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Abstract. This contribution is the second part of a presentation of transparent conductive oxides,
TCO. After a general overview in the first publication of properties and applications of TCO related
to the type of oxide and dopant, the growth techniques and the temperature, we focus in the current
one on three families of TCO used as transparent electrodes in photovoltaic, PV, cells and modules.
Indeed, new generations of solar cells need optimizing TCO with improved conductivity and
transparency depending on substrate, type of PV cells, and conditions of used. Thus, ITO, ZnO-AZO,
and SnO»-FTO TCO families are considered. ITO presents the best combination of electrical and
optical properties but TCO based on the two other families are challenging in many photovoltaic
applications for obtaining low cost and environmental friendly electrodes with comparable
performances. Due to the high number of publications on TCO for PV applications, this contribution
does not claim to be exhaustive but makes it possible to summarize the main information concerning
these materials by approaching them in a common methodology.

Introduction

Transparent conducting oxides (TCOs) are becoming a more common component of photovoltaic
(PV) devices, where they serve as electrodes, structural templates, and diffusion barriers, and their
work function regulates the open-circuit device voltage. They're used in everything from organic PV
polymer solar cells to crystalline-Si heterojunction with intrinsic thin layer (HIT) cells. The
requirements of TCOs for PV technologies are similar to those for TCOs for flat-panel display
applications, and include excellent optical transmissivity throughout a wide spectrum and low
resistivity. TCOs for PV applications must also use low-cost materials, with some requiring device-
technology specific features.

This work is a second part of a general presentation of TCO based on a literature review. The first
contribution of this review on TCO is presented in a previous publication title: “Transparent
Conductive Oxides. Part 1. General review of structural, electrical and optical properties of TCOs
related to the growth techniques, materials and dopants.” It introduces a general review of structural,
electrical and optical properties of TCOs related to the growth techniques, materials and dopants.
Based on this first one, the current one is more specifically focus on applications of TCOs as
electrodes for photovoltaic applications. As specified above, and as for the first part, with the large
number of works and publications present in the literature on TCOs, half of which relate to their use
as electrodes in PV applications, with in addition publications presenting some given contradictory
results, this contribution does not claim to be exhaustive but makes it possible for PV applications to
summarize the main information, concerning these materials by approaching them in a common
methodology. Considering the two parts of this contribution on TCO as a whole, mainly oriented to
photovoltaic applications, it can be considered as a useful summary tool for researchers working in
this domain of electrical engineering topics.
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It is to be of note that, the last few years, a new generation of nanostructured TCO is currently
being the subject of many researches. These aspects of materials are not considered here, and will be
the subject of a future publication work.

Thus, currently, three families of TCO are considered: ITO, ZnO-AZO, and SnO2-FTO used as
electrodes in PV cells and modules. Based on the presentation done in Part. I, we will consider in this
contribution the possible growth methods, the specific dopants and the main electrical and optical
properties of this TCO for PV applications. The properties of these TCO films and families are finally
compared in the final discussion.

Indium oxide (In203) and Indium Tin Oxide (ITO)

Indium Tin Oxide, ITO is a mixture of indium oxide (In2O3) and tin oxide (SnO3) typically in a
ratio of 90/10 wt%. [1] It is widely used in transparent heating elements of aircraft and car windows,
antistatic coatings over electronic instrument display panels, heat reflecting mirrors and antireflection
coatings, high temperature gas sensors. ITO is also widely integrated in other electro-optic devices
as transparent electrodes for solar cells, light emitting diodes, phototransistors and lasers. In addition,
ITO offers the best available FoM, i.e. best performance in terms of conductivity and transparency
along with excellent environmental stability, reproducibility and good surface morphology.

General properties of Indium Tin Oxide

Indium oxide mostly has a cubic structure of bixbyite type as reported in Fig. 1. Substitutional
doping with Sn replaces the In*" ion to get indium tin oxide and Sn atoms form an interstitial bond
with oxygen atoms. Tin is present with a dual valence and exists as either SnO or SnO; which gives
a direct impact on the conductivity of ITO. For lower valence state, a drop in carrier concentration
occurs caused by the creation of holes acting as traps and thus reducing conductivity.
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Figure 1. Indium oxide bixbyite structure. (a) Eight oxygen atoms are situated within a compressed

octahedral and have six equidistant oxygen atom neighbors. (b), Eight indium atoms are situated at
the corners of a highly distorted octahedron. (c¢), Sn doping sites in InoO3 lattice. [2]

However, for the case of SnO; state, Sn*" releases electrons to the conduction band, thus acting as
n-type donor. Moreover, ITO films have lattice parameters close to that of InoO3 and are in the range
10.12 A to 10.31A. [3]

Tuna et al. [4] reported the effect of substrate temperature and film thickness on the electrical,
optical and structural properties of ITO thin films deposited by RF and DC magnetron sputtering on
glass substrates. In their study they found out that the substrate temperature mostly affects the
crystallization and resistivity of the samples. The characteristic peak (222) indicating the
crystallization of ITO was observed starting from the annealing temperature of 150 °C up to 300 °C.
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Figure 2. (a) Variation of resistivity and band gap as function of substrate temperature for ITO
films. (b) Substrate temperature dependence of carrier concentration and Hall mobility of ITO 70
nm thickness. [5]

Generally, the resistivity of the ITO layer was noted to decrease as the substrate temperature
increases due to the increment in carrier concentration, crystallization and grain size. Nevertheless,
the resistivity of the films at 400°C is found to be slightly higher than the obtained resistivity at 350°C
(Fig 2.a). This small variation might be the result of the growing number of oxygen vacancies under
increased substrate temperatures. In addition, Nisha et al. [5] previously reported that the diffusion
of alkali ions from the substrate into the film structure at higher temperature might have a negative
effect on the mobility. The increase in mobility (Fig. 2.b) for temperatures above 250 °C is attributed
to the higher degree of crystallinity resulting in less grain boundary scattering. However, the increase
of carrier concentration for temperature above 350 °C limits the mobility which by consequence
suddenly decreases. Therefore, to get the optimum electric properties, the preferable growth
temperature for ITO films is around 350 °C.
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Figure 3. Variation of optical band gap with different substrate temperature for ITO thin films
deposited by magnetron sputtering. [6]

High conductivity of ITO films is assumed to be owed to high carrier concentration rather than
high mobility of hole. Compared to In2O3, the low mobility of hole in ITO and its dependence on
substrate temperature is attributed to scattering mechanisms by ionized impurities or grain
boundaries. At higher substrate temperature, an enhance of the crystallinity contributes to the increase
of mobility.

The band gap of ITO has generally a value greater than 3.7¢V. It ranges from 3.5 to 4.40 eV
depending on the growth method and conditions as illustrated in Fig. 3 with the dependence of the
band gap with the temperature of the substrat for ITO thin films [6].



260 Defect and Diffusion Forum Vol. 417

Energy

Undoped In, 0y Sn doped In, 0,

K

Figure 4. Assumed parabolic band structure of pure InoO3 and mixed In203-SnO> (ITO)
compound. [7]

The doping with elements as tin in indium oxide, contribute in the formation of donor states at a
level below the conduction band. With increasing the doping density up to a critical density, these
states merge with the conduction band as illustrated in Fig. 4. The ITO film becomes degenerate when
the density of free electrons from the donor atom exceeds this critical value. By consequence, the
columbic interactions shift up the valence band and down the conduction band which narrows the
bandgap (Fig. 4). This shift partially compensates the Burstein Moss effect.

In an attempt to identify the effect of grain size on the optical and electrical properties of ITO thin
films under different annealing temperatures, Ahmed et al, deposited ITO thin films by high

frequency magnetron sputtering. After deposition, the films were annealed at 250, 350, 450 and
550°C for 1 hour.[8]

Table 1. Table showing the increase in grain size as the annealing temperature increases. [18]

Temperature Average crystallite

©O) size D (nm)
As grown 35.05
250 40.98
350 41.17
450 41.54

550 51.62
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Figure 5. Optical transmittance spectra of ITO thin films deposited by high frequency magnetron
sputtering. [8]

The study showed that as the annealing temperature increased, the microstructure of the ITO films
improved and caused a decrease in the band gap of the film. This change is attributed to the
possibilities of oxidation, more realignment and strong interaction between film and substrate. It
results, as shown in Fig. 5 an increase of the transmission response with the increase of the annealing
temperature. In addition, as showed in Table 1, authors in reference [8] observed an increase in grain
size (calculated from XRD spectra using Scherrer’s formula) with the increase of the annealing
temperature. Finally, the main output of this study displayed that at an annealing temperature of
450°C the optimum characteristics of the film were obtained.

Finally, it should be noted that indium tin oxide (ITO) thin films are mainly used as transparent
electrodes for most different types of liquid crystal displays (LCDs). ITO is not widely considered as
transparent electrodes for traditional silicon photovoltaic sources or panels, but only for certain thin-
film solar cells. For the latter, substitutes for ITO have already been developed, such as Al-doped
Zn0O (AZO) or Fluorine-doped SnO» (FTO). However, the properties of TCOs used for flat screens
require improved optical and electronic qualities. It is for these reasons that, in applications such as
flat screens, the ITO has not yet been replaced. Nonetheless, the total consumption of indium used
for flat screens and alkaline batteries has increased dramatically in recent years and it is widely
believed that a shortage of indium may arise in the near future. Currently, researches in various teams
are intensively focused on possible alternatives to the transparent ITO electrodes used in displays,
focusing on the development or optimization of materials that can be produced at low cost. Among
them, we note the transparent conductive oxides (TCO) and particularly the importance of zinc oxide,
mainly when it is doped with metal ions as Al or Ga (AZO or GZO) and tin dioxide mainly doped
with fluorine (FTO).

Thus, for photovoltaic applications as concerned in the current contribution, it is therefore these
two oxide-based materials, ZnO and SnO2, which will attract our attention in the following
paragraphs.

Zinc oxide (ZnO) and Aluminum doped Zinc oxide (AZO)

ZnO doped with metal ions is often chosen as an alternative to ITO in optoelectronic devices
properties as its functional properties achieved currently a good level of performance and as, in
addition to being a very abundant element which makes it relatively cheap. By else, it possesses an
interesting set of properties that can be individually used (or manipulated) in various kinds of
applications. [9] For example, the large excitonic binding energy of ZnO about 60meV at room
temperature makes this material an efficient light emitter in the UV spectral region interesting for
optoelectronic applications. Its high conductivity and transparency, i.e. yielding to an interesting FoM
makes it important for applications, not only as transparent conducting oxides (TCO) but also as thin-
film transistors (TFT). Furthermore, crystalline transparent and highly conductive ZnO thin film
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production can be deposited by various techniques on large scale and at room temperature making it
compatible with a lot of substrate types; rigid or flexible, plastic, glass, organic and inorganic ones.
Moreover, optical, electrical, magnetic, piezoelectric, catalytic and gas sensing properties make ZnO
specifically attractive for nanoelectronic, optoelectronic and piezoelectric devices.

General properties of Zinc Oxide

In zinc oxide crystal lattice, the atoms are arranged in tetrahedral geometry where each Zn atom is
surrounded by four O atoms and vice versa. ZnO generally crystallizes in wurtzite form (Fig.6), but
depending on the growth conditions, other crystal forms like zinc blende and rock salt exist for ZnO.

Figure 6. Zinc oxide structure: crystallizes in wurtzite form. [10]

Table 2. Basic properties of zinc oxide. [11]

Parameters Value
Bandgap 3.4eV
Density 5.606g.cm™
Crystal structure Waurtzite, rock salt, zinc blend
Stable phase at 300K Wurtzite
Melting point 1975°C
Nature of oxide Ampbhoteric oxide
Lattice constants at 300K ao= 0.32495nm
co= 0.52069nm
Relative dielectric constant 8.66
Refractive index 2.0041
Solubility in water 0.16mg 100mL"!
Intrinsic carrier concentration 10%%cm™

Zinc oxide is a direct band gap semiconductor with a high refractive index (~2) having Eg =3.4eV
at room temperature. The concentration and mobility of electrons in ZnO were found to be in the
range 10'°~10'7 cm™ and 20~400 cm?V~'s™!, respectively. The resistivity of ZnO extends over several
orders of magnitude, with values ranging from 10* Q.cm to 10'? Q.cm. [12] According to the
procedures used for the deposition of ZnO, a low resistive (p = 10 Q.cm) i.e. high conductive or
high resistive (p = 10> Q.cm) i.e. low conductive films can be developed.

The low electrical conductivity of pure ZnO, when compared to ITO, is noted as a drawback. But
doping by foreign elements showed to remarkably improve the conductivity and lower the sheet
resistance to values of 4.3 x 10° Q/cm and 3.3 x 10 Q/cm for Al and Ga doping, respectively. [13]
Thus, semi-conductive oxides being also often used as gas sensor and ZnO having good physical and
chemical stability, it is perfectly suited for applications such as air pollution control, fire detection,
leaks of harmful gases or tests for alcohol and other substances. ZnO having a high grain density and
porosity, thus makes it possible to easily manufacture very sensitive gas sensors.
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Various techniques can be used for the deposition of ZnO. The choice of a given technique will be
drive by some practical criteria and of course, function of the targeted applications. Thus, TCO thin
films must be prepared using appropriate deposition techniques that can produce low resistivity films
at high deposition rates on large surface area substrates. Table 3 summarizes some deposition
techniques along with the resulting associated ZnO properties. In addition, for specialized ZnO thin
film materials, it is necessary to use deposition techniques that can achieve the lowest resistivity.
Table 4 shows a number of deposition techniques that are usable for ZnO based thin film growth and
their features.

Table 3. Electric properties of ZnO for different deposition methods.

Deposition Temperature p nv 1} Ref
method CO) (Q.cm) (cm®) (em2.V-1lsT)

Spray 350 2.70x10° 2.4x10" 0.34 [14]

450 2.40x107? - - [15]

Sputtering 150 1.00x10° - 3 [15]

PLD* 400 3 1.6x10"7 12.3 [16]

ALD** 250 5x1072 3x10" 5.5 [17]

*Pulsed Laser Deposition **Atomic Layer Deposition

Table 4. Zinc oxide thin film growth methods and features.

Deposition method Large area deposition Applications
Magnetron sputtering Yes LCDs, solar cells, touch
deposition panels
PLD no LEDs
Molecular beam deposition No LEDs
Spray pyrolysis Yes Solar cells
Chemical vapor deposition Yes Solar cells
Doping of Zinc Oxide

As mentioned above, for applications in optoelectronic devices, especially photovoltaic cells,
doping ZnO is mandatory. This is how the conductivity of zinc oxide can be increased, or even
optimized for the intended application thanks to the existence of intrinsic defects (vacancies and
presence of interstitial atoms) allowing the introduction of doping ions, not only on these defect sites
but also possible by substitution of zinc or oxygen. The presence of such intrinsic defects leads to n-
type conduction. To improve its properties as transparent conductive oxide, ZnO must be doped by
group III elements (B, Al, Ga, In...) or group IV element (Pb, Sn). Aluminum, indium and fluorine
are the most common doping elements for ZnO. [18] The use of different dopants leads to remarkable
changes in the film properties.
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Figure 7. (a) Resistivity variation of doped and pure ZnO at different annealing temperatures. [19]
(b) resistivity variation of tin doped ZnO at different concentrations.[20] (c) Optical transmission of
the ZnO:Sn as function Sn/Zn ratio: (a) 0 at.%, (b) 2 at.%, (c) 4 at.% and (d) 6 at.% [20]

Numerous studies have been carried out on the properties of layers doped with different elements
depending on the nature of dopant, its concentration and the deposition techniques. For several
decades, these studies have made it possible to improve the structural, electrical and optical behavior
of thin films. The works have been carried out mainly for ZnO dopants such as Al, Ga, In and Sn. As
example of the change in the ZnO properties, we report in Fig. 7.a the dependence of the resistivity
with the annealing temperature of pure, Al and In doped ZnO films grown by the spray pyrolysis
technique.[19] We also report in Fig 7.b the huge influence of the resistivity with the concentration
of dopant (here with Sn ions) in the film allowing large possibilities of optimizations.[20] These
studies have shown that the conductivity could reach a maximum value between 10% and 10 Q'.cm™
(Fig. 7.a and 7.b). Obviously, the optical properties are also modified by doping and growth
techniques. It was reported that the transmission can varies between 70% and 95% observed for
different concentrations (Fig. 7.c) thicknesses and deposition or annealing temperatures. [21]

Originally, for ZnO applications as gas sensors, aluminum and gallium were the most studied
dopants and remain the most used today even for other applications because of its availability and its
great electrical conductivity. [22], [23] Moreover, the deposition method also influences the choice
of dopant specifically at high doping concentration. For example, in films developed by the metallic
1ons used as dopants are preferably locate at Zn sites in the lattice but the result of growing doped
ZnO based TCO by spray pyrolysis technique, give films having more efficient optical and electrical
properties with indium and gallium than with aluminum. This can be explained by looking at the ionic
radius of each element; the ionic radii of Ga and In are 0.62 A and 0.80 A respectively which is close
to that of Zn (0.74 A). Since the doping element replaces a Zn ion, the similarity in these values cause
less lattice distortion at high concentration, when compared to the Al doping having 0.53 A as ionic
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radius. Within this technique, the lowest resistivity of the doped ZnO film was obtained with In dopant
at a concentration of 1 at %, but for a doping concentration above 2 wt%, a weakening of the film
properties occurs. [24]

Focus on Aluminum doped ZnO (AZO)

Despite the better performance of TCOs based on indium and gallium doped ZnO compared to
aluminum doping, it is the latter which is the most studied and developed, thanks in particular to its
abundance and its comparatively attractive cost. Aluminum doped ZnO (AZO), with its unique
electrical and optical characteristics, is the potential candidate to replace the expending ITO and FTO
in TCO applications.

Table 5. Comparative table of ITO and AZO properties required to be used as TCO.

Property ITO AZO
High conductivity
High carrier mobility
High transparency
Suitable refractive index
Ease of processing
High stability -
Low toxicity -
Low cost -

ANANENENEN

ANENENENENENY

In the attempt to find a material having comparable properties to that of ITO, AZO appears to be
a good candidate since it has a good balance regarding the last six properties listed in Table 5.
Whereas, AZO is not poor in completing the first two criteria, ITO has a good balance in fulfilling
the first five but it fails with stability, toxicity and cost. [25] In this scope, many research work is
carried on to sort out limitations of AZO considering different approaches to treat this material.
Different approaches are adopted to overcome the limitations in AZO, some researchers changed the
doping concentration of Al in ZnO, [26] others used different annealing temperatures, [27] or
annealing duration, [28] and atmospheres, [29] while others focused on changing the substrate
temperature and precursor concentration. [30] As already mentioned in the first part of this
presentation, each of these parameters has a specific influence on the electrical and optical properties
of the material.

It was reported that the incorporation of Al dopant enhances the transparency of the deposited film
compared to the undoped ZnO (Fig. 8). The transmittance observed to increase up to a certain
concentration limit where the transmittance is slightly reduced due to the increase in scattering and
absorption photons by the crystal defects and free charge carriers. [31] Therefore, the upgrade in
transmittance is attributed to the Al- induced crystal defects rather than the reduction of surface
roughness. [32]
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Figure 8. Transmittance of as deposited AZO thin films. [33]

Moreover, the choice of substrate also showed to have an influence on the optical properties of
AZO films where glass and quartz substrates showed better optical transparency in the visible range
when compared to FTO substrates. [34], [35]

[ As - deposited

T Annealed

r(‘,ff_ 0. 0
%)
Figure 9. The variation of the sheet resistance of ZnO thin films as a function of Al doping level for
as-deposited and annealed films.[33]

Besides the good transparency that is a requirement for a material to be used as TCO, conductivity
is also considered a crucial property to be considered. This leads the researchers to have to study the
impact of different process parameters on the electrical properties of AZO films. Concerning the
annealing process of AZO films, a decrease in the resistivity value to half of that of the as deposited
films was observed (Fig. 9). An explanation to this phenomenon is given by some studies where they
suggest that annealing causes Al atoms to migrate from the grain boundaries to electrically active
sites and this leads to an increase in the concentration of free carriers. Nonetheless a certain annealing
temperature limit should be respected above which a reevaporation of the film takes place and an
increase in resistivity takes place caused by the creation of zinc vacancies or antisite defects. [36]
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Tin oxide (SnO2) and Fluorine doped Tin Oxide (FTO)
General properties of Tin Oxide

There are two main forms of tin oxide: the stannic oxide (SnO2) commonly called tin oxide and
the stannous oxide (SnO). The existence of these two oxides reflects the dual valence of tin, with
oxidation states of 2+ and 4+. Stannous oxide is not as well characterized as the stannic form of tin
oxide. For example, currently, its electronic band gap is not accurately known but lies somewhere in
the range of 2.5-3 eV. Thus, SnO exhibits a smaller band gap than SnO», for which, the band gap is
commonly quoted to be 3.6 eV. Also, there are no single crystals available that would facilitate more
detailed studies of stannous oxide. Stannic oxide possesses the rutile structure and stannous oxide has
the less common litharge structure (tetragonal crystal system). [37] Finally, stannic oxide is the more
abundant form of tin oxide

Tin oxide 1s a material having a big technological importance. Thus, SnO2 have been studied for
a wide range of applications such as rechargeable lithium batteries, storage of solar energy, and it is
the one of technological significance in gas sensing applications and oxidation catalysts. This variety
of applications depends on the morphology, phase, crystallinity, and size of the nanocrystals of the
material. But in fact, dedicated to various applications, many geometrical structures and forms of tin
oxide were produced like spherical particles, thin films, networks of ribbons and sheets.

In ambient conditions and atmospheric pressure, SnO2 crystallizes in tetragonal rutile structure
with space group P4,/mnm (Fig. 10) where the tin ions are at the center of the octahedral site formed
by the oxygen ions. When doping with fluorine, the F ion replaces the oxygen.

3D Model of SnO, Cassiterite

Figure 10. Crystal structure of SnO». [38§]

Table 6. Tin Oxide properties.

Property SnO:2
Mineral name Cassiterite
Crystal structure Tetragonal, rutile
Space group P4,mnm
Lattice constant a=0.474
c=0.319
Band gap [eV] 3.6

Common n-type dopants Sb, F, Cl
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Nanostructured SnO» thin films are usually prepared by chemical vapor deposition and by
reactive DC-magnetron sputtering techniques. As for other materials deposited in film shapes, its
crystallographic phase will be conditioned by the substrate temperature during the growth process.
Thus, for SnO; films growth by DC magnetron sputtering technique, the pure tetragonal phase at low
temperatures (below 90°C) and a mixture of tetragonal and orthorhombic phases at temperatures
above was found. In this temperature range, the films present a wider band gap than that of a pure
tetragonal phase. [39]

Doping of Tin Oxide

As for previous presented TCO, a great variety of dopants, mainly Al, In, Li was selected for tin
oxide for the improvement or specialization of the SnO; layer properties optimized to specific
applications. For TCO applications, the most commonly used dopants for tin oxide are Sb, Cl and F.
In the case of Sb doping, antimony (+V) substitutes tin (+IV) ion. For high doping levels, the
coexistence of Sb (+V) and Sb (+1III) makes the later act as an acceptor by compensation of charge
carriers liberated by Sb (+V). In addition, always for high doping levels, the ions mobility decreases
attributed to formation of micelles, and, the thin film color changes to darker shades reducing the
transparency and leading to a low Figure of Merit. [40]

Fluorine and chlorine doping share many similarities. Cl and F ions replace oxygen by releasing a
charge carrier. The incorporation of these dopants also leads to the formation of uncharged micelles.
Unlike Sb doping, the micelles do not carry an electrical charge, which does not cause disturbance of
the tin network. In addition, films obtained by doping with chlorine or fluorine have better
transparency compared to doping with antimony. Finally, fluorine doping offers an advantage over
chlorine doping because of the close values of the ionic rays for fluorine (0.133 nm) and for oxygen
(0.132 nm) while the ionic radius of chlorine is 0.181 nm. The consequence is that unlike the
incorporation of Cl but also of Sb, the doping F can be incorporated into the tin oxide network without
disturbance, thus making it possible to ensure better conductivity.

Focus on Fluorine doped SnO: (FTO)

Many deposition methods are adopted for the preparation of fluorine doped tin oxide such as
chemical vapor deposition, [41] sputtering, [42] and most commonly spray pyrolysis [43] using tin
chlorides as precursors. As expected, the fluorine doping concentration influences the properties of
the film. Increasing the F-doping level leads to an increase in the Fermi energy until reaching the
conduction band edge. Hence the optical band gap exceeds 4eV and the transparency of the film in
the ultraviolet (UV) range 1s improved.

The effect of F/Sn atomic ratio on the structural, optical and nano-mechanical properties of FTO
films grown by Ultrasonic Spray Pyrolysis on glass substrate was recently investigated by Tuyen L
et al.. [44] The films showed tetragonal rutile structure of SnO, with preferred orientation of (110)
and an increased grain size with increasing F/Sn ratio. An important result of their study is the
demonstration for the electrical and optical properties of FTO of a critical concentration of the
fluorine dopant located approximately at a ratio F/Sn = 0.5 corresponding to a fluorine concentration
of 5.1 at% in layer. We present in Fig. 11 the results of their studies of FTO as a function of fluoride
concentration. Below the critical concentration, a sharp increase in the concentration of free charge
carriers is clearly observed, leading to a decrease in resistivity. However, beyond this critical
concentration, there is a decrease in the concentration of charge carriers attributed to the fact that the
excess fluorine no longer being able to replace the oxygen ions, it is expelled to segregate at the grain
boundaries. Moreover, FTO films are acceptable have interesting transmittance (around 90% in the
visible range) below the concentration threshold, whereas it appears to be reduced above the threshold
(down to 80% for F/Sn=1). Authors explained this decrease by the scattering effect due to the increase
of the surface roughness.
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Figure 11. (a) F/Sn ratio-dependent resistivity (p, black squares), carrier concentration (n, blue
triangulars), and carrier mobility (u, red spheres) of the FTO thin films. (b) Transmission spectra of
FTO thin films as a function of F/Sn ratios. The inset in (b) presents the average optical
transmittance (%) of the films in the visible range of 400—760 nm. [44]

In this review, different types of TCO materials such as ITO, ZnO, AZO and SnO, FTO were
discussed and compared. Several works have been presented to show the influence of the nature of
TCO materials and structures on PV performance. In addition, various research efforts on the
development of TCO materials have been presented, which has many advantages in terms of PV. It
was noted that no type of materials can be considered perfect. Finally, the development of TCO layers
itself, and the development of PV system are by combining with different research areas such as
chemistry, physics, and electronics.

Conclusion

Since their discovery, Transparent Conductive Oxides were the subject of intense studies and
researches in view of the diversity of materials, their important features and the multitude of
application fields mainly as detectors and as transparent electrodes in various optoelectronic devices
and for photovoltaic cells and modules of new generation. After a general presentation of structural,
electrical and optical properties of TCO in a first publication, by the same authors, entitled
“Transparent Conductive Oxides. Part I. General review of structural, electrical and optical
properties of TCOs related to the growth techniques, materials and dopants.”, the current one focus
on TCO for photovoltaic cells and modules. Among these TCOs, Indium doped Tin Oxide (ITO),
Zinc Oxide (ZnO) with its many dopants mainly aluminum (AZO) and tin oxide mainly fluorine
doped (FTO), possess excellent transparency combined with high electrical conductivity. They are
widely studied and were found to be the most suited for photovoltaic purposes. Due to its
advantageous set of functional properties, ITO is still dominating the TCO industry. But a shortage
in Indium supply started to emerge few years ago that makes it a rare and expensive material. By else,
ITO thin films deposition requires vacuum based techniques and high temperatures, which is
considered as a drawback since these conditions are hard to satisfy. In addition to certain risk of
device damage, some substrate types are unable to handle such parameters. On the other hand, ZnO-
AZO and SnO»-FTO thin films could be deposited by simple techniques with no obligation of high
temperature or vacuum chamber which is suitable for many substrates types as flexible substrates.
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