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A B S T R A C T   

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 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, this report provides an overview of the possibilities offered by the appli-
cation of a variety of (S)TEM techniques for the study of nanostructured and porous photonic surfaces. A few 
working examples are presented to illustrate the type of information that can be obtained in the case of meso-
porous films prepared either by at oblique angles physical processes as well as nitride nanowire arrays prepared 
by epitaxy methods. It will be demonstrated that this approach enables the realization of several pioneering 
works, 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 struc-
tures, morphologies, interfaces and compositions are addressed thanks to the implementation of new break-
throughs in (S)TEM, which allow to obtain high-resolution imaging, spectroscopies, or tomography, at both 
microscopic and nanoscopic levels. Finally, establishing (S)TEM as a reference tool for the advanced structural, 
chemical and morphological characterization of porous nanostructured skins, will open new horizons, providing 
better and new insights and thus allowing the optimization of the fabrication and design of such architectures.   

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 
[1,2]. 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 addi-
tional functionalities of interest in many fields such as energy [3,4], 

catalysis [5,6], optics [7–12] and electronics [13,14]. 
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 prop-
erties. Through this bottom-up approach, the deposition of porous films 
made of tilted nanocolumns (NCs) is achieved thanks to the shadowing 
effect that occurs when the incident flux of particles arrives at an oblique 
angle [15–20]. 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 
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also to sculpt, with a nanoscopic precision, a variety of complex archi-
tectures with controlled geometries (slanted, zig-zag, or helical struc-
tures; periodic arrays; etc.) simply by adjusting the deposition 
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 tech-
niques are different from those generated by OAD methods, being the 
most significant those formed by nanorods (NRs) or nanowires (NWs) of 
semiconducting materials [21–24]. Within the framework of the 
development of nanostructures for ultra-high performance multifunc-
tional 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 anti-
reflective (AR) coatings [7–9,13,14,21,25–28]. 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) 
[29–31], atomic force microscopy (AFM) [32,33], X-ray diffraction 
(XRD) [34,35], or X-ray photoelectron spectroscopy (XPS) [36,37] 
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 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. [15], “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 per-
formances 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 mi-
croscopy (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 [38–40]. 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 chal-
lenging compared to their compact equivalents. Besides, a thorough 
review of the state of the art dealing with the OAD processes indicates 
that 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 [41–48] 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 [49–57]. Neverthe-
less, 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 nano-
structured porosity-controlled coatings, enabling several major ad-
vances, which were fundamental to reach important conclusions on the 
research of: (i) OAD systems of different nature, materials and archi-
tectures, 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 mor-
phologies and tunable optical and electrical properties of arrays of GaN 
hollow and/or compact nanowires. Issues 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 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 2 × 10−6 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 [8,9]. 

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 2 × 10−6 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 was maintained to 2 
× 10−2 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 
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acceleration energy of 3.5 keV in a Gatan Precision Ion Polishing System 
(PIPS)-691 at ±7◦ 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), inte-
grated differential phase contrast (iDPC) and local compositional ana-
lyses by EDX (energy-dispersive X-ray spectroscopy) and EELS (electron 
energy-loss spectroscopy). On this purpose, five different (S)TEM mi-
croscopes 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 

Many nanoporous OAD and MBE systems of different nature, archi-
tecture 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 spectros-
copies 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 ma-
terials, 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 prep-
aration 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 transmitted through 
it interacting with the specimen and forming the image. Traditionally, 
cross-section (XTEM) and planar-view (PVTEM) TEM sample prepara-
tion processes have been faced in many ways, although the majority of 
them share the following steps of cutting, grinding/polishing, dimpling 
and ion-milling [58–62]. 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 [63]. Keeping this in 
mind, flat-type polishing of cross-sectional specimens were prepared 
using a tripod polisher, which allows to carefully thin down the spec-
imen 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 
[64]. 

As can be seen in Fig. 1(a), specimen slats were cut into volume sizes 
of 2.5 mm × 0.8 mm. After that, two of these slats were glued (facing the 

porous films each other) using M-Bond 610 adhesive (Micro-Measure-
ments). 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 dif-
ference of focus between the polished surface of the sample and the 
Pyrex glass surface (free of thermal wax). 

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 successively 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”) [65]. 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 
cure. 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 Fig. 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 
(±7◦ 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 charac-
teristics of specimen to be prepared. Fig. 1(c) displays the final aspect of 

Fig. 1. Different stages involved in preparing delicate TEM specimens using the 
tripod method. (a) Scheme of a glued staked specimen before polishing. Pic-
tures 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. 
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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 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 Fig. 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 [66]. From the begin-
ning 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 [67–69]. Following, the validity to prepare elec-
tron transparent lamellae of porous systems by means of FIB methods is 
here scrutinised. 

Fig. 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 Fig. 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 occurs as a result of the 
aforementioned polishing, giving rise to an irregular electron trans-
parent 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 pol-
ishing 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 deli-
cate thin films, the next step will be to analyse which of these two al-
ternatives 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 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 sol-
vents. For that matter, it must be highlighted that such solvents have 
been proved to contribute to the oxidation of porous thin films of met-
alloids such as silicon and germanium but without affecting their 
structure and morphology [12]. 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 and electron trans-
parency of cross-section specimens prepared by both methods, which 
were evaluated from relative thickness maps obtained by low-loss STEM 
EELS measurements and presented in Fig. 3 (for more information about 
this technique, refer to Section 3.4). The first electron transparent 
lamella (Fig. 3(a)) consists of a SiO2 OAD bilayer prepared by means of 
tripod polishing plus ion-milling, while the second lamella (Fig. 3(b)) 
consists of a GaN NWs layer grown by MBE. As can be appreciated in 
Fig. 3(a), the observable region prepared by the mechanical approach is 
very thin, remains incredibly constant, and is maintained longitudinally 
over more than 4 μm (t/λ ≈ 0.3 was measured across the NCs over the 
whole film, which corresponds to a specimen thickness of about 36 nm 
assuming an electron mean free path in SiO2 of 120 nm according to our 
experimental conditions and to the Malis equation [70]). According to 
Fig. 3(b), FIB preparation of nanostructured porous films allows 
obtaining electron-transparent lamellae with extended ultra-thin areas 
comparable to tripod preparation as well (t/λ ≈ 0.3 across the NWs, 
which corresponds to an absolute thickness of 27 nm assuming an 

Fig. 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 after-
wards. The inset details the final aspect of the thinned region. 

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/C-layer protective layer can 
hinder subsequent analysis 
FIB-induced damage and ion 
implantation  
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electron mean free path of 90 nm in GaN). However, probably due to 
preferential milling artefacts arising from the uneven surface topog-
raphy and porosity, thickness inhomogeneities both in the film and 
substrate regions are also evidenced (in some areas, larger and more 
fluctuating t/λ values around 0.4–0.6 are determined). 

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 uniform 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 in-
fluence the 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 prepa-
ration process, an optional action could be to verify the prepared sam-
ples 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 Fig. 2 and Fig. 3(b)). 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. 

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, 

Fig. 3. Large field-of-view STEM-HAADF images and STEM-EELS thickness-map (over more than 4 μm width) of two porous films electron transparent cross-sections 
prepared by (a) tripod polishing and (b) FIB approaches. Note that intensity levels on the HAADF images were adjusted to see correctly the thinnest areas of interest 
in each sample. The film in (a) consists of a SiO2 NCs bilayer deposited on a Si substrate by OAD (1st layer with α = 65◦, 2nd layer with α = 85◦). The film in (b) 
consists of a GaN NWs layer deposited on a Si substrate by MBE. The color maps represent the evolution of relative thickness (t/λ), where t is specimen thickness and 
λ is the characteristic mean free path for inelastic scattering (the same scale is used for comparison). Below the maps are shown t/λ profiles extracted across the 
substrate and across the layers (see small arrows on the left of each map to see the positions of the profile extraction). 
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conventional Ga+ FIB processing is well known to produce amorphisa-
tion and Ga+ implantation during FIB milling [71,72]. In this regard, 
some alternative solutions such as using low energy argon ion milling 
[73], Xe+ PFIB systems [74,75], or focused-electron-beam-induced 
etching by chlorine [76] 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 sophisti-
cated 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 nano-
structured porous films by tripod polishing. On the other hand, the FIB 

preparation is only urged in the following cases: (i) when tripod pol-
ishing 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 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 contri-
bution that the application of each of the (S)TEM methods offer to the 
study of OAD and MBE nanowire porous nanostructures will be evalu-
ated hereafter. In this sense, the capabilities of conventional trans-
mission 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 

Fig. 4. Bright-field TEM overview of different OAD systems deposited on silicon substrates. (a) SiO2 OAD monolayer deposited at α = 85◦. (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. 
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community is to verify the overall look of the deposited nanostructure 
through SEM methods [15,20,22,50]. Even though the above could be 
considered as an appropriate preliminary approach, the comprehensive 
characterization of such morphologies and structures must be com-
plemented 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 [77] or providing new inputs to 
optical models [7]. 

Fig. 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 
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 amor-
phous 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 [7]. 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. 

Fig. 5 shows two bright-field TEM micrographs of IBS-OAD ITO films 
deposited at α = 85◦ 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 Fig. 5(a), which present a side sawtooth shape, 
and those found for the columns contained in Fig. 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 
[13]. 

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 performed by using a SEM microscope, these 
examples are just a small proof of all the possibilities that TEM micro-
scopy 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 sci-
entific 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 

Fig. 5. Bright-field TEM overviews of ITO-OAD films prepared by (a) Xe and (b) Ar IBS at α = 85◦. The insets place emphasis on the remarkable difference between 
the shape of the NCs generated as a function of the sputtered ion. 
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[78–81]. However, even though XRD studies normally provide overall 
diffraction statistics, which is especially suitable to study single crys-
talline systems, this technique does not allow to survey how the orien-
tation 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 Fig. 6 which reveals the nanostructural 
and crystallographic changes that an ITO OAD film (deposited by Xe IBS 
at α = 50◦) experiences along its layer thickness. On the one side, Fig. 6 
(a) shows a remarkable difference between the nanostructure at the 
bottom part of the film, formed by bigger and more homogeneous 
grains, and some minor regions at the upper one, where arrays of slanted 
columns can be located (see the detail in Fig. 6(c) and (d)). Such study 
also reveals, thanks to HRTEM nanographs and FFT spectra performed at 
the top (Fig. 6(b)) and bottom (Fig. 6(d)) of the layer, the crystallo-
graphic 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 [13]. 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 reso-
lution 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 [82] and reactivity [83,84], electron mobility [85,86] 
and dopant incorporation [87,88]. Many authors have examined the 

Fig. 6. Evolution of the crystallographic orientation of an ITO OAD film deposited by Xe IBS at α = 50◦. (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. 
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polarity of III-nitrides by wet etching [89], X-ray photoelectron 
diffraction [90], or using different TEM related techniques [91–97]. 
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. 

Fig. 7 illustrates an atomic resolution micrograph of a single crys-
talline GaN nanowire in [1120] orientation which was collected by 
means of a technique called integrated differential phase contrast STEM 
(iDPC-STEM) imaging [98–100] using an aberration corrected micro-
scope. 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 ulti-
mate 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 Fig. 7, Gal-
lium and Nitrogen dumbbells in GaN nanowire arrays were resolved 
thanks to the implementation of the iDPC-STEM technique, demon-
strating the Ga-polarity of such nanostructures (Ga atoms on top of the 
double atom layers). 

3.4. Chemical compositional analyses by imaging and spectroscopies 

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 alter-
natives 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 infor-
mation contained in the HAADF image. 

An example of this kind of studies can be seen in Fig. 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 appreci-
ated, 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 in-
tensity for 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 

Fig. 7. iDPC-STEM image of a single crystalline GaN nanowire along the 
[1120] 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 8◦ and − 3◦, 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). 

Fig. 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. 
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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 pro-
jected 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 inter-
action 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 [7] or if the porous nanostructure is subjected 
to the spontaneous oxidation of its exposed surfaces [12,14]. 

An evidence of the capability of this analytical tool is presented in 
Fig. 8, in which the EDX elemental maps and profiles of a TiO2/SiO2 
OAD trilayer (Fig. 8(a)) are displayed together with the EDX integrated 
spectra and associated atomic quantifications of each layer (Fig. 8(b)). 
EDX spectra were recorded over 100 × 100 nm2 areas and large inte-
gration times (several minutes, collecting a total of 1137 frames) using 
current probes of about 450 pA, beam 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 theo-
retical sensitivity factors). Although the accuracy of this approach is 
rarely considered better than 10% [101], especially for low Z elements 
like O, the measurement uncertainties attained here (below 5%) support 
the validity of the standardless quantification since the atomic pro-
portions 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 (Fig. 8(a)) also provides valuable in-
formation 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 [101,102]. In addition to the above- 
mentioned, EELS information can also be used to characterize chemi-
cal bonding configurations, oxidation states, valence and conduction 
band electronic properties or even sample thickness (see Fig. 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 behaviour of 
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 ar-
chitectures 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 distri-
bution 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. 

Ultimately, in order to illustrate the possibilities offered by (S)TEM 
techniques to solve problems related to the composition of nano-
structured porous films, STEM-EDX and EELS analytical methods were 
applied on a GaN NWs film system prepared by FIB (see Fig. 3(b)) and 
compared. For that, the STEM mode (convergence angle of 10.5 mrad, 
probe current of ~150 pA) was used in a FEI Talos F200X G2 fitted with 
a Gatan Imaging Filter (GIF) continuum spectrometer and Super-X en-
ergy-dispersive X-ray spectrometry system that includes four silicon 
drift detectors. 

On the one hand, core-loss EELS spectrum images (SI) including the 
N–K and Ga-L edges were acquired over the whole GaN NWs film using 
a 40.4 mrad collection angle, a dispersion of 0.75 eV/channel, a pixel 
step of 10 nm and an exposure time of 0.25 s/pixel (Fig. 9(a)). As thin 
and uniformly-thick specimen areas are generally required for accurate 
EELS analysis, the t/λ map was used as a reference (see Fig. 3(b)). A thin 
enough region (t/λ ≤ 0.3) was selected to reasonably neglect multiple 
scattering effects for further quantification (for this reason, no decon-
volution with the low-loss signal was applied in that case). Beside the 
expected N–K and Ga-L edges observed at about 401 eV and 1115 eV, 
respectively, the presence of a noticeable O–K edge signal (see EELS 
spectrum on top of Fig. 9(a)) suggests that the NWs are partly oxidized. 
More details about the composition of these nanostructures have been 
obtained from quantitative elemental analyses of the EELS data, which 
was carried out using the implemented routine in the Gatan Digital 
Micrograph software. In order to measure the atomic concentrations 
ratios of Ga, N and O, a great care was taken in the signal extraction 
using suitable power-law models to remove the background below each 
edge (see extraction on EELS spectrum in Fig. 9(a)). The element ratio 
technique was then applied using a 50 eV-width window to determine 
the integral intensities and to calculate the ionization cross-sections of 
each edge (according to ref. [102], the hydrogenic model was used for 
cross-sections). Quantification over a 100 × 100 nm2 area across one 
individual NW confirms that the average Ga:N ratio is close to 1:1 (see 
Table 2), which is fully consistent with the wurtzite nanowire lattices 
evidenced through HRTEM [21]. It also reveals that an amount of ~9% 
is trapped within the NWs. The 2D elemental maps and profiles show 
that despite this composition is maintained over the whole film thick-
ness, a significant accumulation of O and Ga and a drop of N amount at 
the border of the NWs occur, which could be related to surface oxidation 
of these high surface-to-volume ratio structures due to air exposure, as 
supposed in a previous work [14]. 

To confirm those results, it is insightful to compare them to 
elemental measurements that can be obtained by STEM-EDX (Fig. 9(b)), 
which appears as an alternative technique to obtain spatially-resolved 
compositional information. For comparison purpose, an area with 
similar characteristics than for STEM-EELS (similar field of view, same 
specimen thickness t/λ ≈ 0.3) was studied by EDX using the Velox 
interface. For acquisition, a pixel step of 4.4 nm and a dwell time of 100 
μs/pixel were set, and the signal was integrated over 220 frames. In the 
same way as for EELS, the EDX spectra across the NWs present lines of 
Ga, N and O, but also Cu signals due to the lamella supporting grid. To 
determine the relative composition of Ga, N and O, the background of 
the EDX spectra was removed and a full standardless quantification with 
the Brown-Powell ionization cross-section model was performed using 
the K-lines of Ga, N and O. To improve the quantification, deconvolution 
of the Cu peaks was applied and the K-line of Ga was preferred to L-line 
to avoid contributions from overlapping peaks. In the present case, 
compositional results obtained by EDX are very similar to those ach-
ieved by EELS (see Table 2 and Fig. 9), suggesting that both techniques 
are suitable for spatially resolved compositional analyses of nano-
structured porous films. 

Nevertheless, in many cases, depending on many factors such as the 
type of material or the thickness of the lamella and its sensitivity to 
electron beam, EELS or EDX should be preferred for elemental analysis. 

A.J. Santos et al.                                                                                                                                                                                                                                



Materials Characterization 185 (2022) 111741

11

We must be aware that neither of these two techniques is better than the 
other, and that they must rather be seen as complementary, each with 
their strengths and weaknesses (as summarized in Table 3). In a nutshell, 
the strengths of EELS are (i) its capacity to provide extra information 
(like chemical bonding electron-loss near edge structure, excitation of 
valence band electrons, electronic structure and thickness) that EDX 
cannot, and that are now achievable simultaneously using DualEELS 
capabilities; (ii) its better elemental detection capacities which allow 
faster acquisition, better resolution, use of lower current to avoid beam 
damage and stronger sensitivity to light elements; (iii) its better accu-
racy. However, to take the full benefit of this technique and ensure 
reliable quantifications, important requirements must be fulfilled: this 
includes working with very thin specimen (t/λ ≤ 0.3), knowing very 
well the experimental setup (including convergence and collection 

angles), and spend time to process carefully the data. The clear advan-
tages of the EDX are (i) its greater ease of use both at the experimental 
and post-processing level, and (ii) its lower limitations regarding the 
specimen thickness requirements. It is important to note that the recent 
implementation of silicon-drift detector (SDD) has made it possible to 
substantially increase the elemental detection, including light elements. 

Fig. 9. (a) STEM-EELS and STEM-EDX spectrum image datasets recorded across GaN NWs (using drift correction). The integrated spectra over 100 × 100 nm2 areas 
(indicated on the HAADF images below by yellow rectangles), and the extracted/modelled signals used for quantifications are shown on the top. The quantification 
results in the square areas are reported in Table 2. The Ga, N, and O 2D concentration maps obtained after quantifications as well as the corresponding HAADF images 
of the analysed regions are displayed in the middle. Longitudinal (1) and transversal (2) concentration profiles extracted from the 2D maps are plotted at the bottom. 
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Table 2 
Relative elemental compositions obtained in a 100 × 100 nm2 area across one 
single NW determined by EELS and EDX quantification. Errors in EELS quanti-
fication are assumed to be 5% due to uncertainties in cross-sections according to 
ref. [103]. Errors in EDX quantification are directly provided by the Velox 
software.  

Analysis method Ga (at. %) N (at. %) O (at. %) 
EELS 45 ± 3 47 ± 3 9 ± 1 
EDX 44 ± 9 48 ± 8 8 ± 3  

Table 3 
Strengths (+) and limitations (−) for STEM-EELS and EDX analytical methods.    

EELS EDS 

Analytical 
capabilities 

Elemental information + +

Chemical fingerprinting + −

Additional capabilities (valence/conduction 
electron density, thickness measurement, 
band structure and interband transitions) 

+ −

Detection 
Signal collection + −

Energy resolution + −

Sensitivity to light elements + −

Sensitivity to heavy elements − +

Acquisition 
Fast acquisition + −

Simplicity − +

Live visualization − +

Elemental 
quantification 

Dependence to experimental setup − +

Requirement of very thin specimen − +

Complexity of data processing − +

Accuracy + −
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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 
[104–109]. 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 nano-
materials, 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 [110,111]. 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, 
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. 

Fig. 10(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 (Fig. 10(b)). For a 
detailed description of the experimental data acquisition, segmentation, 
3D reconstruction, and porosity profile extraction, refer to Supplemen-
tary 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 [112]. 
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 antire-
flective 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]). 

4. Conclusions 

In this work, the possibilities and alternatives offered by the appli-
cation of (S)TEM methods for a comprehensive and exhaustive charac-
terization 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 spec-
troscopy allowed us to accomplish some of the pioneering studies pre-
sented here, highlighting the versatility and capabilities that TEM 
methods offer to the extensive characterization of porous nano-
structures. 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 ach-
ieved 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. Further-
more, it was also emphasized the valuable contribution of TEM studies 
for the optical and electrical characterization of such porous systems 
especially when combined with other techniques like spectrophoto-
metric 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 nano-
structured 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 mech-
anisms and properties. 

Author contributions 

The manuscript was written through contributions of all authors. All 
authors have given approval to the final version of the manuscript. 

Fig. 10. (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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