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increasing very steeply so that we, already at present, make an unsus-
tainable use of riches of all kinds, including fuel, minerals, water, etc. 
The dangers to humanity are both direct, and connected with exhaus-
tion of essential resources, and indirect and for example associated with 
the burning of fossil fuels and firewood which produces carbon dioxide 
emission and hence global warming, rising sea levels, harsher weather, 
enlarged dangers for the spreading of diseases, mass migrations, etc 
[2,3]. Furthermore the geographically uneven distribution of many 
natural resources, as well as the global climate in itself [4], can lead to 
civil conflicts and human disasters.

The only sustainable way forward goes via increased adoption of 
clean tech—also referred to as “green” or “eco-friendly” technology—
which is affordable and operating in harmony with nature’s own energy 
flows [5]. Furthermore, these uses of new technology must be accompa-
nied by changes in life style.

Thin films and nanostructured coatings are essential to clean tech 
because they allow one to do a lot with a little. This is illustrated next 
by two examples: consider first a block of aluminum which is small 
enough that easily can be carried by hand. By an appropriate thin film 
technology one can deposit this material so that it yields a reflecting 
surface over a square kilometer; under full solar irradiation the surface 
reflects roughly a Gigawatt that otherwise might have been absorbed 
in the material behind the reflector. In a second example we imagine 
that this aluminum surface is overcoated with an equally thin nano-
structured layer comprising metallic nanoparticles included in an oxide 
matrix. This surface is now no longer reflecting visible light but appears 
dark and can serve as an efficient “spectrally selective” absorber that 
gathers solar energy and retains it so that it can be used for heating 
purposes.

These were two examples only, and there are many analogous ones 
related to thin films and nanostructured coatings that can be employed 
to achieve not only energy efficiency—as in the examples above—but 
also human comfort and security [5].
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Abstract
Thin films and nanostructured coatings are of great and increasing 
importance for clean tech, including applications to solar energy and 
energy efficiency. This tutorial review discusses why this is so and 
surveys the major preparation technologies and their characteris-
tics. Particular attention is given to techniques requiring vacuum or 
plasmas—with foci on evaporation and sputtering—but a wide range 
of	other	techniques	is	surveyed	as	well.	Largescale	deposition	is	dis-
cussed in some detail, and perspectives are given on possible future 
developments.

Introduction
The Importance of Thin Films and Nanostructured Coatings 
Thin films and nanostructured coatings are essential for many—per-
haps most—clean tech technologies. These technologies are of intense 
interest today and include solar energy utilization, energy savings, and 
methods for assuring clean air and water.

We first contemplate the importance of clean tech and begin by 
looking at the world’s population which was around one billion in the 
year 1800, grew to about 2.5 billion in 1950, and is now (2012) around 
seven billion. The population growth is not expected to stabilize until 
around the year 2100, at what time it has reached a stunning ten billion 
or even more [1].

This population explosion has been accompanied by a growth in the 
overall standard of living, and people in the Third World expect—as 
they rightly should—to possess the same amenities and qualities of life 
that we are accustomed to in the more affluent countries. The unavoid-
able implication is that the demands on the world’s natural resources are 
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The films of concern for clean tech applications have thicknesses 
typically lying between 10 nm and 10 μm. They can be metallic, semi-
conducting or dielectric and backed by rigid substrates of metal, plastic 
or glass or by flexible foils of metal or plastic. There is a multitude of 
ways to make such thin films, and thin film science and technology are 
huge fields of very large importance not only for clean tech but for vir-
tually every contemporary technology. There are numerous books and 
tutorial texts on the subject [6-16].

This tutorial paper presents a brief overview of the most important 
technologies for preparing thin films and nanostructured coatings 
and also includes a number of illustrativ examples. The exposi-
tion—which to some extent reflects that author’s own experience 
and perhaps prejudices—considers films produced by vacuum-based 
and non-vacuum-based techniques as well as coatings prepared from 
nanoparticles. For the vacuum-based techniques, emphasis is put 
on the possibilities to construct nanostructures by carefully selected 
deposition	conditions.	Large-scale	preparation	of	thin	films	and	nano-
structured coatings is discussed, and the presentation ends with some 
remarks. Nanofeatures—and they are legion [17,18]—are emphasized 
throughout the paper. This tutorial is an adaptation and extension of 
one small part of an earlier treatise [5].

The Major Thin Film Technologies, and Some Examples
Table 1 presents the most important thin film technologies, which 
are organized according to the depositing species being atomistic (or 
molecular), particulate or in bulk form, or whether the surface of a 
material is modified so that it produces a layer with properties that are 
significantly different from those of the underlying material. Atomistic 
deposition is most common for clean tech applications.

Vacuum-based and plasma-based techniques: Basics of evaporation and 
sputtering
Evaporation is a widely known technique for making thin films and 
is in daily use in research laboratories all over the world since sixty 
years or more. It is also used industrially, mainly for metalizing. The 
raw material of the film is heated in vacuum so that a vapor, consist-
ing of atoms or molecules, transports material to the substrate at a 
high enough rate [19,20]. The energy of the vapor species is typically a 
fraction of an electron volt. The necessary heating can be obtained by 
an electrical current going through a resistive coil or boat—usually of 
tungsten—in contact with the material to be evaporated or by therm-
ionic emission from a wire and focusing of the electron beam onto the 
material to be evaporated from a water-cooled “electron gun”. This lat-
ter technique is called electron-beam (e-beam) evaporation.

Sputter deposition is used on a very large scale to produce uniform 

coatings on glass, polymers, metals, etc. Essentially, a plasma is estab-
lished in a low pressure of inert or reactive gases, and energetic ions in 
the plasma knock out atoms or molecules from a solid plate or cylinder 
of the raw material of the film (the target) and deposit these atoms or 
molecules as a uniform thin film on a nearby surface (the substrate) 
[21-25]. The sputter plasma can be inert, typically consisting of argon 
ions, and then the target and the thin film consist of the same material; 
alternatively the sputter plasma can be reactive and contain for example 
oxygen so that an oxide film can be produced by sputtering from a 
metallic target. Similarly one can make nitride by sputtering in the pres-
ence of nitrogen, etc. Clearly the technique is very versatile. The plasma 
is usually confined to the target area through magnets positioned 
behind the target, and and the deposition technique is then called 
“magnetron sputtering”. Rotating targets is a rather new development 
which maximizes the use of the target material. In sputtering, the depo-
sition species typically have an energy of some electron volts, i.e., it is 
higher than in evaporation. This difference is important, and sputtering 
can produce “selfcleaning” of the substrate which leads to better adher-
ence between substrate and film than in the case of thin films prepared 
by evaporation. Evaporation and sputtering are often referred to jointly 
as “physical vapor deposition” or PVD.

We now consider what thin films made by evaporation or sputtering 
look like at the nano level and especially look at the growth of metal 
films on dielectric substrates such as glass or polymer. Figure 1 shows 
a series of scanning electron micrographs for gold films having the 
stated thicknesses and sputter deposited onto glass at room temperature 
[26]. The initial deposition yields tiny metallic nuclei at certain sites 
on the substrate, and prolonged deposition makes these nuclei grow, 
which occurs via diffusion of atoms or molecules over the substrate 
surface along with direct impingement of atoms or molecules. The 
metal “islands” that are then formed have shapes resembling ellipsoids. 
Continued deposition brings some of the “islands” into contact with 
each other, and they then rearrange into larger and more irregular 
objects; this is referred to as “coalescence growth”. Subsequently the 
growing film goes over into “large-scale coalescence” so that a contig-
uous and meandering metallic network of macroscopic size is formed. 
Once	this	has	happened,	one	can	record	metallic	conduction	along	the	
film. The evolution of electromagnetic properties in a growing metal 
film has been investigated for decades [27] and remains a topic of con-
tinued interest [28].

A film that is thicker than those in Figure 1 develops characteristic 
nanostructures also over its cross section [29]. This is shown in Figure 
2, which depicts what is known as a “Thornton diagram” [30]. The 
figure pertains to sputtering and indicates that the film has a columnar 

Figure 1. Scanning electron micrographs for gold films prepared by sputter deposition onto glass to the shown “equivalent” thickness teq (the thickness a corresponding metallic slab 
would have). The gold appears bright and the uncoated parts of the substrate look dark. From [26].
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nanostructure oriented perpendicular to the substrate, and points out 
that this structure is critically dependent on the deposition conditions, 
notably the argon pressure and the substrate temperature. The structure 
of an evaporated film, expectedly, occurs in the limit of a small argon 
pressure.

Figure 2. Schematic illustrating nanostructures of thin films prepared by sputter deposi-
tion at different argon pressures and substrate temperatures. The melting temperature of 
the material is denoted Tm. From [30].

Most practical applications of thin films require high durability, 
which often means that compact films are needed, and historically 
sputtering technology was developed to make films that were more 
rugged than those prepared by evaporation. Parameters yielding films 
lying in “zone T” of the “Thornton diagram” are then employed. But 
there are other applications for which it is desirable to have films with 
a judiciously chosen nanoporosity, and then it is advantageous to use 
unheated substrates and high argon pressures so that the films belong 
to “zone 1”. Nanoporous films are of interest for several clean tech appli-
cations such as energy efficient and comfort enhancing electrochromic 
“smart windows” in buildings, gas sensors for air quality surveillance, 
and photocatalytic surfaces capable of air cleaning [5,31].

Multilayer films are easily produced by sequential sputtering from 
more than one target, and an industrial sputter system can use a large 
number of targets under which the substrate is transported in a more 
or less continuous process, as we return to shortly. Composite films 
can be made by sputtering from a single target of a compound mate-
rial or from simultaneous sputtering from two or more targets. Mixed 
metal-dielectric films can be deposited reactively, for example in argon 
blended with a small amount of oxygen; the deposited film can consist 
of a random composite of metallic and oxidized parts (sometimes 
referred to as a “cermet”).

Reactive sputtering can be accurately modeled [32]. Deposition 
of alloys can employ alloy targets or separate metal targets. Chemical 
etching of some alloys may lead to highly nanoporous conducting layers 
[33].

Vacuum-based and plasma-based techniques: Effects of glancing angle 
deposition and substrate rotation
Thin film deposition is normally performed so that the deposition spe-
cies impinges more or less perpendicularly onto the substrate. However, 

it is possible to establish 
coatings with inclined nano-
structures and, if rotation of 
the substrate is used as well, 
one can arrive at an entire 
zoo of nanostructures. The 
deposition techniques that 
make this possible are some-
times referred to as “glancing 
angle	deposition”	or	“GLAD”	
and the ensuing films are 
called “sculptured” [34].

 Figure 3 illustrates how 
a thin film with an inclined 
columnar structure can be 
built up [35]; it is based on 
calculations with a model 
depicting “atoms” as two-
dimensional hard discs 
travelling with a well-defined 
direction but otherwise ran-
domly towards a “substrate”. 
These “atoms” stick where 
they hit either the substrate 
or an earlier deposited 
“atom”. Columns are formed 
simply because a random 
protrusion has the effect of 
shading whatever lies behind 
it from further deposition. 
The nature of the columns, 
and the density of the nano-
structure, depends on the 
energy of the “atoms”, i.e., 
on their mobility. Figure 3 
describes structures forming 
when “atoms” arrive at an 
off-normal angle of 50° from 
the upper right. The column 
orientation does not nor-

mally coincide with the direc-
tion of the incident “atoms”, 
and a number of “rules”—often 

of limited validity in practice—have been put forward to describe this 
feature. Figure 4(a) shows a scanning electron micrograph of a film 
deposited	by	GLAD	[36].	Its	resemblance	to	the	computer	generated	
structure is very good. Films with inclined columnar nanostructures 
are known to exhibit angular-selective optical properties [37] and are of 
considerable potential interest for clean tech applications. If one alters 
the direction of the incident species periodically, it is possible to create a 
zigzag pattern as seen in Figure 4(b).

Even larger possibilities to make nanostructured coatings are 
achieved if the substrate is rotated at the same time as the deposition 
species arrive at an oblique angle of incidence. Figures 4(c) and 4(d) 
illustrate two examples for slow substrate rotation. Using faster rota-
tion, one can deposit feather-like (“penniform”) structures with huge 
surfaces, as shown in Figure 5 for a titanium-dioxide-based structure 
produced by sputter deposition under conditions so that “zone 1” films 
(cf. Figure 2) are created [38]; these films have potential applications for 
examplein photocatalysis and sensing.

Figure 3. Simulated thin films grown with “atoms” 
arriving from an off-normal angle with (a) low, 
(b) medium, and (c) high mobility. From [35].

continued on page 32
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efficient by combining it with plasma treatment in what is referred to as 
plasma-enhanced CVD, or PECVD. A special type of CVD is known as 
“spray pyrolysis”; a fluid containing the precursor is then sprayed onto a 
hot substrate and normally evaporates before reaching its destination.

Electrochemical techniques have a venerable history for making 
coatings; they include cathodic electroplating from a chemical solu-
tion [44] and anodic conversion of a metallic surface—in particular of 
aluminum—to create a porous oxide [45]. Anodization of aluminumcan 

be carried out according to different strategies: 
Thus “mild anodization” can yield a selfordered 
nanoscale pore structure, but it is slow and con-
fined to a limited selection of process parameters; 
however “hard anodization” is fast and industri-
ally viable and can lead to thick layers with a 
disordered pore structure. It was recently demon-
strated that a combination of the two technolo-
gies, in what is known as “pulse anodization”, can 
give particularly interesting layered nano-features 
such as those shown in Figure 7 [46].

Nano-particle-based Coatings
Vacuum-based coating methods to make thin 
films and nanostructured coatings were dis-
cussed above. They had an important historical 
role for making films based on nanoparticles 
and, in fact, vacuum-based techniques gave 
important insights into methods to prepare 
nanoparticles under controlled conditions, 
specifically in the making of “gold blacks” for 
darkening of thermocouples [47]. Specifically, 
gold is evaporated at pressures sufficiently high 
to lead to nanoparticle nucleation and growth 
in the gas phase instead of on a substrate. A 
major step forward for this technique was taken 
when it was realized that the average particle 
diameter as well as the size distribution could 
be understood and accurately determined if the 
vapor source had a precise temperature control 
[48]. This development led to “advanced gas 
deposition” (AGD), which is now a technique for 
mass-producing nanoparticles that can be col-
lected for later use or for deposition directly onto 

Non-vacuum-based and non-plasma-based techniques
Thin film technologies do not have to rely on low pressures. Thus coat-
ings can be made by dipping a substrate in a solution containing the 
film-forming species, withdrawing at a controlled and normally con-
stant rate, and heating to eliminate volatile components from the solu-
tion; alternatively one can coat small objects by applying the solution as 
drops, subsequently spin the substrate at a controlled speed so that an 
even layer is formed, and finally heat treat. In either case one can repeat 
the deposition many times in order to create a thicker film. Spraying 
can serve as an alternative to dipping and spinning for applying the 
chemical solution. Film deposition based on dipping, spinning and 
spraying are often referred to jointly as “sol-gel deposition” [39,40].

Figure 6 illustrates the cross-section of a multi-layer film pre-
pared by dip coating [41]. It comprises two layers of nickel particles 
embedded in alumina and a top layer of silica. The coating is deposited 
onto pure aluminum. This coating is of interest for clean tech applica-
tions and can combine high solar absorption with low thermal re-emis-
sion; it is consequently of the type mentioned as the second example in 
the Introduction above. Chemical vapor deposition (CVD) uses heat to 
decompose a vapor of a “precursor” substance in order to make a thin 
film with a desired composition on an object positioned in the deposi-
tion chamber (“reactor”) [42,43]. The deposition can be made more 

continued on page 37
Figure 4. Nanostructured thin films made by glancing angle deposition and, in parts (c) and (d),
simultaneous rotation of the substrate. From [36].

Figure 5. Cross section through a “penniform” TiO2 thin film made by sputter deposition 
and simultaneous substrate rotation. From [38].

Preparation of Thin Films and Nanostructured Coatings
for Clean Tech Applications
continued from page 30
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substrates. Figure 8 depicts the principles of an AGD unit; as shown, it 
is set up for the manufacture of tungsten oxide nanoparticle [49], but 
the technique is versatile and can be used reactively or nonreactively to 
prepare nanoparticles of many different pure metals, oxides, nitrides, 
etc. Evaporation occurs in a lower chamber into a laminar gas flow sur-
rounding the vapor source. The vapor species are then cooled through 
collisions with gas molecules so that they form tiny nuclei which grow 
in the gas flow. A thin transfer pipe collects nanoparticles in a region at 
a defined distance from the vapor source and transports them via a gas 
stream ending in an upper deposition chamber which is kept at good 
vacuum. A separate evacuation pipe removes nanoparticles outside the 
region for particle growth. The nanoparticles are then deposited via 
a nozzle onto a movable substrate so that they can create a uniform 
layer consisting of nanoparticles. The AGD technique can make use of 
multiple vapor sources and transfer pipes so that materials consisting 
of mixed or layered nanoparticles are formed. A particular asset of the 
technique is that it separates nanoparticle nucleation and growth from 
thin film deposition. This feature allows one to carefully control particle 
interactions within the film, which is of great interest for devices requir-
ing fine-tuned electrical contact between neighboring nanoparticles 
such as conductometric gas sensors for determining and surveying 
air quality. Gas phase synthesis of nanoparticles also can rely on high-

Figure 6. Scanning electron micrograph of the cross-section of a sol-gel-produced multi-
layer coating of Ni-Al2O3 and SiO2 backed by an Al substrate (with a thin interlayer to 
improve the adhesion to the substrate). The top layer of Pt was applied by sputter depo-
sition in order to allow the imaging. From [41].

Figure 7. Panel (a) shows alternate layers of anodic aluminum oxide (AAO) made by 
“pulse anodization”; the layers were made by “hard anodization” (HA) and “mild anod-
ization” (MA).Panel (b) is a magnification of the displayed rectangular area and has 
been artificially colored.From [46].

continued on page 38
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latter process can be employed for producing master batches of con-
centrated nanoparticles in a resin, which can then be mixed with clear 
resin to prepare thin polymer foils doped with nanoparticles via extru-
sion. These foils can be attached to surfaces or positioned between clear 
sheets. Nanoparticle-doped polymer sheets and other shapes of plastic 
can also be made by injection moulding and extrusion from suitable 
resins. If dilute coatings are required, it is essential that the particles are 
well dispersed, which usually requires a surfactant (i.e., a “soap”-type 
molecule) on their surface to make sure that they do not agglomerate.

Carbon-based nanomaterials should receive particular attention 
and have had a phenomenal development recently. Figure 9 shows 
how different nanostructures can be created from a two-dimensional 
“graphene” arrangement of carbon atoms to yield C60 units (buckmin-
sterfullerene molecules or “buckyballs”) as well as long nanotubes with 
metallic and semiconducting properties [52]. Graphite consists of stacks 
of graphene layers; the transition between “graphene” and graphite is 
somewhat subjective but can be put at about ten individual layers.

Long	nanoparticles	can	be	prepared	not	only	from	carbon—as	indi-
cated in Figure 9—but from many materials, and Figure 10 illustrates 
silver nanowires made from cheap reduction of liquid silver nitrate. 

Figure 11. Transmission electron micrograph showing silver-based crystalline nanoparti-
cles grown inside Pseudomonas cells. From [55].

Figure 10. Scanning electron micrographs of Ag nanowire meshes. From [53].

temperature processes, because particles can form in a flame or plasma 
as reviewed recently [50].

A variety of chemical techniques are widely used to grow and 
precipitate metallic, inorganic and semiconducting nanoparticles from 
solution. They have been developed so as to limit size ranges, create 
elongated particles or spheres, and to overcoat nanoparticles or mic-
roparticles with shells in “core-shell” structures which allow new or 
improved functionality. These aspects have been discussed in detail in 
the literature [51].

Layers	or	coatings	comprising	earlier	prepared	nanoparticles	are	
usually made by first dispersing them in a paint binder, a polymer 
coating solution, or a monomer solution prior to polymerization. The 

Figure 8. Schematic of a unit for advanced gas deposition (set up for making tungsten 
oxide nanoparticles). From [49].

Figure 9. Schematic of carbon-based nanostructures and their formation. From [52]. continued on page 40
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production line that can be more than a hundred meters long; Figure 13 
shows a photo of a deposition system of this kind.

Roll-to-roll coating (also called “R2R coating” or “web coating”) is 
applicable to flexible substrates and can make thin films cost-effectively 
on very large surfaces [61,62]. Figure 14 illustrates one variety wherein 
web is transferred from a pay-out roll to a chilled drum, where the 
deposition takes place by sputtering or any other suitable technique 
[63]. The coated web is then collected on a take-up roll. The whole 
process normally takes place inside a vacuum chamber. High-rate depo-
sition may lead to thin films with somewhat inclined columnar struc-
tures, which are formed by the processes indicated in Sec. 2.2.

It is possible to use large-scale sputter deposition to produce films 
whose composition varies in a highly controlled manner over the cross 
section. Figure 15 indicates how this can be accomplished and shows 
continuous deposition onto a long metallic ribbon. As this ribbon 
moves past the magnetron cathode, the initial deposition takes place 
in inert argon so that the film is metallic. Closer to the asymmetrically 
positioned oxygen inlet, the films are oxidized to an increasing degree 
and—with proper deposition parameters—the top layer can be almost 
purely consisting of oxide so that it can serve so as to anti-reflect the 
underlying material. This novel technology has been used to produce 
sputter deposited coatings for efficient conversion of solar energy into 
heat, as discussed in the second example mentioned in the Introduction 
[64].	Large-scale	deposition	of	films	with	inclined	columnar	structures	
are	possible	by	use	of	the	GLAD	technique	discussed	in	Sec.	2.2	[65].

Preparation of Thin Films and Nanostructured Coatings
for Clean Tech Applications
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Figure 13. Photo of an industrial manufacturing plant for multilayer coatings onto full-size 
glass panes.

Figure 14. Schematic of a roll-to-roll coater with several sputter cathodes. From [63].

These nanowires can be used in electrically conducting and transparent 
coatings and tend to have some optical scattering (“haze”) [53].

As a final example we note that nanoparticles can be prepared by 
microbiological techniques. The research has only recently begun; the 
potential is undoubtedly great but it is not yet easy to assess. Figure 
11 illustrates the growth of silver nanoparticles—even single crys-
tals—inside bacteria of Pseudomonas stutzeri [54,55]. In a later step, 
these particles can be used, for example, for to make selectively solar 
absorbing coatings [56]. It appears thatthere is a huge number of organ-
isms that can serve as clean tech “nanofactories” and produce inorganic 
nanoparticles either intra- or extracellularly; they include magnetotactic 
bacteria,  diatoms, fungi and others [57,58].

Large-scale manufacturing
The cost for preparing thin films and nanostructured coatings is often 
of the utmost importance for judging whether they can be of use for 
clean tech and other applications. The cost of thin film manufacturing 
is a very complicated question, and it depends critically on the produc-
tion scale.

It follows that large-scale manufacturing is extremely important. 
One	example	where	this	has	been	developed	almost	to	perfection	is	
for coating sheet glass in order to get thin films capable of giving low 
thermal emission and hence good thermal insulation in double-glazed 
windows, or thin films for controlling the throughput of solar energy 
so that the demand on energy guzzling air conditioning is diminished. 
Figure 12 shows two principles of how such coatings are accomplished 
[59]: panel (a) illustrates sputtering onto sheet glass that is moving in 
a continuous process with panes entering though a load-lock at one 
end of a deposition unit and exiting at the other end. Panel (b) demon-
strates an alternative technique, based on spray deposition of a metal-
containing solution onto hot glass; it is most conveniently accomplished 
as a continuous ribbon of glass emerges from the leer during float glass 
production. Detailed discussions of glass coating are given in the litera-
ture [12,60]. Industrial deposition systems—especially for sputter depo-
sition—can be huge and include a large number of sputter targets in a 

Figure 12. Principles for sputter deposition (a) and for spray pyrolysis (b) to coat glass that 
is transported as indicated by the horizontal arrows. From [59]. continued on page 42



42  2012 Fall Bulletin

Preparation of Thin Films and Nanostructured Coatings
for Clean Tech Applications
continued from page 40

Cost issues are frequently mentioned in scientific papers, and are 
almost as frequently misunderstood. For example it is common with 
statements to the effect that sol-gel deposition is “cheap” because no 
inherently expensive vacuum equipment is needed. However the neces-
sary thermal treatments of the sol-gel coatings tend to give slow manu-
facturing, which may be disastrous for the economy of mass fabrication.

Conclusion and Remarks
This paper has surveyed the manufacturing of thin films and nanostruc-
tured coatings for clean tech applications. It has been shown that there is 
a plethora of techniques with distinctive features as well as specific pros 
and cons. These techniques permit the manufacturing of thin films and 
nanostructured coatings of virtually any material and material combina-
tion, either as a single layer or in a multilayer structure.

It should be noted that the mentioned techniques are most conve-
nient for coating nonpatterned surfaces. However, masking can be used 
to produce patterns and, alternatively, etching or some other subtractive 
technique can be employed to obtain a certain configuration. Instead 
of obscuring or removing material, it is also possible to use an additive 
process such as printing with a suitable ink containing nanoparticles, 
normally followed by heat treatment to get rid of undesired binder 
residues. Recent advances in printing technology, as well as the large 
amount of recent work on large-scale fabrication of nanoparticles, 

Figure 15. Schematic of a roll-to-roll coating system for continuous production of sputter
deposited films with graded cross-sectional composition. From [64].

Figure 16. Elemental abundance in the earth’s crust. Greenish areas indicate rock-forming 
elements, and yellow area points at the least common metals. The highlighted elements, 
zinc and indium, are discussed in the text. Data of this kind are given in many sources; this 
diagram was obtained from [66].

nanorods and “nanoanything”—mentioned to briefly in Sec. 2.4—makes 
it likely that printing-related techniques will gain increased use in the 
future.

As emphasized in the Introduction, thin films use little material to 
get large effects and hence—generally speaking—the materials that can 
be used for thin films are many more than those that are of practical 
interest for bulk-like materials. Nevertheless, it is obvious that the least 
common elements should be avoided. Figure 16 surveys the elemental 
abundance in the earth’s crust and indicates that ruthenium, rhodium, 
tellurium, rhenium, osmium and iridium have mass fractions of around 
10–9 or less [66]. The data in the figure should be regarded with some 
caution, though, and the fact that an element is not rare does not make 
it	cheap.	One	example	of	this	may	be	indium	oxide	that	is	the	standard	
choice for a transparent electrical conductor and used in many con-
temporary information and communication devices as well as for clean 
tech applications [67,68]. This element is normally obtained as a small 
byproduct in zinc refining, which makes it more costly than transparent 
conductors based on zinc oxide or tin oxide. Recycling may be of critical 
importance for products includin expensive materials.

Technologies for making thin films and nanostructured coatings 
have been under steady development at least since the 1950s [69]. This 
development continues still today and does so at a breathtaking pace. It 
can be safely assumed that thin film and coating technology will be of 
increasing importance in the future—for clean tech as well as for other 
applications.
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