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In this paper we present the electrical properties of the typical transparent electrodes (ITO, AZO, IZO, 
FTO, PEDOT:PSS, etc.) prepared by different methods such as: spray pyrolysis, sputtering, sol-gel, 
thermal oxidation, PLD, etc. The modifications of electrical properties of electrodes during the sun 
exposure of the devices may explain some of problems arising in the I-V characterization of third-
generation solar cells. The electrical resistivity stability of transparent electrode thin films as a 
function of the temperature is analysed in detail.  
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1. INTRODUCTION 

Solar cells based on Silicon bulk or GaAs bulk p-n junctions are considered as the “first generation” 
solar cells. Amorphous silicon, CIS, CIGS, and CdTe thin films solar cells correspond to the “second 
generation”. Organic and hybrid thin films solar cells represent the “third generation”. The classical 
architecture of “third generation” cells is described in Fig.1. In the case of organic solar cells, the active layer 
is a mixture of organic materials, in most of cases of PCBM fullerene derivative and the P3HT conducting 
polymer [1–5]. For hybrid solar cells, the active material is a mixture of organic and inorganic materials (dyes, 
TiO2, iodine electrolytes) [6]. Different from the first generation, the second and third generation solar cells 
architecture involves the presence of thin films transparent electrodes. The common transparent electrodes 
for these cells are ITO (Tin-doped Indium Oxide) thin films and FTO (Fluorine-doped Tin Oxide) thin films.  

 

 
Fig. 1 – Third generation solar cells architecture. 

Besides the electrical conductivity and optical transparency, the most important characteristics of these 
electrodes, especially in the case of the third generation solar cells, are the following: the stability of the 
electrical properties, their roughness, and work function. ITO is the common transparent electrode used in 
the third generation solar cells. However, the relative high cost and scarceness of indium conduct to the 
necessity to find alternative solutions in order to replace ITO with other transparent electrodes or to reduce 
the quantity of the material in the transparent films, by keeping at the same time, the optimal characteristics 
in terms of electrical conductivity, work function, and surface roughness. This paper gives an overview on 
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the electrical resistivity behaviour at temperature variations of most known transparent electrodes: ITO, 
FTO, AZO, PEDOT:PSS etc. It is well known that between the structural characteristics of thin films and 
their electronic transport properties there is a strong correlation. On this basis, the study of the temperature 
dependence of the electrical properties of thin films, may offer useful information about the possible changes 
of the structural characteristics of the films. Moreover, when this study is carried out during successive 
heating and cooling cycles, such structural changes can be revealed. In the case of transparent conducting 
films with applications in photovoltaic devices, the measurements of the electrical resistivity during many 
successive heating and cooling cycles may provide useful information on the thermal stability of the 
electrode and temperature limitations. Solar cells are subject of periodic variations of temperatures (day-
night) due to their exposure to sun. This repetitive heating lead in many cases to modifications of the 
constitutive films physical properties.  

In this paper we present an overview of the main characteristics of thin films used as electrodes in solar 
cells and their stability to temperature variations, from the electrical point of view. 

2. EXPERIMENTAL 

The electrical resistivities of different transparent conducting films such as: ZnO, ZnO:Al (AZO), 
ZnO:In (IZO), SnO2, SnO2:F (FTO), In2O3, In2O3:Sn (ITO), PEDOT:PSS single layers or ITO/Metal/ITO, or 
ZnO/Metal/ZnO three layers thin films, either commercial or prepared by different methods (sputtering, 
thermal oxidation, spin-coating, PLD) [7–20] were measured using a four-point probe system, during many 
cycles of heating and cooling.  

3. RESULTS AND DISCUSSION 

The electrical behaviours of different transparent conducting films as function of temperature are given 
in Figs. 2–7. The stoichiometric oxides materials are intrinsic semiconductors: their conductivity are not very 
high and their resistivity decreases with the temperature increasing as for all semiconductors. The 
conductivity is improved by doping and, if the doping level is not very high, we first have a decrease of the 
resistivity with the temperature due to the thermal activation transitions between the impurities levels and the 
conduction band. At very high doping levels the semiconductor becomes degenerate and the variation of the 
resistivity with the temperature is less pronounced (Fig. 2, ITO -1), however since the optical window length 
is depending on carrier concentration, very high doping levels lead to a reduction of the transparency 
domain. It is hence obviously that the electrical conductivity of oxide films will change with the temperature 
variations. 
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Fig. 2 – Electrical resistivity dependences as function of 
temperature for two commercial ITO thin films. 

 
Fig. 3 – Plots of ln σ vs. 1000/T during three cycles  

of heating and cooling for FTO thin films. The heating 
temperature was 200°C for the first cycle and 400°C for the 

second and third cycles. 
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Generally the dependences of the resistivity on the temperature for the firsts heating – cooling cycles 
are not reversible. Films suffer irreversible modifications of the grains sizes or filling of oxygen vacancies 
[7, 21-22]. These dependencies may become reversible after many cycles of heating and cooling or thermal 
treatments, but, for non-degenerate semiconducting thin films, the resistivity will continue to decrease with 
the increase of temperature (Fig. 2–Fig. 5). This is not unfavourable for solar cells functioning, but that 
means that the devices characteristics change during their operation. 

 

Fig. 4 – Electrical resistivity dependences as function of 
temperature during a heating- cooling cycle between 25 and 200°C, 

for an IZO thin film deposited by spin coating. 

Fig. 5 – Plots of ln σ vs. 1000/T during two cycles of heating 
and cooling for a ZnO thin film prepared by thermal 

oxidation of metallic thin films. 

The dependencies on the temperature of the conducting polymers PEDOT:PSS films are reproducible 
and reversible for many heating-cooling cycles from the beginning (Fig. 6). The resistivity also decreases 
with the temperature increase but it also decreases with the light intensity enhancement [13]. The 
modifications of electrodes electrical properties during the sun exposure of the devices (by temperature 
increasing and light exposure) may explain some of problems concerning the stability and reproducibility 
observed in the I-V characterization of third generation solar cells. Different from single layer transparent 
conducting films based only on semiconductor materials, the studies on the three-layer oxide/metal/oxide 
films, show very stable and reproducible values of the electrical resistivity (Fig. 7) to temperature variations. 

  

Fig. 6 – Electrical resistivity dependences as function of 
temperature during a heating - cooling cycle between 25 and 120°C 

for a PEDOT-PSS thin film deposited by spin coating. 

Fig. 7 – Electrical resistivity dependences as function of 
temperature during a heating - cooling cycle between 25 and 
200°C for different oxide/metal/oxide three layers thin films 

deposited by sputtering. 

That may be explained by the low dependence of the electrical conductivity of metals with 
temperature. A very precise metal thickness (about 7–8 nm) is necessary for these films in order to obtain a 
high transparency and high electrical conductivity [14]. The primary characteristics, namely, work function, 
band gap, roughness, and electrical stability of the main transparent conducting films as electrodes for the 
third generation solar cells, are given in Table 1. 
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Table 1 

Main transparent conducting thin films used in the third solar cells architectures 

Transparent 
conducting thin film 

Work 
function 

(eV) 

 
[Ref] 

Band gap 
(eV) 

 
[Ref] 

Roughness (nm) 
/ deposition method 

 
[Ref] 

Electrical 
stability 

In2O3, 
In2O3:Sn (ITO) 4.1 - 5.5 [23] 3.5 - 3.7 [23] 2-10 nm / sputtering [14] weak /medium 

SnO2 , 
SnO2:F (FTO) 4.2 - 4.4 [23] 4.0 - 4.5 [23] 40-20 nm / spray 

12-17 nm / sputtering 
[25] 
[26] weak /medium 

ZnO, 
ZnO:Al (AZO) 
ZnO:In (IZO) 

4.3 - 4.4 [23] 3.2 - 3.6 [23] 

40-90 nm / oxidation 
4-20 nm / spin coating 

8-18 nm / PLD 
8-17 nm / sputtering 

[19] 
[7] 

[16] 
[27] 

weak 
 

weak 

PEDOT: PSS 5.1 [24] -  1-5 nm / spin coating [13] medium 
ITO/Ag/ITO 
ZnO/Au/ZnO 

4.85 
4.80 

[28] 
[28] -  

 
1-3 nm / sputtering 
2-4 nm / sputtering 

[28] 
[28] high 

4. CONCLUSIONS 

The electrical resistivity behaviour at temperature variations was investigated for ZnO, ZnO:Al (AZO), 
ZnO:In (IZO), SnO2, SnO2:F (FTO), In2O3, In2O3:Sn (ITO), PEDOT:PSS single layers or ITO/Metal/ITO, or 
ZnO/Metal/ZnO three layers thin films prepared by different methods: sputtering, thermal oxidation, spin-
coating, and PLD. For the single layer transparent conducting oxide films, the dependencies of resistivity 
with the temperature are, in the most of cases, irreversible. Reversible dependencies were obtained for the 
PEDOT-PSS conducting organic polymer films. Obviously, for the semiconducting single- layer films, 
except the case of high-doped (degenerate) semiconductors, the resistivity decreases with the increasing of 
the temperature. Stable values of the electrodes resistivity, in the temperature range of operating solar cells, 
were obtained for the oxide/metal/oxide three-layer films. These films are very smooth and their roughness is 
comparable to that one of commercial ITO films. Their work function, which is about 4.80–4.85 eV, 
evaluated according to [28], is also close to that one of ITO (about 4.1–5.5 eV). 
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