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Abstract 
 

The utilization of photovoltaic has been an increasing interest in which many 

countries are attempting to supply their energy demands from the sun to reduce the 

cost of energy production and environmental concerns and also have secure, 

sustainable and affordable energy balance. Transparent conducting oxides (TCOS) are 

one of the most powerful materials that simultaneously present optical transmission 

and electrical conductivity in photovoltaic (PV) devices. Thanks to these properties, 

TCOs are employed in wide range of applications as an important component such as 

electrode elements, structural templates, and diffusion barriers. The remarkable 

application, including multi-functional windows, solar cells and thin-film 

technologies have required the need of TCO materials for possessing new 

performance and increasing efficiency, depending on technological conditions and 

oxide films’ resistivity. This paper reviews the fundamentals of TCOs and 

comparison of their properties.  
 

Key words: TCOs, PV, solar cell, thin-film technologies. 

 

 

1. Introduction  

 

 There is a unique class of materials that potentially houses the solutions to many 

problems formerly causes impairing film performance and cell efficiency. This family of 

materials known as the transparent conductive film oxides (TCOs) which are 

characteristically described as thin films that are highly conductive and transparent is 

generally based on tin oxide (SnO2), indium oxide (In2O3), zinc oxide (ZnO), and cadmium 

oxide (CdO). As combinations of these materials (eg. InO3:Sn: ITO) is possible and one 

property, particularly, conductivity, is strongly linked to a second, TCOs is recently 

undergoing renewed and reinforced analysis in many countries. Considering that, over the 

last 20 years, much of the these materials work on TCOs has been empirical with a focus 

on minor variants of  ZnO, InO2, and SnO2, it is quite remarkable how dramatically this 

field has grown recently in both basic and applied science [8]. This is also how significant 

caution was given to technology and investigation of TCOs by very large application 

perspectives, such as photodiodes, electrochromic windows, flat-panel displays and solar 

cells [2,5,6,11,17]. 
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2. Transparent Conducting Oxides (TCOs)  

 

2.1. TCOs in General 

 

 TCOs have historically been dominated by a small set of oxide materials including 

predominately SnO2, In2O3 , InSnO and ZnO [8] and consist of two components. Firstly, B, the 

nonmetal part that is oxygen, and A which is a key requirement to opto-electrical characteristics 

and consist of metal-combinations, controlling semiconductors by forms of AyBz. With 

intensifying this structure, doping with metalloids or nonmetals (for instance: AyBz:D form, and 

D is dopant), new results can be obtained in opto-electrical properties. Therefore, metals can be 

either a part of A or a dopant [15].  

 

 Doping of metal oxides with TCOs enables their use in optoelectronic devices. Proper 

characterization of optoelectronic and structural features are essential for materials processing.  

Band gap and low resistivity are critical for the transparency of materials. A band gap of higher 

than 3.1ev and resistivity lower than 10
-3

 ohm provides with almost %80 transparency to the 

visible light (400-700 nm) [8]. Transparency and conductivity are tricky features to combine. 

Metals and glasses are typical examples for high conductivity versus poor transparency and vice 

versa, respectively. TCOs provide materials with conductivity owing to defection of the crystal 

structures. Furthermore doping TCOs with aliovalent elements can improve the conductivity even 

further [1]. Table 1 shows TCOs and their dopants elements according to proper cell type. 

 
Table 1: TCOs employed in photovoltaic cells (from Klein A. [11]). 

 

 
§
a-Si: amorphous silicon, µc: microcrystalline, HIT: heterojunction with intrinsic layer 

* anatase TiO 2 

‡ higher work function required than currently available  
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2.2. The Current Use of TCOs 
 

 TCO materials mostly demonstrate n-type conductivity whose free carriers are electrons 

(e.g. In2O3, SnO2 and ZnO)[5], however p-types do also exist (e.g. CuAlO2, SrCu2O2  and NiO). 

In both types, defecting the crystal structure leads to formation of donor states; near the 

conduction band for the n-type and the valence for the p-type. These states are needed to be 

shallow for maintaining the transparency. These materials are of use in a wide range of 

applications in the PV industry, including but not restricted to: Dye sensitized solar cells (DSSC), 

thin film a-Si solar cell transparent electrodes, flat panel displays [1]. In Table II, individual TCO 

materials that need to meet exact properties, depending on ultimate application purposes and cell 

type have been respectively presented.  

  
  Table II: Transparent Conducting Oxides (TCOs) Employed in Photovoltaic 

Devices (from Fortunato E. [7]). 

 

 
2.3. Properties of TCOs Used in PV Applications 
 

 The widespread architectural use of TCO used in a-Si and cadmium telluride (CdTe) thin 

films, is fluorine-doped tin oxide (SnO2:F) and it is used for energy efficient windows. Tin-doped 

indium oxide (ITO) is also extensively used in PV modules, including flat-panel displays (FPD), 
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high-definition TVs and certain types of solar cells based on a-Si, or (CIGS). Currently, 

crystalline and polycrystalline silicon solar cells which dominated TCO market for PV cells, are 

representing over 93% of the market at present [8]. For instance, in Figure 1, the two-sided Sanyo 

HIT cell which actually uses TCO layers on both the front and back is shown. Moreover, thin 

film photovoltaics based a-Si, CdTe and Cu(In,Ga)Se 2 (CIGS) absorber layers all depend on one 

or more layers of a high performance TCO as shown in Figs. 1 and 2 [5,8]. 

 

 
 

Figure 1: Typical configuration for (a) the Sanyo HIT cell and (b) for an amorphous-Si cell (from Ginley D. S. [8]) 

 

 
Figure 2: CIGS (top) and CdTe (bottom) PV structures seen in cross-section using SEM (left side of panel) and 

viewed schematically right side of panel (from Ginley D. S. [8]). 

 

 In general, TCO is needed in most types of thin solar cells to be used as the current-

collecting electrode on the sun-facing side of the cell because of too high lateral conductivity. 

The principal types of solar cells that use TCOs are shown schematically in Figure 3 [5]. 
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Figure 3: The principal types of solar cells that utilize one or more TCO layers in their construction. Top row: 

superstrate type devices; bottom row: substrate-type devices (from Delahoy A. E. [5]) 

 

 As can be seen, SnO2:F is characterictically used for both a-Si and CdTe superstrate thin 

film PV technologies as TCO. However ZnO, doped with Al (ZnO:Al) or B (ZnO:B), is more 

often preferred in the next-generation a-Si/nc-Si cells. Another place of use for SnO2:F is dye-

sensitized TiO2 type cells. When it comes to organic cells, most main types of TCOs have been 

employed. Substrate-based technologies may use either ZnO:Al or ITO as the sun-facing TCO. 

Another palce of use for ITO is the Sanyo HIT cells which also utilize a metal grid over the p-

type a-Si/n-type c-Si base. On the other hand, crystalline Si wafer-based cells principally do not 

use a TCO but a metal grid and a heavily doped emitter for current collection[5]. 

 

2.4. Further Aspects and Selection Criteria 

 

 So far, the fundamentals of solar cells which consist of different TCO materials and exhibit 

various  properties have been investigated in different aspects and our attenion was given to 

mostly transparancy, conductivity and resistivity. When considered with all aspects of materials, 

it can be seen that every material has indivudial advantages and drawbacks. For instance, ZnO is 

the preferred TCO to the front and back contacts of a-Si solar cells [18] due to supeorior 

properties, icluding a thin film resistivity as low as 2.4×10
-4

 Ω cm, but only in undoped status [7] 

and providing,  high average optical transmittance rate is over than 85% [5]. Therefore, it seems 

to be appealing to be used PV window and display technology applications. However, SnO2:F 

offers lowest cost among the other which makes it more commercially available. Tin oxide is also 
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much more chemically and thermally stable than ZnO, possessing a high work function of 4.9 eV 

[5]. Further examples can be multiplied according to TiO2 and In2O3. However, materials and 

their important fuctions are shown in Table III, resistivities of TCOs throught the years, 

comparing to each other are also given in Figure 4 

 
      Table III. TCO materials for various applications (from Ginley D. S. [8]). 

 

 
 

 

 
Figure 4. Reported (1970–2000) resistivities of binary transparent conducting oxide (TCO) 

materials: undoped and impurity-doped SnO 2 (□), In 2 O 3 (∆), and ZnO (●) (from Minami T. [13]) 
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4. Conclusions 

 

 There is an increasing understanding to conventional TCOs which have been described 

their work patterns as well as dopants materials. Although the component of materials and 

optoelectronic structures of films seems to be complicated, it is clear that TCOs are key 

compounds for  PV applications to have better performance and efficiency. Doping materials into 

these film means new characterization and special occurrences. Considering all our data based on 

different extensive research, TCOs are not certain to meet all PV applications, accepting there are 

significant challengies in especially ZnO, promising to high transparancy and comparable 

resistivity for many applications, comparing with SnO2, and ITO. In this sense, exsisting 

materials, leading to discover a novel material, needs to have low resistance and better optical 

and higher mobility properties simultaneously to decide which one is the best. However, further 

research would be crucial to enlighten future novel materials fractions.  
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