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There are many areas of application in everyday life where a thin film (from a few
nanometers to a few micrometers) of conductive or semiconductive oxide substantially
modifies the chemical, optical, electrical, thermal, catalytic, mechanical and surface proper-
ties of the substrate it covers. This is the case of transparent conductive oxides (TCO) whose
development has significantly accelerated in the last two decades. Through this Editorial
we will give an overview of this family of materials, their properties, their importance, the
main historical steps, the main materials and application areas, as well as the challenges of
future research.

The particular properties of transparent conductive oxides have paved the way for
their integration into numerous sensors covering a wide range of applications. As a result,
the TCO market is expected to grow significantly over the next few years with an annual
growth rate between 9% and 16%, to reach a market size ranging between 1 to 5 billion USD,
according to different sources [1]. This growth is attributed to the increasing demand for
smartphones, tablet PCs, touch screens, and the need for solar panels with the gradual
adoption of renewable energy.

Two properties characterize these materials: visibly transparency combined with good
electrical conductivity. These two properties have particularly interested researchers in
the functionalization of these materials in the form of thin films. Transparency in the
visible range implies an optical gap of more than 3.1 eV for a semiconductor. Electrical
conductivity can be achieved by doping the semiconductor to provide the necessary excess
charge carriers with the necessary mobility. However, the requirement of both transparency
and electrical conductivity are, a priori, antinomic from a physical point of view. Indeed, a
conductive material tends to be opaque such as a metal, even if, at a submicronic thickness
or in the form of nanowires, a metal can present a certain transparency. Similarly, a material
that is visibly transparent, such as a glass or polymer, tends to be insulating. One can,
hence, easily understand why this family of materials is of specific interest.

The wide range of TCOs include different metal oxides, involving one or more atoms
of a metal of different metals and oxygen atoms, hence the name TCO. Indeed, the first
mention of materials both transparent and conductive dates back to the beginning of the
20th century and concerned metal oxides (PbO, Cu2O and CdO) [2]. However, it was not
until the 1980s that the interest in TCOs sky rocketed with the advent of new technologies
and the democratization of flat screens and solar panels. Two main TCO materials were at
the origin of this advent, tin oxide (SnO2) and, especially, tin-doped indium oxide (In2O3:
Sn or ITO). However, the scarcity of indium and its soaring price opened the way to
the search for new materials, including ZnO, a II-VI semiconductor that is much more
abundant and, above all, non-toxic. As most of the performant TCO materials are n-type
semiconductors, the motivation to search for a p-type TCO necessary for the development
of transparent electronics [3] has reinforced the interest in ZnO.

We have evaluated the growing interest in these materials, especially in the last two
decades, through the results of a literature search performed in Scopus [4] at the end
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of 2022, on the topic “transparent semiconductor films”. The world cloud linked to this
bibliographic search (Figure 1) gives a quick and global overview of the subject, highlighting
the materials that have been most studied, the methods that have been used to elaborate
them, the properties that have most interested the authors of these works, and finally the
applications for which these materials were particularly intended. The keywords reveal the
wide range of metal oxides and confirm the place for the choice of ZnO in this research.
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Figure 1 also shows that these materials can be obtained in the form of thin films by 
different techniques, either soft chemistry methods such as the sol-gel process or spray 
pyrolysis, or by chemical or physical vapor deposition-based methods (plasma enhanced 
chemical vapor deposition (CVD), atomic layer deposition, pulsed laser deposition, sput-
tering, etc.). Their final properties of the TCO depend, among others, on its stoichiometry, 
doping, microstructure, morphology, crystallinity, and thickness. The choice of the mate-
rial and the method of elaboration are determined by the targeted application. The chosen 
deposition technique is generally adapted to the nature, size and shape of the substrate. 
Thus, different properties may be preferred, according to the targeted application: trans-
parency, conductivity, work function, mechanical durability, chemical durability, etcha-
bility, and hydrogen plasma resistance. In addition to the cost considerations, ecological 
and environmental concerns reinforce the need for less toxicity and lower energy elabo-
ration. 

Figure 2 compares the publications devoted to the three main TCOs that have been 
studied over the last two decades. The interest reserved for ZnO is explained by its supe-
rior chemical stability, ease of elaboration (and thus cost efficiency) and non-toxicity. 
Moreover, the need for performing a p-type TCO has contributed to the increased interest 
in ZnO for the development of transparent electronics. 

The papers identified over the last two decades on this topic cover a wide spectrum 
of subject areas (Figure 3). The areas of experimental research on TCOs are related to their 
intended applications. Materials science, physics, chemistry, engineering and energy re-
main the preferred fields of interest for their elaboration, and the study of their properties 
in relation with their applications such as touch screens, photovoltaic panels and LED 
displays [5,6]. The field of possible applications has recently expanded to include envi-
ronmental concerns. Indeed, the sensitivity of the electrical properties of a TCO in contact 
with chemicals makes it an excellent building block for a gas detector [7]. The direct or 
indirect application of TCOs in the photocatalysis for water treatment is also rapidly 
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Figure 1 also shows that these materials can be obtained in the form of thin films by
different techniques, either soft chemistry methods such as the sol-gel process or spray
pyrolysis, or by chemical or physical vapor deposition-based methods (plasma enhanced
chemical vapor deposition (CVD), atomic layer deposition, pulsed laser deposition, sput-
tering, etc.). Their final properties of the TCO depend, among others, on its stoichiometry,
doping, microstructure, morphology, crystallinity, and thickness. The choice of the material
and the method of elaboration are determined by the targeted application. The chosen
deposition technique is generally adapted to the nature, size and shape of the substrate.
Thus, different properties may be preferred, according to the targeted application: trans-
parency, conductivity, work function, mechanical durability, chemical durability, etchability,
and hydrogen plasma resistance. In addition to the cost considerations, ecological and
environmental concerns reinforce the need for less toxicity and lower energy elaboration.

Figure 2 compares the publications devoted to the three main TCOs that have been
studied over the last two decades. The interest reserved for ZnO is explained by its superior
chemical stability, ease of elaboration (and thus cost efficiency) and non-toxicity. Moreover,
the need for performing a p-type TCO has contributed to the increased interest in ZnO for
the development of transparent electronics.

The papers identified over the last two decades on this topic cover a wide spectrum
of subject areas (Figure 3). The areas of experimental research on TCOs are related to
their intended applications. Materials science, physics, chemistry, engineering and energy
remain the preferred fields of interest for their elaboration, and the study of their prop-
erties in relation with their applications such as touch screens, photovoltaic panels and
LED displays [5,6]. The field of possible applications has recently expanded to include
environmental concerns. Indeed, the sensitivity of the electrical properties of a TCO in
contact with chemicals makes it an excellent building block for a gas detector [7]. The direct
or indirect application of TCOs in the photocatalysis for water treatment is also rapidly
expanding [8]. In the field of photovoltaic research, where TCOs have been used since the
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1980s in thin-film technology, perovskites seem to be a promising alternative to traditional
TCOs [9].
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Papers related to computer science and mathematics are devoted to computational 
efforts to evaluate and predict properties (transparency, concentration and mobility of 
charge carriers) in order to direct research towards the most promising materials [10]. 
Other more unusual fields such as biochemistry and medicine are related to the potential 
biomedical applications. The conductive and transparency properties of TCOs contribute 
to making certain sensors more efficient and certain implants more comfortable for pa-
tients [11,12]. 

Emerging applications, such as flexible electronics and transparent displays, is driv-
ing the development of new generations of TCOs. The development of new less expensive 
TCO materials with similar or better properties compared to existing materials is an im-
portant area of research However, this development still faces several challenges. Opti-
mizing TCO properties according to targeted applications remains an important chal-
lenge. Cost efficiency is a permanent objective. The main lever for this is the advancement 
of manufacturing techniques for the large-scale production of TCOs at a lower cost 
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Papers related to computer science and mathematics are devoted to computational ef-
forts to evaluate and predict properties (transparency, concentration and mobility of charge
carriers) in order to direct research towards the most promising materials [10]. Other more
unusual fields such as biochemistry and medicine are related to the potential biomedical
applications. The conductive and transparency properties of TCOs contribute to making
certain sensors more efficient and certain implants more comfortable for patients [11,12].

Emerging applications, such as flexible electronics and transparent displays, is driving
the development of new generations of TCOs. The development of new less expensive TCO
materials with similar or better properties compared to existing materials is an important
area of research However, this development still faces several challenges. Optimizing
TCO properties according to targeted applications remains an important challenge. Cost
efficiency is a permanent objective. The main lever for this is the advancement of man-
ufacturing techniques for the large-scale production of TCOs at a lower cost compared
to the traditional fabrication methods. Finally, sustainable and environmentally friendly
TCO production is an important issue for their long-term viability and wider use. De-
veloping new TCO materials that have a lower toxicity, are less resource-intensive (with
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earth-abundant materials, such as Cu2O, Fe2O3, and Cr2O3), and more easily recyclable is
a key area of research.
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