fails; (ii) when the amount of material to be studied is so small that does not allow a 

tripod polishing preparation; (iii) when it is essential to reduce the presence of pollutants during 

preparation; (iv) to prepare specimens along particular orientations or specific areas; and (v) to 
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prepare ultra-thin films for HRTEM observations when thickness non-uniformity does not 

undermine the studies to be performed.  

3.2. Structure and morphology at micro- and nanoscale 

Once established the most suitable routes to prepare electron-transparent foils of porous systems 

for TEM observations, the contribution that the application of each of the (S)TEM methods offer 

to the study of OAD and MBE nanowire porous nanostructures will be evaluated hereafter. In 

this sense, the capabilities of conventional transmission electron microscopy (CTEM) methods as 

a tool to explore the structure and morphology of such systems at different scales will first be 

explored. 

After deposition, a widespread routine adopted by scientific community is to verify the overall 

look of the deposited nanostructure through SEM methods (Tyagi et al., 2019; Debnath et al., 

2008; Barranco et al., 2016; Hawkeye & Brett, 2007). Even though the above could be 

considered as an appropriate preliminary approach, the comprehensive characterization of such 

morphologies and structures must be complemented by additional studies that allow to obtain, 

for instance, more detailed information on how the nanostructured film evolves as the deposition 

progresses or about how the transition between layers occurs. In this sense, TEM microscopy 

postulates as the most viable option because it is a very powerful and versatile tool that allows 

obtaining very valuable information for simulations (Dervaux et al., 2017) or providing new 

inputs to optical models (Maudet et al., 2019).  

Figure 4 displays some bright-field (BF) TEM micrographs of different OAD mono-, bi- and 

trilayer systems, placing special emphasis on the aspect of the generated interfaces. It is worth to 

mention that all these specimens were prepared for TEM observations by means of tripod 
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polishing. As can be seen, unlike SEM routines, TEM surveys not only allow to obtain general 

information about layer thicknesses and column tilt angles (β), but also allow to investigate how 

the transition between layers occurs or even determine the crystalline or amorphous nature of 

such porous coatings. In this sense, it is evidenced that the PVD-OAD deposition of SiO2 and 

TiO2 films gives rise to the generation of amorphous systems whose transitions between layers 

are characterised by being sharp and without generating intermixing layers, unlike what revealed 

in previous studies where an intermixing layer of about 50 nm thick was found at a Ge/MgF2 

interface (Maudet et al., 2019). Moreover, such micrographs also reveal that the tips of the lower 

columns behave as growth nuclei for the formation of new columns in upper layers. 

Figure 5 shows two bright-field TEM micrographs IBS-OAD ITO columns deposited at α = 85º 

using Xe and Ar ions. Note that, in this case, these TEM studies allowed to observe a great 

difference between the shape of the columns displayed in Figure 5(a), which present a side 

sawtooth shape, and those found for the columns contained in Figure 5(b), whose shapes are 

more regular. In view of the above, it can be assumed that such remarkable differences in the 

morphology of both systems must be closely linked to the nature of the ions sputtered during the 

deposition (Xe or Ar), which is in agreement with what was stated in a previous work in which it 

was determined that the selection of a particular sputtering ion has an effect not only on the 

overall nanostructure generated but also on the electro-optical properties of such ITO films 

(Lacroix et al., 2019).  

On the other hand, studies of the structure and morphology of GaN nanowire films by means of 

CTEM methods can be also found in ref. 21. All the examples provided until now have 

evidenced the ability of the TEM as a tool to inspect the structure and morphology of porous thin 

films with a great level of detail. Nevertheless, even though similar studies could have been 
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performed by using a SEM microscope, these examples are just a small proof of all the 

possibilities that TEM microscopy can offer. In the following sections, the real potential of the 

TEM applied to the study of thin films will be revealed.  

3.3. Crystal structure surveys 

When a thin film presents a crystalline organization of its atoms, the orientation of its grains can 

determine the macroscopic properties of the system. These crystalline features are commonly 

explored by the scientific community through X-ray diffraction methods which allow to identify 

preferential crystal orientations or to determine the epitaxial alignment between the porous thin 

film and the underlying substrate (Collado et al., 2016; Abadias et al., 2019; Shi et al., 2018; 

Upadhyaya et al., 2020). However, even though XRD studies normally provide overall 

diffraction statistics, which is especially suitable to study single crystalline systems, this 

technique does not allow to survey how the orientation of crystalline planes evolves along the 

layer thickness. This limitation can be overcome by combining high-resolution TEM (HRTEM) 

and selected area electron diffraction (SAED) methods, which not only allow to replicate the 

studies conducted by XRD but also to assess the crystal structure of a thin film locally. A 

preliminary proof of this can be found in ref. 21 in which the crystal structure of GaN nanowires 

as well as their epitaxial relationships were determined by combining HRTEM and SAED.  

Another example of the validity and versatility of the TEM as a tool to carry out comprehensive 

structural characterizations of porous coatings at different levels is shown in Figure 6 which 

reveals the nanostructural and crystallographic changes that an ITO OAD film (deposited by Xe 

IBS at α = 50º) experiences along its layer thickness. On the one side, Figure 6(a) shows a 

remarkable difference between the nanostructure at the bottom part of the film, formed by bigger 
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and more homogeneous grains, and some minor regions at the upper one, where arrays of slanted 

columns can be located (see the detail in Figure 6(c) and (d)). Such study also reveals, thanks to 

HRTEM nanographs and FFT spectra performed at the top (Figure 6(b)) and bottom (Figure 

6(d)) of the layer, the crystallographic changes that the ITO OAD film experiments along its 

layer thickness. These results are consistent with the assumptions reached in previous works, in 

which HRTEM images also revealed the presence of intragrain extended defects and dislocations 

at the top part of Ar-deposited IBS-OAD ITO films, underlining once again the remarkable 

difference between the films deposited with Ar (more subjected to backscattering and more 

energetic) and Xe ions (Lacroix et al., 2019). In other words, the previous assumptions based on 

the division of the ITO OAD film into two layers of different morphology and crystallinity are 

here supported since, apart from the morphological differences aforementioned, a sharp 

switching in the preferential growth planes from (222) (bottom layer) to (440) (top layer) was 

evidenced as the film thickness increases for this specific deposition angle. This latter could also 

explain the significant difference between the optical and electrical behaviour of the upper region 

with respect to lower one. A complete study combining such structural TEM analyses with X-ray 

diffraction pole figure is currently in progress to understand the texture evolution of these ITO 

films with the deposition angle. 

Before ending this section, it must be highlighted that atomic resolution TEM imaging can also 

be applied to figure out certain material properties. A clear example is polarity, which is an 

important feature, especially for III-nitrides such as GaN, since it has a significant effect on 

surface roughness (Rouviere et al., 1998) and reactivity (Losurdo et al., 2004; Weyher et al., 

1997), electron mobility (Dimitrov et al., 2000; Rajan et al., 2005) and dopant incorporation 

(Tuomisto et al., 2005; Ng & Cho, 2002). Many authors have examined the polarity of III-



21 

 

nitrides by wet etching (Muto et al., 2005), X-ray photoelectron diffraction (Romanyuk et al., 

2016), or using different TEM related techniques (De La Mata et al., 2012; Schuster et al., 2014; 

Woo et al., 2015; Sarwar et al., 2016; Naresh-Kumar et al., 2019; Rajak et al., 2019; Zhao et al., 

2018). Among the TEM methods, aberration-corrected STEM combined with HAADF and 

annular bright field (ABF) has become one of the best strategies for directly displaying (not with 

the highest clarity for lighter atoms) the polarity of group III-nitride films manufactured in very 

different ways.   

Figure 7 illustrates an atomic resolution micrograph of a single crystalline GaN nanowire in 

[112̅0] orientation which was collected by means of a technique called integrated differential 

phase contrast STEM (iDPC-STEM) imaging (Lazić & Bosch, 2017; Lazić et al., 2016; Yücelen 

et al., 2018) using an aberration corrected microscope. This recently introduced direct phase 

imaging technique allows to image the phase of the transmission function of a sample enabling 

live imaging of both light and heavy elements together at sub-Å resolution. This technique, 

which requires ultra-thin sample thicknesses and ultimate Cs-corrected microscopes to achieve 

good results, is especially favoured when applied to the study of porous thin films since they 

have, thanks to their large surface-to-volume ratio compared to their compact counterpart, more 

regions of optimal thickness which are located at the edges of such nanostructures. Accordingly, 

as displayed in Figure 7, Gallium and Nitrogen dumbbells in GaN nanowire arrays were 

resolved thanks to the implementation of the iDPC-STEM technique, demonstrating the Ga-

polarity of such nanostructures (Ga atoms on top of the double atom layers).  

 

3.4. Chemical compositional analyses by imaging and spectroscopies 
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Until now, the potential and versatility of TEM methods to perform extensive structural 

characterizations of porous thin films at different levels has been solidly proved. Nevertheless, 

the capabilities and alternatives that the STEM mode offers for studying the chemical features of 

materials have not yet been fully explored. 

On the one hand, when operating in STEM mode under dark field conditions, the image obtained 

using a HAADF detector will be due solely and exclusively to electrons that have been 

incoherently scattered from their path through matter at a sufficiently high angle. Since the 

HAADF detector is very sensitive to differences of the element irradiated based on the atomic 

number (Z-contrast), the resulting STEM-HAADF image will present an intensity approximately 

proportional to the square of the atomic number of the scanned region, as the heavier atoms will 

have a greater capacity to scatter electrons at higher angles due to bigger electrostatic 

interactions between their nuclei and the electron beam. This means that qualitative information 

about the chemical composition of a sample can be obtained, since the contrast in the HAADF 

images will be associated with a difference in the effective atomic number. Nonetheless, it must 

be considered that variations in thickness also significantly affect the intensity of the HAADF 

signal, which should be taken into account so as not to misinterpret the information contained in 

the HAADF image. 

An example of this kind of studies can be seen in Figure 8(a) which displays a STEM-HAADF 

micrograph conducted in a TiO2/SiO2 OAD trilayer system together with the HAADF signal 

profile acquired along individual columns belonging to each of the layers. As can be appreciated, 

the HAADF signal becomes more intense in the TiO2 layer (brighter contrast) than in both SiO2 

layers, which is, in principle, reasonable since titanium (Z = 22) has a greater atomic number 

than silicon (Z = 14). Moreover, the HAADF profile reveals a very similar HAADF intensity for 
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both SiO2 layers compared to the one recorded for the TiO2 layer, which also suggests that the 

thickness of the thinned TEM sample is quite homogeneous (note that this sample was prepared 

for TEM observations by tripod polishing). In this sense, it is worth mentioning that this same 

STEM imaging technique was implemented in previous studies to identify hollow and solid GaN 

nanowires thanks to the fact that the HAADF intensity is also proportional to the quantity of 

projected material (see ref. 21).  

Nevertheless, what really makes the TEM a very powerful analytic tool is the combination of 

STEM imaging and spectroscopy. In this sense, the most common TEM-based spectroscopy 

techniques are Energy Dispersive X-ray Spectroscopy (EDX or EDS) and Electron Energy Loss 

Spectroscopy (EELS).  Based on X-rays emitted as a result of the interaction of the primary 

electron beam with the atoms that constitute a material, the EDX technique allows to identify and 

quantify the elemental constituents of a sample by the analysis of the resulting X-ray energies 

which are characteristic of specific elements. This analytical technique is especially useful when 

is applied to the study of porous thin films since not only allows to uncover, by means of 

spectrum images (SIs), the quantitative distribution of the elements that compose a sample but 

also to know additional relevant information like how the interfaces are developed (Maudet et 

al., 2019) or if the porous nanostructure is subjected to the spontaneous oxidation of its exposed 

surfaces (Santos et al., 2019, 2020).  

An evidence of the capability of this analytical tool is presented in Figure 8, in which the EDX 

elemental maps and profiles of a TiO2/SiO2 OAD trilayer (Figure 8(a)) are displayed together 

with the EDX integrated spectra and associated atomic quantifications of each layer (Figure 

8(b)). EDX spectra were recorded over 100×100 nm2 areas and large integration times (several 

minutes, collecting a total of 1137 frames) using current probes of about 450 pA, beam 
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convergence angles of 16 mrad, dwell times of 5 µs and dispersions of 5 eV/channel over 4000 

channels. The FEI Velox™ software was used for STEM-EDX data acquisition and processing. 

EDX elemental quantifications of TiO2 and SiO2 OAD layers were performed by using the 

standardless method (i.e. based on theoretical sensitivity factors). Although the accuracy of this 

approach is rarely considered better than 10% (Egerton & Malac, 2005), especially for low Z 

elements like O, the measurement uncertainties attained here (below 5%) support the validity of 

the standardless quantification since the atomic proportions obtained are very close to the ideal 

stoichiometry (66.9 at. % of O, 33.1 at. % of Si for SiO2 layers; 65.6 at. % of O, 34.4 at. % of Ti 

for TiO2 layer). Additionally, it should be also noted that the combination of EDX elemental 

maps and profiles (Figure 8(a)) also provides valuable information on how the transition 

between layers takes place (intermixing thickness, composition, etc.). 

On the other hand, another alternative way to carry out elemental quantifications at nanometer 

scale consists of measuring the loss of energy from the inelastic interactions between the electron 

beam and a thin specimen. That loss of energy will be associated with different characteristic 

electronic transitions of the constituent elements of a sample, allowing their identification and 

quantification. This is the basis of the EELS technique which, compared to EDX, provides 

improved signal, spatial resolution, energy resolution and sensitivity for low atomic number 

elements (Bertoni et al., 2008; Egerton & Malac, 2005). In addition to the above-mentioned, 

EELS information can also be used to characterize chemical bonding configurations, oxidation 

states, valence and conduction band electronic properties or even sample thickness (see Figure 

3). Special mention must be made of the low-loss EELS region, which not only contains valuable 

information about the chemical composition and electronic structure but also about the optical 

properties of a specimen, opening an alternative way to locally probe the optical behavior of 
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porous thin films. Taking advantage of such capacities, EELS analysis were conducted in 

previous works not only for the sake of demonstrating the formation of core-shell-type 

nanostructures in Ge OAD layers as a consequence of the spontaneous surface oxidation of such 

porous architectures but also for determining the oxidation state of the oxide generated in the 

same way as XPS surveys (see Ref. 12). Likewise, it is worth mentioning that similar local 

STEM-EELS analysis were also performed on IBS-OAD ITO films with the aim of examining 

the distribution of In, Sn and O along the diameter of such ITO nanocolumns. However, the 

overall overlapping of the EELS signals coming from the different elements and compounds 

made the obtained results inconclusive. 

3.5. 3D reconstructions: STEM-HAADF tomography 

Electron Tomography (ET) is a technique that allows to reconstruct the three-dimensional 

structure of a specimen from a set of two-dimensional images recorded at various tilt angles (tilt-

series) which are then processed off-line using different reconstruction algorithms (Weyland & 

Midgley, 2004; Midgley & Dunin-Borkowski, 2009; Goris et al., 2013; van Aarle et al., 2015; 

Chen et al., 2014; Kübel et al., 2005). Among the different ET variants, STEM tomography has 

become established as one of the most powerful. As 3D characterizations at the nanoscale 

represent valuable insights into the design of nanomaterials, STEM tomography examinations of 

thin films are becoming increasingly popular for material scientists, being the HAADF signal 

preferred to BF because of its monotonic dependence on the sample thickness (Midgley et al., 

2001; Friedrich et al., 2005). Applied to the characterization of porosity-controlled thin films, 

STEM-HAADF tomography reconstructions can supply relevant geometric features (3D 

morphologies and textures, distribution and interaction between nanostructures, porosity profiles, 
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anisotropy, etc.) which will enable a better understanding of how growth events occur as well as 

evaluate the influence they have on the properties of the coating.  

Figure 9(a) displays the STEM-HAADF electron tomography 3D reconstruction of a TiO2/SiO2 

OAD trilayer system together with the extracted porosity profile along the surface normal 

(Figure 9(b)). For a detailed description of the experimental data acquisition, segmentation, 3D 

reconstruction, and porosity profile extraction, refer to Supplementary Material Section I. 

According to the literature, needle-geometry samples accomplished by focused ion beams have 

been proved to be the most suitable approach for TEM tomographic experiments, since this 

geometry prevents thickness changes when tilting the sample (Hernández-Saz et al., 2013). 

Nonetheless, the good appearance of the 3D reconstruction presented here also suggests that 

tripod polishing is also a suitable approach to handle STEM tomography examinations. Note 

how the top views reveal the remarkable porosity and morphological texture changes when 

moving from one layer to another. Moreover, it must be highlighted that the information 

extracted from ET reconstructions not only provides additional insights into the nanostructure 

but also very useful inputs such as the porosity profile which can be used to describe the optical 

behaviour of a system. Good proof of this is reported in some of our previous works in which the 

3D volume reconstructions of several porous films allowed us to assess the scattering behaviour 

of antireflective coatings by means of finite-difference time domain (FDTD) simulations (see 

Ref. 9) as well as to validate and improve optical models by implementing the porosity profiles 

extracted from STEM-HAADF tomographic reconstructions into ellipsometry effective-medium 

approximation models (see Ref. 8 and Ref. 14). 
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4. Conclusions 

In this work, the possibilities and alternatives offered by the application of (S)TEM methods for 

a comprehensive and exhaustive characterization of porous nanostructured coatings were 

assessed. After identifying the tricky collection of porous TEM lamellae as one of the main 

reasons for the absence of advanced (S)TEM characterizations of such systems, two different 

TEM sample preparation strategies were tested. In this sense, both tripod polishing and focused 

ion beams were evidenced to be suitable approaches for preparing electron-transparent foils of 

porous thin films. Likewise, a comparative analysis on the most appropriate sample preparation 

option as a function of the (S)TEM study to be conducted was also met. Once this difficulty was 

overcome, several (S)TEM characterization techniques, such as HRTEM, SAED, STEM-

HAADF, STEM-iDPC, STEM-EDX, STEM-EELS or ET, were implemented on several OAD 

and NW porous films. In this way, the implementation of new breakthroughs in (S)TEM imaging 

and spectroscopy allowed us to accomplish some of the pioneering studies presented here, 

highlighting the versatility and capabilities that TEM methods offer to the extensive 

characterization of porous nanostructures. Issues, such as (a) the morphology, porosity, crystal 

structure and composition of individual columns or nanowires, local regions and entire layers; 

(b) the nature, morphology, composition and thickness of transitions between layers; and (c) the 

3D reconstruction of such porous structures were finely explored by (S)TEM methods, 

providing, at the same time, both local and overall data. Note that the above is not achieved by 

means other characterization techniques such as XPS, which only provides quantitative 

information about the first 1-5 nm thick of a sample, or XRD, which only gives global 

information, which may lead to an incomplete or misleading characterization of the coating. 

Furthermore, it was also emphasized the valuable contribution of TEM studies for the optical and 
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electrical characterization of such porous systems especially when combined with other 

techniques like spectrophotometric and Hall effect measurements and, particularly, spectroscopy 

ellipsometry.   

Based on the evidences shown throughout this work, it is intended to make materials scientists 

aware of the niche of opportunity that (S)TEM methods represent for the advanced 

characterization of porous nanostructured systems, opening new horizons, since they allow to 

examine the structure and composition of materials at scales and levels of detail that other 

techniques do not reach, simplifying methodologies, as they allows to obtain, by using a single 

equipment, equivalent results to those that could be acquired thorough the combination of SEM, 

AFM, XPS and XRD analysis, and contributing to a better knowledge of growth mechanisms 

and properties. 
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TABLES 

 

Table 1. Advantages and disadvantages of tripod polishing and focused ion beams TEM sample 

preparation methods when applied to porous thin films. 

 Advantages Disadvantages 

Tripod 

polishing 

Low running and material costs 
Absence of in-situ control (blind 

process) 

Larger electron-transparent areas of 

homogeneous thickness: suitable for 

performing any (S)TEM study 

Possibility of specimen contamination 

during one of the preparation stages: 

promotion of unwanted oxidation of 

coatings Easily adaptable and implementable 

to any lab 

Focused 

ion beams 

Straightforward, faster and cleaner 

Sophisticated and expensive system 

which requires a high level of expertise  

Need for post-lift thinning to attain 

ultra-thin regions: appearance of 

directional curtaining 

Selection of specific areas and 

particular orientations: in-situ control 

Pt-layer protective layer can hinder 

subsequent analysis 

FIB-induced damage and ion 

implantation 
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FIGURE LEGENDS 

Figure 1. Different stages involved in preparing delicate TEM specimens using the tripod method. 

(a) Scheme of a glued staked specimen before polishing. Pictures of the specimen, once attached 

to a 3 mm TEM molybdenum grid, after tripod polishing (b) and after ion milling (c). The inset of 

(c) places emphasis on the developed electron-transparent region. 

Figure 2. STEM-HAADF overview of a FIB lamella of GaN nanowires. Note that the central part 

of the lamella was thinned and polished at low energy afterwards. The inset details the final aspect 

of the thinned region.  

Figure 3. Large field-of-view (more than 4 μm width) STEM-EELS thickness-map of a SiO2 

bilayer (about 300 nm thick) deposited by OAD on a Si substrate (1st layer with α = 65º, 2nd layer 

with α = 85º). The colour scale represents the evolution of relative thickness of the specimen (t/λ) 

where t is specimen thickness and λ is the characteristic mean free path for inelastic scattering. 

Figure 4. Bright-field TEM overview of different OAD systems deposited on silicon substrates. 

(a) SiO2 OAD monolayer deposited at α = 85º. (b) SiO2 OAD bilayer deposited at α = 65° and α = 

85° with azimuthal rotation between the two layers of Φ = 180°. (c) TiO2/SiO2 OAD trilayer 

deposited at α (TiO2) = 70°, α (1st SiO2) = 50° and α (2nd SiO2) = 82° with azimuthal rotation 

between layers of Φ = 180°. The insets of (a), (b) and (c) detail the features of the Si/SiO2, 

SiO2/SiO2 and TiO2/SiO2 interfaces respectively, together with the corresponding FFT 

diffractogram of each layer. 

Figure 5. Bright-field TEM micrographs of ITO-OAD columns prepared by (a) Xe and (b) Ar 

IBS at α = 85º. 
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Figure 6. Evolution of the crystallographic orientation of an ITO OAD film deposited by Xe IBS 

at α = 50º. (a) Cross-section bright-field TEM overall observation of the ITO OAD film. (b) 

High-resolution TEM micrograph of the Si/ITO OAD interface with the corresponding FFT of 

each layer. (c) Bright-field TEM detail of the top part of the film. (d) High-resolution TEM 

micrograph of the top part of the film together with the associated FFT diffractogram of the 

region. 

Figure 7. iDPC-STEM image of a single crystalline GaN nanowire along the [112̅0] zone axis. 

Beam current was maintained below 30 pA, the dwell time is 5 μs, beam convergence angle is 

21.4 mrad and the field of view is 12.6 nm. The resulting range of collection angles for the annular 

DF detector (DF4) is 15-57 mrad, with DPC and scan rotations of 8º and -3º, respectively. Note 

that the image is shown as it appears live on the screen without any post-processing. The image 

reveals the larger Ga atoms on top of the double atom layers (Ga-polar). 

Figure 8. STEM-EDX analysis of a TiO2/SiO2 OAD trilayer deposited at α (TiO2) = 70°, α (1st 

SiO2) = 50° and α (2nd SiO2) = 82° with azimuthal rotation between layers of Φ = 180°. (a) STEM-

HAADF micrograph and elemental maps obtained for Si, Ti and O atoms together with the 

elemental profiles along the whole coating thickness and the HAADF profile collected along 

individual columns of each layer. (b) EDX integrated spectra and associated compositional 

quantitative analysis for each OAD layer.  

Figure 9. (a) STEM-HAADF 3D reconstruction of a TiO2/SiO2 OAD trilayer. (b) Associated 

porosity profile extracted along the surface normal, together with some representative planar views 

of each layer obtained by data segmentation (voids are shown in black colours). 
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Abstract: An original oxidation strategy to attain thermochromic vanadium dioxide 

thin films is reported. This two-step procedure comprises the initial deposition of DC 

magnetron-sputtered vanadium or vanadium oxide films by the combination of glancing 

angle deposition and, if needed, reactive gas pulsing process, followed by fast oxidation 

of such layers in air atmosphere at high temperatures. Thanks to the careful control of 

the thermal treatment parameters, and taking advantage of the superior reactivity of the 

high surface-to-volume porous deposited structures, the formation of pure VO2 (M1) 

layers was achieved. The comprehensive characterization of such oxidized systems by 

means of scanning electron microscopy, Raman spectroscopy and scanning-
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transmission electron microscopy techniques such as electron energy-loss spectroscopy, 

not only confirmed the presence of the VO2 (M1) phase, but also allowed to shed light 

on the key role that reaction time plays in the selective formation of vanadium dioxide 

films of adjustable grain size and crystallinity. The metal-to-insulator response of the 

accomplished VO2 layers was finally evaluated by means of temperature dependent 

Kelvin probe force microscopy measurements, evidencing surface potential drops at 

heating, greater than those reported in the literature to date for VO2 thin films. The 

present work sheds light on the simple and cost-effective fabrication of high-efficient 

VO2 coatings for practical applications in smart windows or switching electronics.  

 

Keywords: VO2 thin film, glancing angle deposition, fast oxidation, metal-insulator 

transition, transmission electron microscopy, EELS spectroscopy, Raman spectroscopy, 

KPFM.  
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1. Introduction 

Vanadium oxides (VOx) have become one of the most extensively studied materials for 

many years due to their unique properties and technological applications. In this 

framework, vanadium (IV) oxide (VO2) has specially attracted the attention of the 

scientific community since it experiments a reversible metal-to-insulator phase 

transition (MIT) between insulating monoclinic VO2 (M1) to metallic rutile VO2 (R) 

during heating at a temperature of ~68 ºC, which implies drastic changes in the optical 

and electrical properties [1–4]. This makes VO2 an attractive thermochromic material 

for applications in smart windows [5–7], resistive switching elements [8,9], storage 

devices [10] and sensors [11].  

Nevertheless, the fabrication of VO2-based films has become a real challenging issue 

not only due to the complexity of the vanadium-oxygen reactive system but also 

because of the narrow stability range of VO2, which can lead to the formation other 

more thermodynamically stable oxides such as V2O3 and V2O5, mixtures of various 

stoichiometries, or even the appearance of several VO2 metastable crystalline 

polymorphs [2–4,12–14]. Hence, it is clear that the preparation of VO2 films requires a 

precise control of the deposition parameters.  

Many different approaches, such as sol–gel [15], pulsed laser deposition [16,17], 

chemical vapor deposition [18], and polymer-assisted deposition [19], have succeeded 

in synthesizing VOx films with high VO2 yields, although the complexity and high cost 

involved in all these methods become a critical limitation for practical applications. In 

this context, reactive direct current (DC) magnetron sputtering postulates as one of the 

most promising and simplest techniques for depositing large-areas of vanadium or 

vanadium oxide films at low temperature [5,20–24], so that by adjusting oxygen 
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injection times during the sputtering process, the proportions of V to O on the films can 

be controlled. As can be found in the literature [11,20,22–25], many different post-

deposition annealing strategies, which are required to obtain VO2 films with desired 

compositions and morphologies, have been extensively implemented on magnetron 

sputtered V or VOx films. Several of these post-annealing treatments sometimes lack of 

precise control of key oxidation parameters like reaction temperatures and times or 

heating and cooling rates, either omitting or not proving accurate data on them, which 

seriously compromise their reproducibility. Others however, have the disadvantage of 

rigid experimental conditions that implies controlled O2, N2 or SO2 partial pressures at 

high temperatures (> 450ºC) for reaction times longer than 1 hour. Therefore, the 

development of a simple, fast and cost-effective thermal treatment to carry out the 

effective oxidation of vanadium or vanadium oxide films for the fabrication of 

thermochromic VO2 coatings has become a crucial issue.  

In this paper, we report a simple and straightforward post-deposition oxidation strategy 

for the effective oxidation of DC magnetron-sputtered V or VOx films to obtain 

thermochromic VO2 (M1) nanostructured films of controlled crystallinity and grain size. 

Taking advantage of the great reactivity of these high surface-to-volume porous 

nanostructures, in addition to evaluate how oxidation occurs in systems of different 

morphology and composition, vanadium films were deposited by GLancing Angle 

Deposition (GLAD) whereas VOx films were produced by combining GLAD and the 

Reactive Gas Pulsing Process (RGPP). Thanks to the accurate control of temperatures 

and reaction times, as well as heating rates, fast thermal treatment of these GLAD thin 

films was successfully performed in air atmosphere. Afterwards, all these oxidized 

systems were completely characterized by means of Raman spectroscopy, scanning 
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electron microscopy (SEM) and scanning-transmission electron microscopy (S)TEM 

techniques, including high-angle annular dark-field (HAADF) and high-resolution 

(HRTEM) imaging, as well as electron energy-loss spectroscopy (EELS), allowing us to 

unravel the key role that reaction time plays not only in the selective generation of 

different vanadium oxide phases but also in the formation of VO2 (M1) layers of a 

diverse nature, morphology and thickness. Likewise, the effect of oxygen injection 

times on the subsequent oxidation of the vanadium oxide GLAD films prepared by 

RGPP was also investigated. Finally, in order to evaluate the MIT response of such 

oxidized coatings, the surface work functions of the best thermally treated V or VOx 

samples were investigated through Kelvin probe force microscopy (KPFM) 

measurements [26]. 

2. Materials and Method 

Films were deposited at room temperature by DC magnetron sputtering from a 

vanadium metallic target (51 mm diameter and 99.9 atomic % purity) in a homemade 

deposition chamber which was evacuated down to 10−5 Pa before each run by means of 

a turbomolecular pump backed by a primary pump. The target was sputtered with a 

constant current density J = 100 A m−2. Single crystalline (100) silicon substrates were 

placed at 65 mm from the target surface. On the basis of previous studies [20], V or 

VOx films were deposited by combining GLAD (GLancing Angle Deposition) and 

Reactive Gas Pulsing Process (RGPP), fixing the angle of incidence (α) relative to the 

substrate normal at 85°. Argon was injected at a mass flow rate of 2.40 sccm and the 

pumping speed was maintained at S = 13.5 L s−1, whereas the oxygen gas was 

periodically supplied into the sputtering chamber. A rectangular pulsed signal was 
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employed for the oxygen flow rate with regard to time evolution. The pulsing period 

was set at P = 16 s. The maximum oxygen flow rate was qO2Max = 0.40 sccm. It 

corresponds to the critical flow required to avalanche the process in the compound 

sputtering mode. The minimum oxygen flow rate was qO2min = 0 sccm. Thus, the 

injection time of the oxygen gas was changed from tON = 0 to 8 s. The thickness of the 

vanadium film (tON = 0 s) was measured by profilometry, adjusting the deposition time 

to obtain a film thick enough (~700 nm) to investigate how the oxidation progresses 

when the subsequent thermal treatments are applied. This same deposition time was 

later fixed for films prepared with tON > 0 s. 

After deposition, vanadium or vanadium oxide samples were thermally treated in a 

homemade reaction system consisting in an Al2O3 tube on a SiC resistors furnace able 

to reach 1500°C, with an attached concentric steel tube where a high-temperature steel 

covered k-type thermocouple inside which acts as an axle for a system of horizontal 

translation. At the end of the metallic tube nearby the furnace, the thermocouple crosses 

and fixes to a cylinder placed inside this tube, mechanized with a hitch to hang a 

combustion boat. Thus, the thermometer tip is always placed some millimeters over the 

center of this alumina crucible, allowing the temperature in the reaction zone to be life-

tracked. The other end side also crosses and is fixed to another piece that is part of a 

handlebar used to slide the specimen holders inside and outside. In this way, by fixing a 

temperature in the center of the furnace, one is able to control the temperature increase 

(heating rate) by moving the boat more and more inside the furnace. Consequently, 

translation routines were prepared for reaching an average heating rate of 42ºC s-1, as 

well as for adjusting longer or shorter reaction times at the desired temperature of 

550ºC. Lastly, all the samples were cooled down in open-air atmosphere. 
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Cross-sectional and plan-view scanning electron microscopy (SEM) images were 

acquired using FEI Nova NanoSEM and FEI Teneo microscopes operated at 5 kV, to 

examine the general morphology and size of each film. To obtain additional insights 

into the nanostructure of such systems, high-resolution transmission electron 

microscopy (HRTEM), selected area electron diffraction (SAED) and high-angle 

annular dark-field imaging (HAADF) studies were carried out in two TEM microscopes 

(FEI Talos F200X and JEOL 2100 LaB6), working both at an accelerating voltage of 

200 kV. A Gatan Imaging Filter (GIF) Continuum system fitted in the Talos microscope 

was used for spatially-resolved EELS analysis in scanning mode. STEM-EELS 2D 

spectrum image (SI) data were acquired using a 2.5 mm diameter aperture and 0.05 

eV/channel energy dispersion. The convergence and collection semi-angles were set to 

10.5 and 20.0 mrad, respectively, and the probe current was about 150 nA. In this 

configuration, the energy resolution was 0.8 eV. In order to allow accurate chemical 

shift measurements, the Dual EELS mode was used to record nearly simultaneously 

both, low-loss, and V-L2,3 in addition to O-K edges, at each pixel position. Dwell times 

of about 0.9 to 2 seconds per pixel were set to optimize the signal-to-noise ratio. 

Electron-transparent cross-sectional samples were prepared for TEM observations by 

means of both tripod polishing and focused ion beam (FIB) approaches. For this 

purpose, a tripod polisher (Model 590 Tripod Polisher®) was used to progressively thin 

the samples to a few microns, followed by Ar+-ion milling in a Gatan PIPS system 

setting the acceleration energy of both guns to 3.5 keV (+7° top and −7° bottom). 

Alternatively, FIB lamellae were also prepared in a Zeiss Auriga FIB-SEM system.  

Raman spectroscopy measurements were determined by using a dispersive Raman 

spectrometer (Jasco, model NRS7200) with a 100x objective coupled to a 532.19 nm 
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NdYAG laser excitation source. Raman spectra were recorded with a spectral resolution 

of 1 cm−1 in the range of 39–856 cm−1. These wavenumbers are those where vanadium 

oxides show their characteristic Raman bands. Care was taken to avoid heat-induced 

phase changes in the samples, so laser power was set at 0.6 mW and Raman spectra 

were collected for 30 s with an average accumulation of two spectra. 

Finally, KPFM measurements at increasing and decreasing temperatures were 

performed with a Bruker MultiMode 8-HR AFM system, equipped with a water-

refrigerated scanner (model AS-130VT), that included a variable-temperature sample 

stage connected to a MultiMode High Temperature Heater controller (maximum 

temperature 250C) from Digital Instruments/Veeco. A specialized probe holder that 

fits to a silicone rubber seal to form a controlled environment space for the tip and the 

sample, was used to perform these measurements. The sample temperature was 

previously calibrated by performing a heating/cooling experiment in which the sample 

was substituted by a K-type thermocouple glued with thermal paste to a metallic puck 

(similar to the one used to attach the sample to the scanner stage). Thus, the small 

difference between the scanner heater controller temperature and the real sample 

temperature can be easily estimated for every heating/cooling step.  A specialized 

KPFM SiN probe from Bruker (type PFQNE-AL), with a nominal tip radius of 5 nm, 

was used to obtain both topographic, in the conventional tapping mode, and 

simultaneous surface potential images, in the Frequency Modulated-KPFM (FM-

KPFM) mode. The work function of the tip was calibrated against gold using an 

Al/Au/Si test sample also from Bruker (reference PF-KPFM-SMPL) before and after 

the thermal cycle. Tip wearing during the KPFM experiment was minimum, as can be 

inferred from the fact that topographic images hardly show loss of lateral resolution, nor 
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the probe work function changed significantly after the heating/cooling cycle was 

completed. It should be noted that, to ensure that the same sample area was scanned at 

each temperature, the tip had to be relocated on the sample surface at every temperature 

step, to compensate for the AFM scanner thermal drift. 

3. Results and discussion 

3.1. Characterization of as-deposited thin films 

Pure vanadium or vanadium oxide GLAD thin films were deposited on silicon 

substrates at α = 85° and oxygen was pulsed during the deposition, varying the oxygen 

injection time (tON) from 0 to 8 s. In this regards, five samples were deposited which 

were tagged as V0 (tON = 0s), V2 (tON = 2 s), V4 (tON = 4 s), V6 (tON = 6 s), and V8 (tON 

= 8 s). For the purpose of exploring the structure and the morphology of as-deposited 

thin films, Figure 1 shows cross-sectional and planar view SEM micrographs of samples 

V0 to V8. As can be seen, all samples exhibit a well-defined structure of inclined 

columns but the effect of the oxygen injection time is also evidenced. As reference, 

sample V0 presents columns slightly connected to each other, which gives rise to a 

porous structure about 700 nm thick. Nonetheless, as oxygen injection time increases, 

samples gradually become thicker (since deposition rate increases as well [20]) and 

columns are more and more narrow, which not only promotes the connection between 

the columns but also leads to a decrease in the total porosity. This is clearly observed in 

Fig. 1, specially for planar view images, which were taken at the same magnification. 

Furthermore, it was also found that all samples presented column tilt angle (β) values 

lower than expected according to common empirical ballistic approaches such as the 

tangent [27] (β = 80°) and Tait [28] (β = 58°) rules. However, it has been proved that 
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these empirical expressions have completely succeeded in accounting for the tilt angle 

of nanocolumns, when α > 50° [29], so that additional mechanisms, more complex than 

geometrical relationships, must be taken into account to understand the formation of 

such columnar structures. In general, it is assumed that the β angle value depends on the 

chemical nature of the deposited material, the deposition conditions, as well as well as 

the characteristics of the deposition reactor itself [30,31]. Likewise, a progressive 

decrease of the β angle can also be observed as oxygen injection time increases, which 

can be linked to the mean free path of the sputtered particles. The sputtering pressure, 

which increases with oxygen injection time, promotes the collisions between particles, 

leading to the widening of the particle flux that reaches the target and impinges the film. 

This phenomenon can give rise to maximum column angles β close to 20–30° for high 

incident angles, which could explain the effect observed here for RGPP samples.  

Additionally, with the aim of disclosing the crystal structure, the predominant species 

present in the as-deposited films, and hence the effect of oxygen injection time, V0 and 

V8 samples were prepared for TEM observations. Figures 2(a) and (b) display the 

STEM-HAADF images of samples V0 and V8, respectively. As can be appreciated, the 

V0 overlayer presents a more porous structure when compared to that of V8, which is in 

agreement with the evidences stated before. Also noteworthy is the great difference 

between the β values for both samples, being indeed double for the non-oxidized one (β 

= 52 ° for V0, and β = 26 ° for V8). Besides, HRTEM images and their fast Fourier 

transform (FFT) for the top regions of samples V0 (Fig. 2(c)) and V8 (Fig. 2(d)) 

evidenced a remarkable difference between both samples at the nanoscale. On one side, 

the HRTEM studies not only demonstrate that the vanadium GLAD layer (V0) is 

crystalline after deposition at room temperature but also it is mainly composed by the 
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pure vanadium cubic phase. By contrast, the vanadium oxide GLAD layer (V8) presents 

a less crystalline structure, which could be explained due to the increase of the mean 

energy of the sputtered particles as the oxygen injection time increases [20]. Moreover, 

the HRTEM micrograph and its FFT (equivalent to a diffractogram of the crystalline 

structure) for sample V8 revealed interplanar distances and angles proper from those of 

the tetragonal V16O3 phase. Lastly, in order to check more extended regions than those 

inspected by HRTEM, selected area electron diffraction (SAED) patterns were collected 

for V0 and V8 samples (see Supplementary Material Section I) which, in addition to 

support the greatest crystallinity of sample V0, confirmed that the major phase in V0 

sample was cubic vanadium (AMCSD 0011235) whereas the V8 sample was 

constituted by a mixture of cubic VO (ICDD 01-075-0048) and tetragonal V16O3 (ICDD 

04-011-0169).  

3.2. Thermal oxidation and subsequent characterization of pure vanadium films 

Once disclosed the nature, morphology and structure of the as-deposited vanadium or 

vanadium oxide GLAD films, their fast heating was conducted to promote the formation 

of the VO2 thermochromic phase. Note that, initially, only sample V0 was thermally 

treated since the aim of this first stage was to optimize reaction times that maximize the 

amounts of VO2. In all cases, the reaction temperature (Tr) and heating rate (hr) were 

fixed to 550ºC and 42ºC s-1, respectively. In this light, the V0 sample was subjected to 

different reaction times (tr) ranging from 1 to 300 seconds followed by the subsequent 

instantaneous cooling in air. A detailed scheme of the fast thermal treatment process can 

be found in Figure 3(a). Here, with the aim of demonstrating the high control achieved 

in our developed system, it is worth mentioning that all the displayed temperature 
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versus time tracks are those recorded during the thermal treatment. Thereupon, Raman 

spectroscopy analyses were performed on all the treated samples for the purpose of 

monitoring the rise of the different vanadium oxidized species as reaction time 

increases. Fig. 3(b) shows the Raman spectra collected for V0 samples heated at 550ºC 

and subjected to different reaction times (from 1 to 300 seconds). As seen, Raman 

signals given for samples treated during 1 and 15 seconds can be characterized, in 

addition to be quite noisy, to contain weak VO2 (M1) peaks at ~194, 224, 262 and 612 

cm-1, as well as others at ~304 and 420 cm-1 which can be associated to the presence of 

VOx (1.67 < x < 2) species [32]. The remaining Raman bands found in both samples 

might be attributed to metastable vanadium oxides whose Raman scattering data have 

not been reported yet. As reaction time increases, VO2 (M1) Raman signature gradually 

becomes more significant, reaching a pure VO2 (M1) signal for tr = 45 s which perfectly 

matches with other Raman VO2 spectra previously reported in the literature [32–35]. 

From this point forward, longer reaction times would only promote the formation of the 

α-V2O5 phase (according to Ref. [32]), turning into the predominant phase for tr > 75 s. 

Thus, all of the above points out the fundamental role that the precise control of the 

thermal treatment parameters, and very specially the reaction time, plays in achieving 

the effective transformation of V into VO2 (M1) thin films. 

Furthermore, the structure and morphology of all these annealed samples were also 

explored by means of SEM. Figure 4 illustrates the top views of all the thermally treated 

V0 samples which not only allow to identify the different stages involved in the 

oxidation of such layers but also bring to light some characteristic features of both VO2 

and V2O5 phases. Here, a progressive widening of the grain size for reaction times 

between 1 and 45 seconds can be observed (for a more detailed overview of the grain 
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morphology after 1 and 15 seconds reaction times, refer to Supplementary Material 

Section II). Hence, it seems that the oxidation of vanadium GLAD V0 occurs from the 

top to the bottom of the layer, starting with the formation of small nuclei of VOx (x < 2) 

that will later evolve into coarser grains of VO2 (M1). Likewise, it also appears that the 

slanted columnar morphology so characteristic of the GLAD systems, which is the main 

responsible for the almost instantaneous and efficient oxidation of these films thanks to 

its large surface-to-volume ratios, is lost after thermal treatment. On the other hand, it is 

also noticed that tr > 60 leads to the gradual growth of these grains along the axial 

direction, emerging a kind of micro-rods structure randomly distributed in all directions 

which is characteristic of the V2O5 [36,37]. In consequence, the porosity of the film 

increases again, but at the expense of its consistency and homogeneity. 

In order to accomplish a comprehensive characterization of the fast thermally treated V0 

samples, as well as to reinforce the assumptions previously made, TEM studies were 

performed on several selected samples. Figure 5(a), (b) and (c) display the bright-field 

TEM cross-sectional views for V0 samples after reaction times of 1, 45 and 300 

seconds, respectively. In Fig. 5(a), two clear regions are distinguished: a first compact 

layer of about 120 nm thick composed by well-defined grains (to have a better insight of 

this first layer, refer to Supplementary Material Section III), and a second porous and 

thicker layer beneath (~ 520 nm) that preserves the GLAD morphology of the original 

system. This confirms the previous hypothesis that oxidation initiates on the surface of 

the film and progresses towards the substrate as the reaction time increases. Similarly, it 

is also evidenced that the GLAD morphology disappears as the oxidation of the film 

develops. Fig. 5(d) shows a HRTEM micrograph of a grain corresponding to the 

oxidized region (sublayer 1) of the V0 sample for tr = 1 s, revealing atomic columns of 
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monoclinic VO2 (M1) (ICCD 04-005-4338) oriented in the [011] zone axis, with 

families of planes and their parameters and angles highlighted. Thus, it could be 

asserted that the granular reaction product that progresses from the surface of the layer 

towards the substrate is the thermochromic VO2 phase. The same applies to the V0 

sample subjected to a reaction time of 45 seconds, although the size of the grains 

observed here, as well as the thickness of the oxidized layer (~ 400 nm), are both 

significantly greater (Fig. 5(b)). Note that the reduced thickness of the V0 sample for tr 

= 45 s is not directly associated to thermal treatment itself, but rather to an excessive 

ion-milling during the FIB sample preparation. In this way, it seems that, until the 45-

second reaction time is reached, the oxygen in-diffuses more and more, giving rise to 

the appearance of bigger and single-crystalline VO2 grains. The above could explain the 

outstanding Raman VO2 (M1) signal acquired for this sample. Likewise, the HRTEM 

images collected in this oxidized region (sublayer 1 of the V0 sample for tr = 45 s) also 

show interplanar spacings and angles that match with the [112̅] VO2 (M1) orientation 

(Fig. 5(e)). Nonetheless, an unreacted buried layer of about 160 nm thick still remains. 

Overall, it must be highlighted that, for tr ≤ 45 s, homogeneous oxide layer thicknesses 

are generated, whereas the original total thickness of the layer is not significantly 

affected. Also note that the VO2 thicknesses attained here (120 – 400 nm) are above 

those conventionally reported in the literature for optical applications in thermochromic 

smart windows [3,4,7,38]. Hence, the subsequent thermal treatments of  thinner (< 100 

nm) vanadium GLAD films at Tr = 550ºC, hr = 42ºC s-1 and tr ≤ 45 s, could lead to the 

exclusive formation of pure VO2 films of controlled grain size, which has been reported 

to have significant effects on the features of the MIT transition [39], thanks to the 

precise control of reaction times.  
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On the contrary, the V0 sample subjected to tr = 300 s presents a structure quite 

different from those previously visualized (Fig. 5(c)). In this case, a unique layer can be 

distinguished, being its thickness almost three times thicker than the previous ones. This 

is clearly linked to an advanced oxidation of the film characterized by the oxygen 

enrichment, which leads us to think that V2O5 is the predominant specie in the sample. 

Indeed, the HRTEM image displayed in Fig. 5(f), which was collected from a 

representative region of V0 sample for tr = 300 s, confirms this assumption since 

characteristic lattice distances and angles of the [012] V2O5 zone axis (ICDD 04-008-

4555) were identified. Other features of this sample are the irregular shapes and 

thicknesses as well as the presence of big voids (see Supplementary Material Section 

IV), which could all compromise the consistency of the coating.  

In order to go a little further in the characterization of such thermally treated samples, as 

well as to unravel the vanadium oxidation state within each of the layers previously 

distinguished, STEM-EELS analyses were carried out in V0 preparations subjected to tr 

= 1, 45 and 300 s. Like in others 3d transition metals, the L2,3 edge of vanadium exhibits 

a characteristic shape consisting in two sharp peaks usually separated by a few eV 

(known as “white lines”). Since those major features are due to electron transitions from 

2p (2p3/2 and 2p1/2, for L3 and L2, respectively) to unoccupied 3d states, the L3/L2 

intensity ratio as well as the shift of the L2,3 lines reveal the d-band occupancy, and 

consequently they are very sensitive to the valence state of the metal [40,41]. As a 

general trend, and especially in the case of V, an increase in the oxidation state leads to 

a shift of the L2,3 edge towards higher energy loss as well as a decrease of the L3/L2 ratio 

[42–44]. Because the oxygen K-edge reflects the local density of states at the oxygen 

site, changes in its energy-loss near-edge structure can also be considered to determine 
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the oxidation levels. In the case of the V-O system, the O-K edge overlaps with the 

continuum region of V-L2,3 edge, which hinders chemical quantification. However, 

monitoring the relative band shift between O-K and V-L3 edges as well as the shape of 

the O-K edge, in particular modifications in the relative intensities of the eg and t2g pre-

edge peaks can be insightful to reveal some changes of the V valence [45,46]. 

Figure 6 displays the extracted EELS signals containing both the V-L2,3 and O-K pre-

edge which were summed in small characteristic areas of V0 samples thermally treated 

at hr = 42ºC s-1, Tr = 550ºC, and tr = 1, 45 and 300 s. For detailed information on the 

processing of the STEM-EELS 2D spectrum image datasets, see Supplementary 

Material Section V. As can be seen in Fig. 6(a), the EELS spectrum #1a collected from 

just one individual nanocolumn (brighter contrast on the HAADF image) is 

characteristic of metallic vanadium, since only the V-L2,3 white lines separated by ΔEL 

= 7.0 eV, with the L3 peak located at 514.1 eV, are visible. Also note that peak positions 

and energy differences extracted from these and subsequent EELS spectra can be found 

in Table S.1 (Supplementary Material Section V). Between two nanocolumns, the EELS 

signal shows some modifications (spectrum #2a) since the L2,3 lines are shifted towards 

the higher energies (L3 position at 514.8 eV) and a single peak around 531.7 eV appears 

in the O-K pre-edge region. This feature is attributed to the eg state arising from 

hybridization between O 2p and V 3d states [45,46]. Those observations, combined with 

the fact that the measured energy difference between the eg and the V-L3 peaks is ΔE = 

16.9 eV, may reveal the V2+ valence state (VO) [44,47]. This indicates that, despite the 

V nanocolumns are mostly metallic, they may present a slightly oxidized surface due 

either to air exposure, as evidenced in other GLAD systems [48], or to the thermal 

annealing process itself. In the upper region of the film, measurements as the spectrum 
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#3a shows more pronounced changes characterized by a higher energy shift of the V-

L2,3 lines (L3 position at 516.0 eV) and by the presence of two peaks in the O-K pre-

edge region that corresponds to t2g (around 528.6 eV) and eg (around 530.8 eV) states 

coming from the O 2p and V 3d hybridization [45,46]. This increased shift of V-L2,3 

lines, but also the stronger t2g contribution relative to eg, the reduced energy difference 

between the eg and the V-L3 line (ΔE=14.7 eV) as well as the strong shoulders visible 

on the left sides of the L3 and L2 peaks (shown by the arrows) are fingerprints that allow 

to confirm the V4+ valence state (VO2) [43,44]. 

When the annealing time increases up to 45 s (Fig. 6(b)), it is observed that the 

distribution of the oxidation states within the layer remains quite close to the previous 

case, but with a much deeper oxidized layer that extends up to about 400 nm from the 

surface. The EELS signals obtained in the upper part (spectrum #3b, where large grains 

are observed) and in the lower part (spectrum #2b, where both smaller grains and voids 

are observed) of this layer present very similar features than for the spectrum #3a (also 

see Table S1), confirming that the greater part of the films is in the V4+ valence state in 

agreement once again with the presence of VO2. At the bottom part of the film 

(spectrum #1b), within about the first 160 nm of the layer, the EELS signals are quite 

similar to those of spectrum #2a, characteristic of a V2+ valence state. 

By contrast, as evidenced in Fig. 6(c), 300 s reaction time leads to a complete 

modification of the oxidation state in the whole layer. All the EELS signals 

corresponding to regions located at different thicknesses within the coating present the 

same features that matches very well with a V5+ valence state (V2O5) according to the 

trends evidenced in the literature. As compared with the EELS signals of the previously 

identified VO2 regions, the spectra shown in Fig. 6(c) present on the one hand V-L2,3 
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white lines that are slightly shifted (0.5 eV) towards higher energies (L3 position at 

about 516.6 eV), and on the other hand less separated O-K pre-edge peaks with a 

stronger t2g contribution [43,45,46,49]. We can also mention that two weak shoulders 

are detected on the left side of the V-L3 peak, indicating the presence of the vanadium 

pentoxide. 

3.3. Thermal oxidation and subsequent characterization of vanadium oxide 

films 

Once known how oxidation develops for pure vanadium GLAD films, it is time to 

explore how VOx GLAD films deposited at different oxygen injection times behave 

when subjected to fast thermal treatments. In this way, provided the good outcomes 

obtained for the V0 sample, a thermal treatment consisting in a fast heating ramp of 

42ºC s-1, followed by keeping a constant temperature of 550ºC for 45 seconds, and a 

final cooling down in air atmosphere, was systematically applied to V2, V4, V6 and V8 

samples. Figure 7 shows the planar view SEM images obtained for V2, V4, V6 and V8 

samples after thermal treatments. As can be seen, all these samples present a granular 

structure quite similar to those presented in the V0 sample subjected to tr = 45 s. 

However, remarkable differences are noticed. Proof of this is the undesired appearance, 

to a greater (samples V4 and V8) or lesser (samples V2 and V6) extent, of V2O5 micro-

rod bundles on the surface, as well as the cracking (sample V6) or the final detachment 

(sample V8) of the coating (for a more detailed perception of such cracks and 

delaminations, refer to Supplementary Material Section VI). Note that the detachment 

of the V8 overlayer took place while it was cooled down in air. Thus, this phenomenon 

could be associated to the combined effect of the two following events. On the one 
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hand, it should not be forgotten that, as oxygen injection times increases, columns 

become taller and narrower, so the development of a more compact layer over such 

porous structures can result in a greater source of stress. Likewise, it should also be kept 

in mind that the species present in the sample V8 before the thermal treatment (VO and 

V16O3) were not the same as for sample V0. Thus, all this could lead to the outbreak of 

residual stresses at the different interfaces, probably favored by thermal expansion 

mismatches between layers, which can result in the development and propagation of 

cracks or, in the worst case, in the collapse of the physisorbed film, promoting the 

observed lack of adherence. 

Figure 8(a) reveals the Raman spectroscopy studies carried out on V2, V4 and V6 

samples. Note that Raman analyses could not be performed on the V8 sample as result 

of its detachment. The measured Raman spectra for V2 and V6 samples clearly show 

the characteristic Raman bands of the VO2 (M1) phase together with a weak band at 

around ~340 cm-1 which is associated to the presence β-V2O5 [32]. By contrast, the 

Raman spectrum of the V4 sample not only indicates a clear VO2 (M1) signature, but 

also a prominent signal of two overlapped bands at ~266 and 269 cm-1 which are 

characteristic to γ’-V2O5 and ε’-V2O5 pentoxide polymorphs [32]. All this is in 

agreement with the previously observed through SEM studies, which noticed the 

presence of the so characteristic V2O5 micro-rods, especially for the V6 sample. 

Therefore, in addition to the cracking and the detachment of the film, it seems that the 

thermally treated vanadium oxide GLAD samples also have the disadvantage of being 

less homogeneous than the V0, with the appearance of V2O5 micro-rod bundles on the 

surface. Notwithstanding, the results obtained for the V2 sample are quite promising. 
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So as to ultimately know how oxidation develops along the thickness of such porous 

vanadium oxide films, it was decided to explore the two most favorable samples so far, 

i.e., V2 and V6 samples, by means of TEM methods. Fig. 8(b) and (c) illustrate the 

cross-sectional bright-field overviews of V2 and V6 samples, respectively. Both 

samples clearly present three regions: a first sublayer located in the top part of the films 

(sublayer 1) characterized by large and single-crystalline grains; an intermediate region 

beneath (sublayer 2) consisting of grains of considerably smaller size; and a third most 

buried region (sublayer 3), in principle not oxidized, that preserves the features of the 

GLAD structures. Overall, some distinguishing characteristics of these two samples are 

a thicker first sublayer (~ 390 nm) for the V2 sample versus a greater intermediate 

thickness sublayer (~ 360 nm) for the sample V6. However, the size of the grains 

located in the so-called sublayer 1 of both samples is considerably bigger than those 

formed in the V0 sample for the same thermal treatment. Likewise, the oxidized layer 

thicknesses of V2 and V6 samples are ~ 570 nm and ~ 680 nm, respectively, which 

means that vanadium oxide GLAD films are more prone to oxidation than those of pure 

vanadium. All this could be explained by the fact that taller and smaller diameter 

columns, which is favored as oxygen injection time increases, imply greater surface-to-

volume ratios, thus increasing the reactivity of the coating [48]. For this same reason, 

oxidation was more effective and progressed deeper in sample V6 than in V2. Instead, it 

should also be noticed that the original thickness of as-deposited V2 and V6 samples 

was not significantly affected after oxidation. In addition to the above, the HRTEM 

images collected from large-sized grains of V2 and V6 samples (Supporting 

Information Section VII) once more demonstrated the presence of the thermochromic 

VO2 (M1) phase in the most surface layers.  
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In order to completely understand the effect that the deposition conditions can have on 

the oxidation process, and in particular the pulsed injection of oxygen, STEM-EELS 

analyses were also carried out in V2 and V6 oxidized samples as those shown in Figure 

9(a) and (b), respectively. The EELS signals (see also Table S1 for more details) 

collected from the bottom part of the films, where the GLAD nanocolums are still 

visible, are similar and match well with a metallic V or poorly oxidized vanadium (VO), 

whereas the top part of the films reveal features that are clear fingerprints of VO2. In the 

case of the V2 film, it is important to note that a thin intermediate sublayer (about 80 

nm) has been identified on top of the nanocolumns, which shows EELS signal 

(spectrum #2 on Fig. 9(a)) with intermediate features (white line shift, energy difference 

ΔE, O-K pre-edge peak shapes) compared to VO and VO2 and that matches with V3+ 

(V2O3) valence state according to the literature [43,47] . As a general trend, it can be 

observed that, as oxygen injection time increases more heterogeneous and thicker VO2 

layers are achieved after oxidation. However, as evidenced through Raman and EELS 

studies, they may develop V2O5 or V2O3 oxides up or down, respectively. Thus, it 

seems that a gradient of phases from more (V5+) to less (V3+) oxidized states, with an 

intermediate majoritarian V4+ valence region, following the V-O phase diagram trend 

[32], is developed along the film thickness in the direction from the surface 

(continuously exposed to O reactivity) to the interface with the substrate (where events 

promoted by O diffusion are more limited). 

3.4. Metal-to-insulator response of the oxidized films 

Finally, with the aim of evaluating the MIT of the oxidized samples, variable 

temperature KPFM was used to obtain the evolution of the work function (WS) maps 
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with temperature. Figures 10(a) and (b) show the overlayed tridimensional images of 

topography and work function for the V0 sample subjected to tr = 45 s at two different 

temperatures, below and above the MIT. In Fig. 10(c) the distribution of WS values in 

both images, calculated from the KPFM values considering the tip work function, are 

represented. These values are fitted to a Gaussian function and, from the mean values 

found (peaks), it is clearly shown that a reduction in work function of about 0.16 eV 

takes place, as expected for this kind of transition [26].  

A more detailed study was performed for the oxidized V2 sample (550ºC, hr = 42ºC s-1 

and tr = 45 s), as shown in Figure 11, by scanning a 2  2 m2 area of this sample during 

a full heating and cooling cycle. The topography of this region is shown in Fig. 11(a), 

while Figs. 11(b)-(f) display the evolution of the work function maps with temperature 

during the heating/cooling cycle. These maps were derived from the KPFM images, 

taking into account the work function of the tip, and from them, the WS distribution 

histograms can be represented and fitted to a Gaussian function (i.e., a normal 

distribution is again considered). The mean WS values obtained at each temperature are 

represented in Fig. 11(g). Here, error bars length corresponds to the standard deviation 

of each Gaussian distribution fit. As expected, a hysteretic MIT, manifested as a 

reduction in work function of 0.2 eV, which is considerably greater than those reported 

in the literature to date for VO2 thin films [26], is clearly shown, with inflection points 

at around 78C during heating and at around 73C during cooling, and a thermal 

hysteresis width about T ~ 5C.  

In view of the foregoing, it is clearly demonstrated that the controlled and fast oxidation 

of V or VOx GLAD films in air atmosphere leads to the attainment of high-performance 

VO2 thermochromic layers. Hence, given the VO2 thicknesses achieved here for the 
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different fast thermal treatments carried out, it is thought that the deposition and 

subsequent oxidation of vanadium or vanadium oxide GLAD film thicknesses similar to 

those required for optical applications in smart windows (< 100 nm) would give rise to 

the exclusive formation of VO2 (M1) layers of adjustable grain size and crystallinity by 

controlling (a) oxygen injection times during deposition (tON ≤ 2 s); and (b) reaction 

times (tr ≤ 45s) for thermal treatments conducted at 550ºC and hr = 42ºC s-1. In fact, 

these latest assumptions, which should be also contrasted through optical and electrical 

measurements, will be the focus of our future investigations. 

4. Conclusions 

In this work, a novel, simple and cost-effective approach for the fast oxidation of 

vanadium-based films to accomplish thermochromic VO2 coatings of tunable grain size 

and crystallinity has been reported. For this purpose, porous V or VOx layers were 

prepared by DC magnetron sputtering involving the glancing angle deposition (GLAD) 

and the reactive gas pulsing process (RGPP), keeping deposition angle α = 85° and 

pulsing the oxygen gas with tON = 0, 2, 4, 6 and 8 s. As a first step, thanks to the 

accurate control of the oxidation parameters as well as the great reactivity of the high 

surface-to-volume films deposited, the fast oxidation of pure vanadium samples was 

performed in air atmosphere at hr = 42ºC s-1 and Tr = 550ºC, for reaction times (tr) 

ranging from 1 to 300 s. Results collected for such oxidized systems through SEM and 

Raman spectroscopy not only allowed to explore the characteristic structure and 

morphology of the different oxide phase generated but also to optimize reaction times 

which maximize the highest amounts of the thermochromic VO2 phase. Further TEM 

and STEM-EELS studies disclosed that tr ≤ 45 s guarantee the exclusive formation of 
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VO2 (M1) superficial layers of different grain size and crystallinity with thicknesses 

between 120 – 400 nm.  

By virtue of the foregoing, the subsequent fast oxidation of vanadium oxide samples at 

hr = 42ºC s-1, Tr = 550ºC, and tr = 45 s was carried out. On this occasion, SEM images 

not only evidenced an earlier formation of V2O5 microrods on the surface of such 

samples, but also the cracking and film detachment for samples deposited with tON ≥ 6 s. 

Furthermore, although the Raman spectroscopy analysis performed on thermally treated 

vanadium oxide samples clearly revealed the characteristic Raman bands of the VO2 

(M1) phase, several Raman bands corresponding to different V2O5 polymorphs were 

also detected. Nonetheless, TEM and STEM-EELS analyses confirmed the good results 

obtained for the oxidized sample deposited with tON = 2 s, and showed the formation of 

VO2 (M1) multilayers of about 570 nm total thick. In such way, it was distinguished a 

most superficial layer composed by larger and single-crystalline VO2 grains, and a 

second inner layer characterized by smaller grains.  

Finally, the remarkable surface potential drops recorded by temperature dependent 

KPFM measurements of the best thermally treated vanadium or vanadium oxide 

samples confirmed the outstanding MIT response of the resultant VO2 (M1) films. 

Therefore, it is demonstrated that the exclusive formation of high-performance VO2 

(M1) coatings of adjustable grain size and crystallinity can be achieved by the post-

deposition oxidation of vanadium-based samples deposited at α = 85° and tON ≤ 2 s 

when the subsequent fast thermal treatments are conducted in air atmosphere at hr = 

42ºC s-1, Tr = 550ºC, tr ≤ 45 s.  
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Figures and captions 

 

Fig. 1. SEM cross-section and planar view micrographs of the as-deposited vanadium or 

vanadium oxide GLAD films. The white arrows indicate the directions of the particle 

flux during GLAD deposition.   
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Fig. 2. TEM studies of the as-deposited V0 and V8 samples. Cross-section STEM-

HAADF overviews of the (a) V0 and (b) V8 samples. High-resolution TEM 

micrographs of the (c) V0 and (d) V8 samples. The insets show magnified views of 

intragrain regions together with their corresponding FFT diffractions.  
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Fig. 3. (a) Temperature versus time tracks of many thermally treated V0 samples at 

550ºC, hr = 42ºC s-1, and reaction times (tr) ranging from 1 to 300 s. (b) Raman spectra 

of all the thermally treated V0 samples.  

 



37 
 

 

Fig. 4. SEM planar view of thermally treated V0 samples at 550ºC, hr = 42ºC s-1, and 

reaction times (tr) ranging from 1 to 300 s as labelled in the images. The white arrow 

indicates the directions of the particle flux during GLAD deposition.  
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Fig. 5. TEM studies of thermally treated V0 samples. Bright-field (BF) TEM overview 

of V0 samples subjected to reaction times of (a) 1, (b) 45, and (c) 300 s. High-resolution 

TEM micrographs acquired from the upper regions of V0 samples subjected to reaction 

times of (d) 1 and (e) 45 s. (f) High-resolution TEM image of a representative region the 

of V0 sample subjected to a reaction time of 300 s.  
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Fig. 6. EELS spectra recorded in different areas of thermally treated V0 samples at 

550ºC, hr = 42ºC s-1, and tr = (a) 1 s, (b) 45 s, (c) 300 s. Images on the right corresponds 

to HAADF overviews. The spectra were previously aligned, and background-subtracted 

using a power law function. 

 

 

Fig. 7. SEM planar view of V2, V4, V6 and V8 samples after being thermally treated at 

550ºC, hr = 42ºC s-1 and tr = 45 s.   

 

 



40 
 

 

Fig. 8. (a) Raman spectra of V2, V4 and V6 samples after being thermally treated at 

550ºC, hr = 42ºC s-1 and tr = 45 s. Bright-field (BF) TEM overview of (b) V2 and (c) V6 

samples after being subjected to the abovementioned thermal treatment. 
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Fig. 9. EELS spectra recorded in different areas of V2 (a) and V6 (b) samples after 

thermal treatment at 550ºC, hr = 42ºC s-1 and tr = 45 s. Images on the right corresponds 

to HAADF overviews. The spectra were previously aligned, and background-subtracted 

using a power law function.  
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Fig. 10. Overlay of work function map and topography at two different temperatures, 

(a) below and (b) above MIT, for the V0 sample subjected to tr = 45 s. (c) Distributions 

of work function values across these two maps; the mean (peak) values deduced from 

the Gauss fits are 6.27 eV at 32ºC and 6.11 eV at 94ºC, i.e., a value of WS = 0.16 eV 

for the MIT in this sample. 
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Fig. 11. Variable temperature KPFM measurements performed on the V2 sample after 

thermal treatment at 550ºC, hr = 42ºC s-1 and tr = 45 s. (a) AFM image of the region 

where the KPFM experiment was performed. (b) – (f) Work function maps for 70, 75, 
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78, 81 and 94C, respectively, during heating. (g) Work function versus sample 

temperature during heating (black squares) and cooling (red circles) experiments 

performed on the V2 sample. These values are derived from the means of the Gaussian 

fits obtained from the distribution of surface potential values across the sample surface, 

taking into account the previously calibrated tip work function.  
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