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INTRODUCTION 

 

 

One of the most important problems in our society is the lack of clean energy sources to 

overcome the energetic crisis and global warming. For this reason, I enrolled “Master en 

Energías Renovables y Eficiencia Energética” at UNI. This master gave me a good training and 

knowledge to face real problems concerning renewable energies. I chose photovoltaic solar 

energy because my major interest in physics are solid state physics and material science, in this 

manner I could bring together my two passions for material science and green energy.  

In April 2014, I had the unique chance to go to Institut National de l’Energie Solaire (INES) 

to make an internship for five month. The principal objective of this internship at Laboratoire 

de Heterojunction (LHET) in INES was to test the Excimer Laser Annealing (ELA) to improve 

HET solar cell performance through the amelioration of optical transmission and through the 

reduction of electrical resistance of Indium Tin Oxide (ITO).   

We also studied the impact of ELA on the most important Transparent Conducting oxides 

(TCO) in research at INES, such as: ITO (Indium Tin Oxide), AZO (Aluminum doped Zinc 

Oxide) and IOH (hydrogen doped Indium Oxide). We measured different physical properties of 

thin films such as: optical transmission, electrical conductivity, sheet resistance, index of 

refraction. We measured also the size of ITO grains by SEM.  We also studied electrical 

properties of two different solar cells (R&D and Pilot line measuring I-V curve, lifetime of 

charge carriers, Pseud Fill Factor, series and shunt resistance in solar cell.  

Almost all these techniques are covered briefly in this thesis to show the fundamentals of 

physics of the electronic devices to know what we were really measuring. 

At the end of this report, conclusions are presented in two parts one for the characterization 

of TCO thin films and the other one for the HET solar cell characterization. 
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1 OBJECTIVES OF ELA 

 

 

In this chapter, we describe the most important constraints in the improvement of 

amorphous/crystalline Silicon Solar cells and we also mention some of the objectives of this 

internship at INES. 

 

1.1 Short Description of the problem context 

 

The core of Silicon Heterojunction solar cells (HET cell) is composed basically by two 

materials: Hydrogenated Amorphous silicon (a-Si:H) and Crystalline Silicon (c-Si). HET cells 

show high performance (24.7% demonstrated) (Taguchi, 2013) thanks to the hydrogen 

contained in the amorphous Silicon that allows to reach a very good passivation of the defects 

at the surface of the c-Si substrate. In addition the field effect passivation at the p-n junction is 

intensified by the band discontinuities generated by the use of two materials with different band 

gaps (c-Si (n) / a-Si:H (p)). Both effects allow to obtain record open-circuit voltages (VOC): up 

to 750 mV demonstrated (Taguchi, 2013). However, the a-Si:H is a poor electrical conductor 

with almost no anti-reflective properties: this, on the one hand, totally hinders the collection of 

the photogenerated carriers and their transport to the metallic contacts, and, on the other hand, 

prevents a lot of incoming light from entering the cell. Therefore, it is necessary to add a thin 

film of an additional material that overcomes these constraints. The common materials used for 

this purpose are known as Transparent Conducting Oxides (TCOs), such as tin-doped indium 

oxide or Indium Tin Oxide (ITO), Aluminum-doped Zinc Oxide (AZO), Hydrogen-doped 

Indium Oxide (IO:H), etc. At INES, ITO is incorporated in HET technology whereas AZO and 

IO:H are still at research level.  
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The ITO is deposited onto the HET solar cell as a thin film. Depending on the fabrication 

conditions, ITO thin films can be highly transparent and act as a good anti-reflective coating on 

silicon thanks to adapted refractive index and thickness, thus allowing a maximum of photons 

reaching the cell, subsequently producing photogenerated charge carriers. ITO thin films can 

also be a good conductor that allows the collection of the photogenerated carriers in the cell over 

its whole surface and brings them to the metallic contacts. Nonetheless, optical and electrical 

properties are not independent and a compromise has to be found. Moreover, because of the low 

temperature procedures used for fabricating hydrogenated amorphous silicon (Tdep < 200°C), 

ITO must be synthesized also at low temperatures to avoid any damaging of the a-Si:H layers 

and of the cell performance, thus producing a non-optimal material (amorphous or 

polycrystalline ITO with non-optimal opto-electrical properties). During this internship, in order 

to improve the properties of ITO thin films without damaging amorphous silicon material, we 

annealed ITO thin films by using an excimer laser trying to enhance the compromise between 

transmission and electrical conductivity. The use of a laser is of particular interest in that case 

since it allows a depth-localized annealing that should limit the damage caused to the underlying 

a-Si:H layers. 

 

1.2 Objectives of this Internship  

 

In order to improve the performance of a solar cell, three main actions can be performed:  

1. Maximizing the light which is absorbed by the material to maximize the current flowing 

out of the cell: described with the value of the short circuit current (Jsc).  

2. Maximizing the extraction of photogenerated charges carriers with the action of a 

maximized electric field: described with the value of the open circuit voltage (Voc).  

3. Minimizing electric losses (leakage current, series resistance, carrier recombination…): 

described by a maximized Fill Factor (FF).  
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 The principal objective of this internship is to study the possibility to improve HET solar 

cells performance through the improvement optical transmission (in order to maximize cell JSC) 

and through the reduction of electrical resistance (in order to improve FF) of ITO thin films by 

using excimer laser annealing. First of all, we made a study of laser annealing of ITO thin films 

deposited on glass substrates and crystalline Silicon substrates to know the amount of laser 

energy that is required to produce changes in the ITO properties. After that, we made excimer 

laser annealing of ITO thin films on HET solar cells under different conditions of laser energy 

density to study its influence on the cell performances. Finally, some AZO and IOH thin films 

were also annealed with the excimer laser to measure changes in conductivity and transmission. 
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2 HETEROJUNCTION SOLAR CELLS 

 

 

In this chapter, a summary of the fundamentals of photovoltaics is presented. Afterwards 

the different steps of fabrication of a solar amorphous/crystalline heterojunction solar cell are 

showed, then the mechanism of functioning of a HET solar cell is described. 

 

2.1 Short Introduction to Photovoltaics  

 

In this section, a very quick discussion of the principal parameters and characteristics of a 

solar cell are presented: this will help to understand better the kind of solar cell (HET) that is 

going to be studied in this internship. 

 

2.1.1 Photovoltaic Effect 

 

The principle of photovoltaics (PV) is based on the conversion of solar energy (light from 

the sun) into electrical energy (electric current). This photovoltaic energy conversion primarily 

needs a material which can promote an electron to a higher energy state by absorbing a photon; 

secondly, this higher-energy electron must pass through an external circuit to lose its extra 

energy and then return to the solar cell. Many materials could be used for this purpose. However 

semiconductors are usually utilized by the Photovoltaic Industry. In Figure 2-1, the principal 

parts of a standard c-Si solar cell are explained, such as the types of semiconductors (p and n 

doped silicon), the boundary layer (interface between regions of the semiconductors), and the 

metallic electrodes. The production of photocurrent in a solar cell can be summarized as: 
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1) Generation of electron-holes pairs (EHPs) in the solar cell by absorption of 

photons. 

2) Separation of electrons and holes at the junction by the buit-in potential (Vbi). 

3) Collection of electrons and holes at the terminals. 

 

 

Figure 2-1: Principals parts of a standard crystalline Silicon solar cell (Smets, 2014). 

 

2.1.2 Photovoltaic Technologies 

 

There are many technologies that use the Photovoltaic Effect. They can be classified in 

three different generations regarding their efficiency, cost per Watt peak (Wp) 1  and raw 

materials (Figure 2-2): 

 

 

                                                 

1 The nominal power of a PV module is determined by measuring in an electric circuit the current and voltage 

while the resistance is varying under standard conditions (1000W/m2 illumination with A.M 1.5 spectrum at 25ºC): 

the nominal power is the highest measured power. 
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1) 1st Generation Solar cells 

This generation is based on Silicon wafers. This is one of the oldest technologies 

and 90% of the market uses this technology. Some examples of this kind of PV 

technology are: 

 

 Homojunction Silicon Solar cell 

 Hydrogenated Amorphous/ Crystalline  Silicon solar cell 

 

2) 2nd Generation Solar cells 

This generation is based on thin films deposited on glass or any other kind of low-

cost substrate. The most important technologies are: 

 

 a-Si:H solar cells, a-Si:H/µc-Si:H tandem solar cells 

 Cadmium Teluride Solar Cell 

 Coper Indium Galium Selenide (CIGS) Solar Cell 

 Organic/Dye sensitized Solar Cell 

 III-V PV technologies (GaAs) 

 

3) 3rd Generation Solar cells  

These technologies are based on innovative ideas and are still at research level. 

Some of these technologies are: 

 

 Multi-gap solar cells 

 Quantum dots Solar cells 

 Hot carriers Solar cells 

 Down-convertor or up convertor Solar Cells 
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Figure 2-2. Efficiency vs. Cost per m2. Colored regions show different generations of 

solar cells (Smets, 2014). 

 

2.1.3 Solar Spectrum 

 

The principal source of energy for solar cells is the Sun whose irradiance spectrum can be 

compared to that of a black body at 5800K. The graphs in Figure 2-3  illustrate the Spectral 

Irradiance of the Sun for two different Air Masses2 (A.M. 0 and A.M. 1.5) and the absorption 

of some materials: c-Si, a-Si:H and c-Ge. The A.M. 0 Spectrum (before solar radiation crosses 

the atmosphere) is used in spatial solar cell industry. The A.M 1.5 is the solar radiation that 

crosses the atmosphere at a latitude of 48.2º (i.e. light from the Sun crosses 1.5 times the 

atmosphere thickness at the Equator).  

                                                 

2 The Air Mass coefficient represents the amount of atmosphere the sun light should pass through before 

striking the device at sea level normalized to the shortest pass length (i.e. when the Sun is at the zenith): A.M= 
1

cos 𝜃
 , 

where θ is the zenith angle.  
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Figure 2-3 . Spectral Irradiance vs. Wavelength for A.M. 0 and A.M. 1.5 and Spectral 

Absorption of a-Si:H, c-Si and c-Ge (Labrune, 2011)  

 

2.1.4 p-n Junction in dark 

 

The p-n junction is one of the most important part of a Silicon solar cell: that is why this 

kind of device will be described under thermal equilibrium which means a junction under 

constant temperature, no generation (not illuminated junction) and no injection (no Bias voltage 

applied) of charge carriers. This junction is made by two types of semiconductors, an n-doped 

semiconductor (where majority charge carriers are electrons) and a p-doped semiconductor 

(where majority charge carriers are holes), as it is shown in Figure 2-4. When they are put 

together electrons (resp. holes) diffuse from a region with high electron (resp. hole) 

concentration i.e. the n-region (resp. p-region) to another with low concentration i.e. the p-

region (resp. n-region), while donors (positively ionized dopant atoms) and acceptors 

(negatively ionized dopant atoms) stay fixed in n- and p-region respectively. This region is 

known as depletion region or space charge region. The presence of positive charges on one side 

of the depletion region and negative ones on the other side generates an electric field opposing 

the diffusion of the free charge carriers. At one point, both phenomena will compensate and 
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equilibrium is reached. In Figure 2-5, a band energy diagram of a homojunction of crystalline 

Silicon (c-Si) in thermal equilibrium is displayed; the size of the depletion region is W = We+Wb, 

with Wb >We (because in the figure, the p region is more doped than the n region); Vbi is the 

built-in potential of the junction which is the electric potential resulting from the integration of 

the electric field across the depletion region. 

 

 

Figure 2-4 . p-n Junction 

 

Under no-illumination conditions, density of current in dark (JD) in function of applied 

voltage (V) is then the one of a simple diode and could be written as in eq. (2-1), where J0 is the 

diode saturation current and n is the ideality factor (1≤n<2). (Labrune, 2011) 

 

𝐽𝐷(𝑉) = 𝐽0 [𝑒𝑥𝑝 (
𝑞𝑉

𝑛𝑘𝑇
) − 1] 

             

(2-1) 

 

    



   

10 

 

Figure 2-5 . Band diagram of  a Homojunction of c-Si. (Labrune, 2011) 

 

2.1.5 p-n Junction under illumination  

 

When a p-n junction is illuminated, the total current is J = JD + Jsh – Jph , where JD is the 

dark current as defined in eq. (2-1),  Jph is the photocurrent generated in the junction,  and Jsh is 

the leaking shunt current (Green, 1992). 

 

𝐽(𝑉) =  𝐽0 [𝑒𝑥𝑝 (
𝑞(𝑉 − 𝑅𝑠. 𝐽)

𝑛𝑘𝑇
) − 1] +

𝑉 − 𝑅𝑠. 𝐽

𝑅𝑠ℎ
− 𝐽𝑝ℎ 

             

(2-2) 

 

Where J0 is the diode saturation current density, V is the voltage applied to the junction, Rs 

is the series resistance, Rsh is the shunt or parallel resistance in the junction and n is the ideality 

factor. Figure 2-6.A shows a realistic model for the p-n junction under illumination while two 

diagrams of Current vs. Voltage under dark and illuminated conditions are presented in Figure 

2-6.B.   
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2.1.6 External Parameters of photovoltaic devices 

 

In sections 2.1.4 and 2.1.5, the principal characteristics of a p-n junction have been 

mentioned, since this kind of junction is an important component of many photovoltaic devices 

(such as crystalline silicon solar cells). In this section, some of the critical parameters of a solar 

cell (see Figure 2-7) will be described, such as: 

 Short circuit current density, Jsc [mA.cm-2]. It is the maximum current density in 

a solar cell and occurs when the voltage across the device is equal to zero (i.e. 

when the cell terminals are short-circuited). 

 Open circuit voltage, Voc [V]. It is the maximum voltage in a solar cell and occurs 

when the current across the device is equal to zero (i.e. when the cell terminals 

are not connected to any circuit). 

 Maximum peak power density, Pmax [Wp. cm-2]. It is the maximum value of the 

product of J and V. As follows: 𝑃𝑚𝑎𝑥 = 𝐽𝑀𝑃𝑃 . 𝑉𝑀𝑃𝑃 

 Fill factor (FF)[%]. It is the ratio of the area of the dark grey rectangle and the 

light rectangle in Figure 2-7. It describes the electrical quality of the cell. 

𝐹𝐹 =  
𝑃𝑚𝑎𝑥 

𝐽𝑠𝑐 . 𝑉𝑜𝑐
=  

𝐽𝑀𝑃𝑃 . 𝑉𝑀𝑃𝑃

𝐽𝑠𝑐 . 𝑉𝑜𝑐
 (2-3) 

A B

Figure 2-6. A) Realistic Electrical circuit of a p-n junction under illumination; B) 

Diagram of I vs. V  under dark and illuminated conditions (Labrune, 2011) 
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 Efficiency (η)[%]. It is the ratio of the maximum peak power density to the light 

incident power density. 

 

The measurement of these parameters in a solar cell are obtained from the Current-voltage 

characteristic curve I=f(V) of a solar cell, see Figure 2-7. The measurement of the I-V 

characteristic curve (I-V curve) is performed under standard test conditions: 

 A.M. 1.5 spectrum. 

 Irradiance: 1000 W.m-2. 

 Temperature: 25 °C. 

 

Figure 2-7 . Current density -Voltage characteristic curve of a solar cell. (Labrune, 2011) 

 

 

 

 

 

𝜂 =  
𝑃𝑚𝑎𝑥 

𝑃𝑖𝑛𝑐
=

𝐽𝑀𝑃𝑃 . 𝑉𝑀𝑃𝑃

𝑃𝑖𝑛𝑐
=  

𝐽𝑠𝑐 . 𝑉𝑜𝑐 . 𝐹𝐹

𝑃𝑖𝑛𝑐
 (2-4) 
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2.1.7 Principal Losses in absorption in solar cells 

 

In essence, there are two kinds of losses when light is absorbed by semiconductor solar 

cells that intrinsically depend on the material used for the solar cell: 

1) Photons with less energy than the Band gap energy (Eg) of semiconductor used in the 

solar cell, cannot be absorbed by the Semiconductor. 

2) Photons with larger energy than the band gap of the semiconductor are absorbed by 

electronic transitions (from the valence band to the conduction band). However, 

electronic excess energy is dissipated by collisions between electrons and atoms or ions 

in the crystalline lattice. This process is known as Thermalization. 

Apart from these intrinsic losses, there are other loss factors that could be reduced to get a 

more efficient solar cell, such as:  

 Reflection from the front side: It could be reduced using a material with good 

reflection properties: the reflection depends on the index of refraction of the 

material and the path geometry of the light. The path geometry is determined by 

refraction at the front side. For example, wet texturing is a technique used to 

produce a determined roughness at the front side in order to trap more light into 

the cell, by enhancing both the optical path length and by diminishing the 

reflection. 

 Shadows from the metal grid: The contacts (fingers and busbars) which are used 

to collect charge carriers at the front of the solar cell produce many power (current) 

losses because of the shadowing they cause. A good way to increase the spacing 

between fingers and then reduce shadowing is by using a TCO with higher 

conductivity.  

 Recombination of charge carriers: when the EHPs are produced in the cell, it is 

required that most of these carriers should be collected. For that the recombination 

centers must be reduced at the silicon surface (i.e. chemical passivation of silicon 

surface with Hydrogen) or in the bulk (i.e. wafer with less defects).  
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 Parasitic series resistances: this kind of resistance can be resistance in the 

semiconductor materials, interface resistance between the semiconductor and the 

metal contacts, resistance of the metal contacts, etc. These resistances produce 

power losses that can be reduced by improving contact quality, emitter 

conductivity, less resistive wafer, etc.  

 Parasitic parallel resistances: it is generally caused by macroscopic defects. Low 

parallel (or shunt) resistance provides an alternative path for the photogenerated 

charges. To limit power losses, the parallel resistance of the cell has to be increased 

and this can be done by improving edge isolation, junction quality, semiconductor 

quality without cracks (Smets, 2014). 
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2.2 Fabrication of HET solar cells 

 

During the internship, two types of HET cells were treated by Excimer Laser Annealing 

(ELA): the so-called “R&D” and “PILOT LINE” solar cells: the first ones were made in an 

R&D cluster tool and the second ones in a pre-industrial factory. In this section, only a summary 

of the fabrication of the R&D HET cells is presented. The procedure to make the PILOT LINE 

HET cells is similar to the one of R&D cells, except that they are fabricated in an industrial way 

(mass production).  

 

2.2.1 JUSUNG Equipment 

 

The machine used to produce HET solar cells is a thin-film deposition cluster of the brand 

JUSUNG Engineering Inc. which is a High Vacuum equipment that allows to deposit different 

kind of thin films on texturized c-Si wafers as raw material. This equipment has five medium or 

high vacuum chambers:  two Plasma enhanced chemical vapor deposition chambers (PECVD), 

two Physical vapor deposition chambers (PVD) and one Metal organic chemical vapor 

deposition at low pressure chamber (MOCVD). In Figure 2-8, the different parts of the JUSUNG 

machine are shown (Martín, 2012). 
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Figure 2-8. Machine JUSUNG used to fabricate HET solar cells. (Martín, 2012) 

 

2.2.2 Procedure of fabrication of bifacial HET solar cells of inverted emitter 

 

Fabrication of Heterojunction solar cell consists of several steps. The principal materials 

and techniques used to produce the R&D HET cells in the R&D Clean Room, are described in 

this section (with a little drawing on the right). The order of some steps presented here is not 

necessarily the same used in real manufacturing or in other laboratories/institutes. 
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1) Raw Material:  

 

Crystalline Silicon wafers (100) 

of type n were used to produce HET cells. 

These wafers have a Resistivity of 1-5 Ω.cm, 

a Thickness of ~180 µm and a Surface of 149 

cm2 (pseudo-square 12.5 cm x 12.5 cm) 

 

 

 

2) Surface texturing (wet chemical etching): 

 

KOH solution is utilized to texture the 

silicon surface, hence superficial pyramids 

appear. The planes of the pyramids are 

orientated in the direction (111), have ~10 nm 

height and allow both to reduce the external 

reflection of the light and to improve the light 

confinement into the cell. This way, more 

light can be absorbed. By removing the first 

10-20 µm on each side of the wafer, this step 

also permits to remove the highly defective 

regions resulting from the wafer sawing 

process.  Afterwards a RCA (Radio 

Corporation of America) cleaning is made, 

followed by a quick immersion in 

hydrofluoric acid (HF), to remove the native 

silicon oxide at the surface and to ensure a 

momentary passivation creating Si-H bonds 

at the surface right before the first a-Si:H thin 

films are deposited. 
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3) Intrinsic Thin layer: undoped 

hydrogenated amorphous Silicon [a-

Si:H (i)]  deposition: (Orange color) 

 

The thin layers of a-Si:H(i) [~5 nm] 

are deposited with the PECVD technique 

in the JUSUNG equipment at ~200 °C. 

The thickness is about 5-10nm. These a-

Si:H (i) layers which are deposited onto 

the front and back side of the wafer, 

ensure a very good passivation of the 

surface of the c-Si(n). Its very small 

thickness allows the passing of electrons 

to the a-Si:H(n) layer at the front side and 

the passing of holes to the a-Si:H(p) layer 

at the back side.  

 

 

 

4) N-doped hydrogenated amorphous 

silicon [a-Si:H (n)] thin film deposition 

(Front Surface Field - FSF): 

(Blue color) 

 

The a-Si:H(n) thin film [of a few nm] 

is deposited by  PECVD onto the intrinsic 

thin layer of a-Si:H. Doping is made with 

PH3 gas. Its role is to repel the minority 

carriers (holes) by creating an electric field 

between the c-Si substrate and the a-Si:H 

(n) layer. This so-called Front Surface 

Field (FSF) thus it prevents the 

recombination of holes at the front surface 

by keeping them away from it.  
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5) P-doped Hydrogenated amorphous 

silicon [a-Si:H(p)] thin-film deposition 

(emitter): 

(Turquoise color) 

 

PECVD is used to make the a-Si:H(p) 

thin film[of a few nm] at the back side of 

HET solar cell. This a-Si:H  (p) film and 

the c-Si(n) make the pn-heterojunction 

which is the core of the solar cell 

functioning. 

 

 

6) ITO thin film deposition: 

(Red color) 

 

ITO thin film [~100 nm] was made by 

PVD, more precisely by magnetron 

sputtering, also in the JUSUNG 

equipment.  The a-Si:H is not a good 

electrical conductor and it does not act as 

anti-reflective coating, that is why HET 

solar cells must have another film to 

overcome these constraints. ITO is a 

transparent conducting oxide: with 

adequate deposition conditions and 

thickness it can act as anti-reflective 

coating on silicon, show high transparency 

and high electrical conductivity. 
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7) Metallic grid deposition: 

(Grey color) 

 

Finally, a metallic grid [few tens of µm 

thick] is deposited onto both faces of the 

solar cell. Aluminum or Silver inks are 

deposited by screen printing. This solar cell 

configuration is called ‘bifacial’ because it 

can absorb light from both sides. At the 

front side, it receives the solar radiation 

from the Sun and at the rear side, it receives 

reflected light from external neighboring 

surfaces. 

  

 

 

2.2.3 Inverted and standard emitter HET solar cell 

 

At LHET, two different kinds of HET solar cell are fabricated: The inverted emitter and the 

standard emitter solar cell. The difference is only the position of the emitter used in each solar 

cell. Standard emitter solar cells have the a-Si:H (p) emitter at the front side, while for inverted 

emitter solar cells it is at the back side. In other words, the ‘p-n heterojunction’ is at the rear side 

for inverted emitter HET solar cell and at the front side for the standard emitter HET solar cell, 

as it is presented in Figure 2-9. During this internship, only HET solar cells with inverted emitter 

were treated by ELA. 
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Figure 2-9. Stars in the figure point up the position of the emitter layer. A) HET solar cell 

with inverted emitter, the a-Si:H(p) is at the rear side. B) HET solar cell with standard emitter, 

the a-Si:H(p) at the front side. 

 

2.3 HET solar cell 

 

In the previous sections, the principal characteristics of solar cell have been described and 

the main steps of the fabrication of a crystalline silicon HET solar cell have been mentioned as 

well. In this section, some of the crucial characteristics of a crystalline silicon HET solar cell 

are presented. HET solar cells with intrinsic amorphous thin layer or abbreviating HIT® Solar 

cells (heterojunction with intrinsic thin layer) were designed by SANYO in the early 90s 

(Panasonic, 2014). The Figure 2-10 shows the principals parts of a HIT solar cell with inverted 

emitter. From now and on, the term “amorphpous /crystalline silicon HET solar cell” or simply 

HET solar cell will be used to refer to a HIT® solar cell. 
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Figure 2-10. Parts of a HET solar cell with inverted emitter. 

 

2.3.1 Operation of a HET solar cell 

 

A model used to describe a real HET solar cell is the two-diode model whose equivalent 

circuit and can be seen in Figure 2-11.A. The current density-voltage characteristic curve of the 

two-diode model can be presented as (Green, 1992): 

𝐽(𝑉) =  𝐽01 [𝑒𝑥𝑝 (
𝑞(𝑉 − 𝑅𝑠. 𝐽)

𝑛1𝑘𝑇
) − 1] +  𝐽02 [𝑒𝑥𝑝 (

𝑞(𝑉 − 𝑅𝑠. 𝐽)

𝑛2𝑘𝑇
) − 1] +

𝑉 − 𝑅𝑠. 𝐽

𝑅𝑠ℎ
− 𝐽𝑝ℎ 

             
(2-5) 
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Where J01, J02 are diodes saturation current densities, V is the voltage applied to the junction, 

Rs is the series resistance, Rsh is the shunt or parallel resistance and n1 and n2 are the 2 diodes 

ideality factors. A current density-voltage curve measured in dark is shown in Figure 2-11.B 

and can be related to eq. (2-5) without illumination, i.e. Jph=0 (no generated photocurrent). The 

main diode (D1) gives information about the diffusion current in the p-n junction at high-

forward Bias; its impact is primarily on the Voc parameter and its ideality factor n1 is between 1 

and 2. The second diode (D2) becomes important at moderate Bias (see Figure 2-11.B), gives 

information about the space charge region (recombination and tunneling); it has an impact on 

the FF parameter, the smaller J02 the better FF, with an ideality factor >2.5 for HET devices.  

 

 

 

 

A 

Rsh 

Figure 2-11. A)  Equivalent Circuit for two diode model of a real solar cell with series and 

shunt resistance. B) Dark current density - voltage characteristic curve of a HET solar cell. 

(Martín, 2012) 

B 
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Rs resistance appears because of the resistance of bulk silicon wafer, metallic contacts (on 

the front and rear surface), contact resistance at interfaces between metallic contacts and ITO 

layers and other connections and terminals. Rsh resistance appears because of the leakage across 

the p-n junction due to non-idealities and impurities near the junction, causing a partial short 

circuit in the junction (near the edges of the cell); parallel or Shunt resistance can be observed 

(Figure 2-11.B) under reversed Bias  and at very low forward Bias. For example, if the edge 

isolation was not properly made, the front and rear side of the cell will be contacted, producing 

decrease in Rsh, which leads in a change of J(V) curve. To have an efficient solar cell, Rs must 

be very low and the value of Rsh must be as high as possible. 

 

2.3.2 Band diagram of a HET solar cell 

 

A hydrogenated amorphous/crystalline silicon HET solar cell results from the joining of 

thin films of hydrogenated amorphous silicon with a crystalline silicon wafer.  The amorphous 

silicon has a band gap of Eg = 1.75 eV and the crystalline silicon has a band gap of Eg=1.12 eV 

at 300K, thus giving its name to the cell (heterojunction: different band gaps). In Figure 2-12, a 

band diagram of a HET solar cell is shown. 
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Figure 2-12. Band diagram of a TCO/a-Si:H(p)/ a-Si:H(i)/c-Si(n)/a-Si:H(n) solar cell 

calculated with AFORS-HET3 (Varache, 2012) 

 

The thin layer of intrinsic hydrogenated amorphous silicon (a-Si:H(i)) is utilized in a HET 

solar cell for two reasons: 

1. Good defect passivation of the crystalline silicon surface of the wafer (type n), 

avoiding recombination of charge carriers at the a-Si:H/c-Si interface. As a 

consequence, the charge carrier lifetime is enhanced (Smets, 2014). 

 

2. The band discontinuities at the a-Si:H/c-Si interface make a blocking layer for 

holes and electrons thus allowing field effect passivation. 

 

 

When photons arrive onto the HET solar cell (coming from left to right in Figure 2-12), 

they are absorbed in the c-Si(n) substrate, creating EHPs. Electrons are forced towards the n-type 

amorphous silicon layer (on the right), and holes go into the direction of the p-type amorphous 

silicon layer (on the left). Electrons are carried to the a-Si:H(n) layer as well as holes are drifted 

                                                 

3 Automate FOR Simulation of HETerostructures is a simulation software used at the Helmholtz-Zentrum 

Berlin and it is free on demand. 
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to the a-Si:H(p) through the a-Si:H(i) layers by the strong electric field at the interfaces 

[a-Si:H(i)/c-Si(n) and c-Si(n)/a-Si:H(i) ]. It is known amorphous silicon cannot transport the 

photogenerated charge carriers to the metallic grid efficiently due to its low electrical 

conductivity. As a consequence a material like ITO (or other kind of TCO) must be added onto 

the amorphous silicon layers. Finally, the photogenerated charge carriers are conducted through 

ITO to be finally delivered into the metal fingers of the solar cell. 

 

2.3.3 Advantages and perspectives in HET solar cells  

 

Nowadays, HET solar cells are being integrated into many buildings and housing 

constructions to generate clean electricity. Some advantages of the HET solar cells are the 

following: 

 High open-circuit voltage values (see Table 2-1). Thanks to high passivation at the 

amorphous/crystalline silicon interface (resulting in a higher charge carrier lifetime). 

 Low-cost deposition processes such as the utilization of PECVD with temperatures 

under 200°C (low thermal budget). 

 Better performance at higher temperatures thanks to a lower temperature coefficient than 

conventional homojunction solar cells.  

Table 2-1.  Values of the principal external parameters of a record HET solar cell at INES  

(Muñoz D. , 2012). 

External 

Parameter 
Value 

Voc (V) 0.733 

Jsc (mA.cm-2) 38.7 

FF 78.5 

Efficiency 22.2 

c-Si(n) thickness 

(µm) 
~150 

Area (cm²) 103 
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Some of the perspectives for the HET solar cells, particularly regarding the transparent 

electrodes, are the following: 

 Improvement of electrical conductivity and optical transparence of the TCO either by 

using higher-performing material than ITO or by using novel approaches to improve 

ITO like ELA which is the principal motivation of this internship. 

 Replacement of ITO in the middle term by cheaper materials such as AZO since the cost 

of ITO is very high and continues to increase due to indium scarcity. 
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3 EXCIMER LASER ANNEALING (ELA) 

 

 

Excimer laser is a tool which is widely used in refractive correction surgery. The term 

excimer refers to an excited dimer as Ar2*, Kr2*, Xe2*, etc; whereas exciplex refers to an excited 

complex such as ArF*, KrF*, XeCl*, etc. In our case, an exciplex laser made of XeCl was 

utilized to anneal the ITO thin films in HET solar cells. The term excimer is used in this 

manuscript even though the correct term is exciplex, because ELA technique is usually cited in 

literature for both kinds of lasers. In this chapter, the principle of work of an excimer laser is 

described followed by a description of the state of the art of recent research, then the complete 

list of the laser treatments made is presented as well. 

 

3.1 XeCl Excimer Laser 

 

The XeCl excimer EXCICO® laser (λ = 308 nm) is a laser with wavelength of 

308 nm (4.03 eV). In this section, first of all, the functioning of a laser is described and then 

different steps of producing light with the excimer laser are analyzed. 

 

A laser is a source of monochromatic (same color or same wavelength) and coherent (same 

direction) light. The principal parts of a laser are shown in  

Figure 3-1: 

 

 Gain Medium which produces the amplification of photons (photon emission) by 

stimulated emission. The gain medium can be a gas or a solid material where its 

electrons can occupy the levels of energy E1 or E2 (E2>E1). 
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 Laser pumping energy which is the energy necessary to excite constantly the gain 

medium and to ensure that the gain medium may amplify light. 

 Laser cavity (optical reflectors). 

 

Figure 3-1. Schema of the principal parts of a laser. 

 

An electronic transition occurring between two levels of energy can be due to absorption 

or emission (stimulated or spontaneous) of a photon. This photon has energy equal hν=E2-E1. 

Three different electronic transitions are depicted in Figure 3-2. 

 

 

Figure 3-2. Different kinds of electronic transitions that may occur in the gain medium. 
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The spontaneous emission is produced for example in a mercury discharge lamp whose 

emission spectrum is composed by many wavelengths. These wavelengths are produced by 

different electronic transitions resulting in light waves with random directions. The spontaneous 

emission is not the primary source of light in a laser system. The stimulated emission is produced 

when a higher number of the electrons of the gain medium are in an excited state (E2) rather 

than in the lower energy level (E1): we have then a “population inversion”. These electrons 

interact with incident photons of certain energy, producing electronic transitions to a lower level 

of energy (E1) and emitting extra photons. That is why the stimulated emission amplifies the 

incident photons of the gain medium, as it is shown in Figure 3-2.C. The energy and momentum 

of these emitted photons are the same (Legeay, 2011).  

 

The gain medium of the XeCl excimer laser is composed by a mixture of gazes at a pressure 

of  2.8 bars with Neon ~99%, Xenon 0.5 %, HCl 0.05 %, H2 0.02 %.  The main parts of an 

excimer laser are shown in Figure 3-3.   

 

 

Figure 3-3 Main parts of Excico laser Cavity. 

 

The generation of light with a wavelength of 308 nm with the excimer laser involves the 

following steps (see Figure 3-4):   
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1) Since Xenon gas is a noble gas and is very difficult to ionized, X-rays are injected in the 

laser cavity to ionized Xenon atoms and create electrons. 

2) Then, a pulsed high voltage (~40KV, ~500 ns) is applied between electrodes (see Figure 

3-4.A) to create different ions in the gas mixture: 

 

Xe   + e –          Xe+ + 2e – 

HCl + e –          H    + Cl – 

  

3) Next, the Xe+ and Cl- react to form XeCl* (excited state), as follows: 

 

Xe + + Cl –             XeCl*  

 

4) Last, the laser light comes out when the the XeCl* molecule transits to its fundamental state 

i.e. XeCl. However, the XeCl molecule is unstable and immediately dissociates in its 

primary components. 

 

  

 

 

Figure 3-4.A) Schema of the principal steps to produce light in the excimer laser. B) Parts 

of the optical system which are used to focalize the laser light. 

 

A

. 

B

. 
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The light which is produced in the gain medium passes through an optic system as indicated 

in Figure 3-4.B. The afocal system ensures the total divergence of all the light coming from the 

laser cavity. Then this light goes through the homogenizer which eliminates many of the 

irregularities of the laser beam and finally, the focus concentrates the light to treat the surfaces.  

 

3.2 State of the Art in ELA 

  

Various research groups have studied excimer laser annealing as a method to get better 

quality of TCOs such as ITO and AZO. In this section, some of these works are discussed: 

 

Martín de Nicolás et al. studied the influence of laser annealing onto ITO thin films at 

different laser fluences. ITO thin films were deposited by DC sputtering at different oxygen (Φ0) 

flows and Tdep=180°C. The square resistance of 90 nm thin films (Φ0=2.5%) on Corning glass 

substrate was sharply decreased from 500 Ω.-1 to 8 Ω.-1 with almost no changes in the index 

of refraction for energy densities from 0 to 350 mJ.cm-2. While XRD analysis showed that ITO 

thin films have initially two preferential directions (111) and (100), after the ELA, it can be seen 

that these directions don’t coexist anymore with an increment of (111) direction. ITO/a-Si:H/c-

Si precursors were also fabricated to study the passivation quality by Quasi-steady state 

photoconductance (QSSPC): no degradation in VOC was observed for laser fluences lower than 

200 mJ.cm-2. Last, Heterojunction solar cells with ITO thin films as charge carrier collector 

were annealed with laser fluences up to 150 mJ.cm-2: data showed that no change in performance 

occurred (Martín de Nicolás, 2012). Another work on thin film ELA of ITO for flexible display 

was done by Chung et al: Square resistance of ITO thin films were decreased from 191 to 

25 Ω.-1for laser fluences from 0 up to 150 mJ.cm-2, the optical transmittance in visible 

increased from 70 to 85% in the same range of used energy densities (Chung, 2004). 
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Johnson et al. have demonstrated the effect of ELA on 1 µm AZO films deposited by RF 

sputtering at Room temperature. They observed an improvement in transparency (optical 

properties) for optimized laser fluences of 500-700 mJ.cm-2 with no changes in conductivity 

(constant electrical properties) for AZO films deposited on Corning Eagle glass. They also 

prepared hydrogenated microcrystalline silicon pin solar cell whose photocurrent density (up to 

2.2 mA.cm-2) was increased after the AZO thin films were laser annealed with optimized laser 

fluences and chemically etched (Johnson, 2011). Boukhicha et al. explored the influence of thin 

film laser annealing on 1µm opaque AZO films deposited by RF at different pressures and 

oxygen flows.  After optimal laser annealing (700  mJ.cm-2), Transmission increased from 70 to 

80 % in range of photovoltaic interest, however only low pressure and low oxygen-content 

samples maintained acceptable electrical properties after etching process (< 11 Ω.-1) 

(Boukhicha, 2014). Charpentier et al. combined ELA with chemical etching texturing (LaText 

process) on Room Temperature sputtered AZO thin films. Above 500 mJ.cm-2, AZO thin films 

have domains separated by cracks. A subsequent etching step removes material from the cracks 

leading to an increase of the resistivity. However some samples retained an acceptable sheet 

resistance (< 15 Ω.-1). When LaText is introduced into a-Si:H and µc-Si:H device structures, 

it significantly reduced reflectivity, allowing better light trapping (Charpentier, 2014).  
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3.3 ELA  treatments  

 

Excimer laser annealing (ELA) was performed on several samples. The ELA treatments 

can be separated in three groups: Study of ITO properties after ELA, study of external 

parameters in HET solar cells after ELA and study of AZO and IOH properties after ELA. The 

energy densities which are used in ELA are listed in the tables below. The spot of the excimer 

laser of the Brand Excico (XeCl, 308nm and 150 ns) was ~ 15 ± 2 mm2.  

 

ITO was deposited onto Corning glass [ITO/g] and silicon substrate [ITO/Si] in order to 

study its properties before and after laser annealing. The glass substrates had dimensions 25 x 

25mm [ITO/g] whereas the Silicon substrates were of different size (two or three times bigger 

than the laser spot and manufactured by Czochralski Method) since they were small pieces of a 

c-Si(n) wafer (100) [ITO/Si]. To measure the change in sheet resistance due to different ELA 

energies or to repetitive pulses with the same energy density, different ELAs were tested (see 

Table 3-1 and Table 3-2). The laser annealed ITO/g samples were characterized by Hall Effect 

measurement, spectrophotometry and four point probe measurement. The laser-annealed ITO/Si 

samples were characterized by Ellipsometry. SEM observations were also made in ITO/g and 

ITO/Si samples to observe changes in microstructural characteristic of thin films surfaces. ITO/g 

and ITO/Si samples were deposited by magnetron sputtering with the same parameters in ITO 

PVD chamber of the JUSUNG system (see Figure 2-8). Consequently the initial optical and 

electrical properties are similar in all samples. The different ELAs for ITO/g and ITO/Si are 

summarized in Table 3-1 and Table 3-2. To measure the impact of ELA on amorphous silicon, 

some precursors (IP-ITO) of ITO/a-Si:H(p)/ a-Si:H(i)/c-Si (n)/a-Si:H(i) were prepared to 

perform passivation measurements. The different ELAs applied to these precursors are 

presented in Table 3-3. 

 

R&D solar cells (R-x) were manufactured in the R&D clean room at INES with the steps 

described in section 2.2.2, with a surface of 12.5 x 12.5 cm (pseudo-square). Pilot line solar cells 
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(LF-x) were fabricated in a semi-industrial factory also at INES with a surface of 15.6 x 15.6 

cm (pseudo square). The different ELAs applied to these HET solar cells are summarized in 

Table 3-4 and Table 3-5. 

 

AZO samples were deposited on glass (AZO/g) and silicon substrates (AZO/Si). AZO/g 

and AZO/Si were prepared by magnetron sputtering in one of the PVD chambers of the 

JUSUNG equipment; samples with two different thicknesses (100 nm and 300 nm) were 

submitted to laser treatment. The different ELAs applied AZO/g and AZO/Si are showed in 

Table 3-6 and Table 3-7. 

 

IOH samples were deposited on glass (IOH/g) and silicon substrates (IOH/Si). IOH/g and 

IOH/Si were prepared by magnetron sputtering with an Indium oxide target in an Ar:H 

atmosphere at room temperature (RT) and at 150°C. These samples were made at LETI-

Grenoble. The different ELAs applied to IOH/g and IOH/Si are summarized in Table 3-8,  

Table 3-9 and Table 3-10.  
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3.3.1 ELA treatments for ITO 

 

Table 3-1. Energy densities applied to ITO/g and ITO/Si.  

SAMPLE 
Energy Density 

(mJ.cm-2) 

ITO/g-1 ITO/Si-1 100 

ITO/g-2 ITO/Si-2 50 

ITO/g-3 ITO/Si-3 150 

ITO/g-4 ITO/Si-4 200 

ITO/g-5 ITO/Si-5 250 

ITO/g-6 ITO/Si-6 300 

ITO/g-7 ITO/Si-7 350 

ITO/g-8 ITO/Si-8 400 

ITO/g-9 ITO/Si-9 450 

ITO/g-10 ITO/Si-10 500 

ITO/g-11 ITO/Si-11 75 

ITO/g-12 ITO/Si-12 125 

ITO/g-13 ITO/Si-13 175 

ITO/g-14 ITO/Si-14 225 

ITO/g-15 ITO/Si-15 275 

ITO/g-16 ITO/Si-16 325 
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Table 3-2. Energy densities applied to ITO /g and ITO/Si for repetitive pulses. 

SAMPLE 

Energy 

Density 

(mJ.cm-2) 

ITO/g-17 ITO/Si-17 2 x 504 

ITO/g-18 ITO/Si-18 2 x 100 

ITO/g-19 ITO/Si-19 4 x 50 

ITO/g-20 ITO/Si-20 3 x 100 

ITO/g-xi_01 ITO/Si-xi_01 2 x 300 

ITO/g-xi_02 ITO/Si-xi_02 3 x 300 

ITO/g-xi_03 ITO/Si-xi_03 5 x 300 

ITO/g-xi_04 ITO/Si-xi_04 7 x 300 

ITO/g-xi_05 ITO/Si-xi_05 10 x 300 

ITO/g-xi_06 ITO/Si-xi_06 2 x 250 

ITO/g-xi_07 ITO/Si-xi_07 3 x 250 

ITO/g-xi_08 ITO/Si-xi_08 5 x 250 

ITO/g-xi_09 ITO/Si-xi_09 7 x 250 

ITO/g-xi_10 ITO/Si-xi_10 10 x 250 

 

 

 

 

 

 

 

                                                 

4  In red, the number of ELA treatments with the same Energy Density. 
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3.3.2 ELA treatments for R&D and Pilot line cells

 

 

Table 3-3. Energy densities applied to 

IP-ITO precursors 

SAMPLE 
Energy Density 

(mJ.cm-2) 

IP-ITO-1 100 

IP-ITO-2 100 

IP-ITO-3 200 

IP-ITO-4 425 

IP-ITO-6 500 

IP-ITO-7 300 

IP-ITO-8 400 

IP-ITO-5 

2 x 400 

3 x 400 

5 x 400 

 

 

 

 

Table 3-4. Energy densities applied to 

front and rear side of PILOT LINE HET 

solar cells. 

SAMPLE 
Front  

(mJ.cm-2) 

Rear 

(mJ.cm-2) 

LF-15 100 - 

LF-13 - 100 

LF-12 200 - 

LF-11 - 200 

LF-10 300 - 

LF-9 - 300 

LF-8 400 - 

LF-7 - 400 

LF-6 500 - 

LF-5 - 500 

LF-4 100 100 

LF-3 200 100 

LF-2 100 300 

LF-1 100 200 
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Table 3-5. Energy densities applied to front and rear side of R&D HET solar cells. 

N° 
Front 

(mJ.cm-2) 

Rear 

(mJ.cm-2) 

R-9 - 100 

R-8 150 - 

R-7 - 150 

R-6 200 - 

R-4 - 200 

R-3 250 - 

 

3.3.3 ELA treatments for AZO and IOH 

 

Table 3-6. Energy density applied to AZO-100nm/g and AZO-100nm/Si. 

SAMPLE 
Energy Density 

(mJ.cm-2) 

AZO-100nm/g-89 AZO-100nm/Si-89 400 

AZO-100nm/g-105 AZO-100nm/Si-105 300 

AZO-100nm/g-112 AZO-100nm/Si-112 200 

AZO-100nm/g-113 AZO-100nm/Si-113 100 

 

Table 3-7. Energy density applied to AZO-300nm/g and AZO-300nm/Si. 

SAMPLE 
Energy Density 

(mJ.cm-2) 

AZO-300nm/g-114 AZO-300nm/Si-114 400 

AZO-300nm/g-115 AZO-300nm/Si-115 300 

AZO-300nm/g-116 AZO-300nm/Si-116 200 



Table 3-8. Energy density applied to 

IOH-RT/g and IOH-RT/Si. 

SAMPLE 
Energy Density 

(mJ.cm-2) 

IOH-RT/g-21 300 

IOH-RT/g-161 100 

IOH-RT/Si-2.1 300 

IOH-RT/Si-2.2 400 

IOH-RT/Si-2.3 500 

IOH-RT/Si-2.4 600 

 

Table 3-9. Energy density applied to 

IOH-RT/SiO2/Si. 

SAMPLE 
Energy Density 

(mJ.cm-2) 

IOH-RT/SiO2/Si-4.1 300 

IOH-RT/SiO2/Si-4.2 200 

IOH-RT/SiO2/Si-4.3 50 

IOH-RT/SiO2/Si-4.4 100 

 

 

 

 

 

 

Table 3-10. Energy density applied to IOH-150°C/g and IOH-150°C/Si. 

SAMPLE 
Energy Density 

(mJ.cm-2) 

IOH-150°C/g-201 100 

IOH-150°C/Si-1.1 300 

IOH-150°C/Si-1.2 400 

IOH-150°C/Si-1.3 500 

IOH-150°C/Si-1.4 600 

IOH-150°C/Si-1.5 700 
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4 CHARACTERIZATION OF ITO AND OTHERS TCOS 

TREATED BY ELA 

 

 

In this chapter, a summary of physical properties of ITO will be presented, then the 

equipment that was used to characterize the samples is described and the results and 

observations are shown at the end. 

4.1 tin-doped indium oxide or ITO 

 

Tin-doped Indium Oxide or more commonly called Indium Tin Oxide (ITO) is a transparent 

conducting oxide and has been studied for more than 30 years primordially for its use as 

transparent electrode. It has been widely used in industry to fabricate electronic devices such as 

liquid crystal screens, photodiodes, antistatic coatings, photovoltaic solar cells, etc. The indium 

is a rare element on earth and its extraction is more and more expensive. The boom of flat 

screens has almost depleted the mineral deposits: this fact increased prices from 70$/Kg in 2001 

to 1000$/Kg in 2006 and 600$/Kg in 2010 (Edison Investment Research, 2014). One of the 

materials that could be used as a substitution for ITO because of its similar physical properties 

is Aluminum doped Zinc Oxide (ZnO:Al or commonly called AZO). At INES, AZO is still at 

research level. 

ITO can be prepared by many techniques such as isostatic pressing, physical vapor 

deposition (PVD), chemical vapor deposition (CVD), pyrolysis, sol-gel deposition, etc. At INES, 

ITO is prepared by magnetron sputtering with specified conditions to minimize absorption in 

the visible range of solar spectrum, as can be seen in Figure 4-1 (extinction coefficient is a good 

indicator of absorption). 
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Figure 4-1. Extinction Coefficient for ITO prepared at INES vs Wavelength 

 

4.1.1 Physical Properties 

 

Indium Oxide as a bulk material is yellow and has a fusion point of 1913°C. It has a bixbyite 

structure (space group Ia3) which has a centered cubic structure with 80 atoms.  

ITO is an n-doped degenerate semiconductor with a direct band gap of 3.5 - 4.3 eV. In a 

degenerate semiconductor the Fermi level is inside the conduction band: in this way ITO has a 

quasi-metallic behavior. ITO is a degenerate semiconductor thanks to two main doping 

mechanisms: the vacancies of oxygen and the substitution of Indium by Tin. Therefore, free 

charge carriers are produced by the vacancy of a divalent oxygen (getting 2 electrons) and the 

replacement of a trivalent ion (In3+) by a tetravalent ion (Sn4+) (getting 1 electrons). 

The high conductivity of ITO thin films (2-5x 10-4 Ω.cm) is due to its huge concentration 

of charge carriers (>1020 cm-3) and to its mobility few tens of cm2V-1s-1), despite the fact that in 

a polycrystalline semiconductor the mobility is limited by three main diffusion mechanisms:  

diffusion by ionized impurities, diffusion by neutral impurities and diffusion by grain 

boundaries.  
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Figure 4-2. A) Band diagram for non-doped In2O3 and B) the effect of tin doping. 

 

The band diagram of intrinsic Indium Oxide (In2O3) at 0 K is presented in Figure 4-2.A. 

The Fermi level (EF) is localized in the middle of the band gap (Eg ~ 3.5eV), the conduction 

band is empty and the In2O3 is transparent and insulating. If some little doping is introduce to 

In2O3, the donor levels appear near the minimum of the conduction band. For a certain quantity 

of donors (N), the donor levels are combined with the conduction band and EF is thus in the 

conduction band: this critical value is Nc ~ 2.3x1019cm-3 (Gupta, 1989). For N >Nc the 

semiconductor behaves like a metal according to non-metal/metal Mott’s transition. 

Thanks to its high bandgap, ITO, like other TCOs, is highly transparent in the visible range. 

However, in the near-IR and IR regions, the excitation of the free carriers generates absorption 

by the layer due to intraband transitions within the conduction band. As the number of free 

electrons is increased, the absorption in the near-IR is increased and the absorption edge in the 

near IR is shifted to shorter wavelength values. At some point, free carrier absorption starts to 

have an impact on the spectral range of interest for solar cells. We can then easily understand 

that TCOs suffer from a compromise between conductivity: carrier concentration has to be 

sufficiently high for the TCO to be conductive but should not be too high in order to avoid to 

high absorption in the near IR. As the conductivity is also directly proportional to the carrier 

mobility, a good way to optimize the conductivity-transparency compromise of TCOs is to have 

a layer with the highest mobility.  

A

. 

B

. 
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4.2 Characterization Tools 

 

In this section, four techniques of characterization will be described: Four probe technique, 

Hall Effect Measurement, Ellipsometry and Spectrophotometry. 

4.2.1 Sheet Resistance by four probe technique 

 

The sheet resistance R□ is a scalar physical quantity which is measured in thin films. The 

Resistance of any sample can be written as: 

R =  
ρ. l

A
=

ρ. l

w. d
=

ρ 

d
.

l

 w
= R□ .

l

w
 

             
(4-1) 

 

Where ρ is the resistivity, l is the length, w is the width, d is the thickness and A is the area 

of the cross section. R□ is defined as: 

R□ =  
ρ 

d
 

             
(4-2) 

 

The R□ depends on the material properties and the thickness of the sample and its SI unity 

is Ω.-1. 

 

 

 Figure 4-3. A) Sample with dimensions w, l, and d. B) Four probes measurement.  

B A 
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In order to measure the R□ of a thin film, the four probes must contact the thin film surface 

as it can be seen in Figure 4-3.B. Then a current I passes through the external probes while the 

potential V is measured between the middle probes. 

Van der Pauw showed that V, I and R□ are related by (Van der Pauw, 1958):  

 

𝑅□ =  
𝜋

ln 2
 
𝑉𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑

𝐼𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑
 

             
(4-3) 

 

The R□ is measured with the Napson-5 four point probe resistivity measurement system. 

The four probes head of the NAPSON equipment is shown in Figure 4-4. Samples of ITO thin 

films on glass and on silicon type n substrate were measured before ELA treatments as presented 

in Table 4-1, thickness of ITO is ~100 nm. 

Table 4-1. Initial values of ITO/g and ITO/Si. 

SAMPLE 
R□  

(Ω. -1) 

ITO/g initial 100 

ITO/Si initial 90 

 

  

Figure 4-4.  Four probes head of the NAPSON equipment. 
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4.2.2 Hall Effect Measurement: mobility (µH) and carrier concentration (N) 

 

4.2.2.1 Hall Effect 

 

The Hall Effect is shown in Figure 4-5 (Sze, 2006). When an electron travels under the 

action of an external electric field Ex (current I in the sample) which is perpendicular to the 

magnetic field Bz, this electron experiences a Lorentz force F in the “ - y” direction, deviating 

the electron from its original trajectory. 

 

 

Figure 4-5. Sample under a magnetic field Bz, and illustration of the hall voltage VH 

(Legeay, 2011). 

 

If the sample is insulated in the y direction, charge carriers start to accumulate on the lateral 

walls.  These charge carriers create an electric field EH, and this electric field produces a force 

which is opposed to the Lorentz force (produced by the magnetic field Bz). As a result of the 

accumulation of charge carriers, an electrical potential VH = w EH appears between lateral walls 

(this tension VH can be measured with a voltmeter). The width and the thickness of the sample 

are w and d respectively. 

Jx = I /w.d is the current density along the x axis and Jx = σ Ex, with: 

σ =  Ne µe 
             

(4-4) 
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Where N is the concentration of charge carriers (electrons in the case of an n-type 

semiconductor, e is the fundamental charge of the electron and µe is the mobility of free electrons 

(conducting electrons). The Hall field is: EH=AH Bz x Jx, where AH is the Hall constant of the 

material. 

AH =  
VH . d

B . I
 

             
(4-5) 

 

In a n-doped and non-degenerated semiconductor, the Hall constant is: 

AH =  
𝑓𝐻

𝑁. 𝑒
  

             
(4-6) 

 

The value of fH depends on diffusion mechanisms of charge carriers. ITO is considered a 

n-doped and degenerate semiconductor (majority carriers are electrons and due to its doping 

level it can be treated as a conductor), in this case fH ≈ 1, then: 

µe ≈ µH =  
𝜎

𝑁 · 𝑒
=

𝜎 · 𝐴𝐻

𝑓𝐻
=  σAH =  

σ . VH . d

B . I
 

             
(4-7) 

 

4.2.2.2 Van der Pauw Method 

 

The Van der Pauw method is used to measure the R□ of uniform thin films. An arbitrary 

form thin film of thickness d with 4 contacts (m, n, o and p) is shown in Figure 4-6 . A current 

(Imn) is applied through the m and n contacts and then the electrical potential is measured 

between contacts p and o (Vop = Vp – Vo).  
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Figure 4-6. Arbitrary shaped thin film. 

 

We define Rmn,op =  Vop / Imn, and in the same way Rno,pm = Vop / Imn . Therefore Van der 

Pauw demonstrated the following relation (Van der Pauw, 1958):  

𝑒𝑥𝑝 (−
𝜋𝑅𝑚𝑛,𝑜𝑝

𝑅

) +  𝑒𝑥𝑝 (−
𝜋𝑅𝑛𝑜,𝑝𝑚

𝑅

) = 1 
             

(4-8) 

 

If the direction of the current I change, we have: Rmn,op =Rnm,po and by a reciprocity relation 

we also have: Rmn,op= Rop, mn . Finally, we only have two values for eight possible measurements: 

RA = Rmn,op = Rnm,po = Rop,mn = Rpo,nm 

RB = Rno,pm = Ron,mp = Rpm,no = Rmp,on 

In no-symmetry conditions RA ≠RB, then eq. (4-8) becomes: 

𝑒𝑥𝑝 (−
𝜋𝑅𝐴

𝑅

) +  𝑒𝑥𝑝 (−
𝜋𝑅𝐵

𝑅

) = 1 
             

(4-9) 

 

At the end, the R□ can be obtained by solving numerically eq. (4-9). 
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4.2.2.3 N y µH Measurements 

 

Sheet resistance of a sample of ITO/g is measured by Van der Pauw method, while the n 

value is measured by Hall Effect and finally µH is deduced from these two measurements. Both 

measurements are made using the same pinboard of the HMS-5000 Hall Effect Measurement 

System (Figure 4-7.B). The sample must be squared and uniform (see Figure 4-7.A). 

  

 

 

 

 

 

 

 

Van der Pauw demonstrated that a variation in the magnetic field perpendicular to the 

sample produces a variation in the Rmo,np =  Vnp / Imo  . This means that Δ Rmo,np can be used to 

calculate the Hall constant AH (Van der Pauw, 1958): 

AH =  
𝑑

𝐵
 ∆𝑅𝑚𝑜,𝑛𝑝 

             
(4-10) 

 

 

 

 

 

Figure 4-7. A) ITO/g sample. B) Pinboard of HMS-5000 Hall the measurement 

system 

B A 
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The HMS-5000 equipment can provide N y µ𝐻 values in this way: 

 To calculate n, the equipment applies a magnetic field perpendicularly to the sample first 

in one direction and then in the opposite direction while making a current Imo flowing 

between the m and o contacts and measures∆𝑅𝑚𝑜,𝑛𝑝 . The procedure is repeated to 

measure ΔRnp,om, ΔRom,pn and ΔRpn,mo. The average Hall coefficient is deduced from these 

measurements and eq. (4-11).The operator just has to enter the thickness of the thin film 

and the value of n is deduced from eq. (4-6) 

  

 To calculateµ𝐻, the equipment measures Rmn,op, Rnm,po, Rop,mn, Rpo,nm Rno,pm, Ron,mp, Rpm,no 

and Rmp,on and then calculates R□ using eq. (4-10). From this and with the sample 

thickness, one gets the value of the conductivity σ and finally µ𝐻 can easily be obtained 

from eq.(4-7)  
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4.2.3 Ellipsometry 

 

Ellipsometry is an optical characterization technique that uses the interaction of polarized 

light with the Surface of a material to determine its dielectric function. It can be used to 

characterize the refraction index (n), the extinction coefficient (k) and the thickness (d) of thin 

films (from Å to µm) among other properties.  

This technique is not going to be described in detail in this report due to its high complexity; 

however the principle is explained in Figure 4-8.B. When a light ray (Ei) which has a linear 

polarization interacts with a surface making a certain incident angle, this ray can be expressed 

as the combination of two components –s (perpendicular component) and –p (parallel 

component) in respect to incidence plane. Then the incident ray is reflected by the surface, 

changing its components, now with an elliptic polarization (Er). The characteristics of the 

polarization depend on the thickness of the film, the properties of the material, the variation of 

the incident angle and the wavelength of the incident ray. In our case, we used the method of 

constant angle. 

 

 

 

 

 

 

 

 

 

B 

Figure 4-8. A) Parts of an ellipsometer (Muñoz D. , 2008). B) Principle of work of an 

ellipsometer. 

A 
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The ellipsometer is a Horiba Jobin-Yvon equipment and its principal parts are: 1) a source 

of light, 2) a polarizer, 3) a photoelastic modulator (PEM), 4) an analyzer (another polarizer), 

5) a monochromator and a detection system, as presented in Figure 4-8.A. 

 

Ellipsometry does not directly measure the n, k and d values of the thin film. It utilizes a 

model or the combination of dispersion models (Drude, Tauc-Lorentz, Cauchy…) whose 

parameters will be changed until the simulation coincides with the pseudo-dielectric function 

〈𝜖̃ (𝜔)〉 of the sample (substrate and thin film), see eq.(4-11). The model used must be coherent 

with the nature of the material (semiconductor, insulator or conductor) whereas the pseudo-

dielectric function takes into account the response of the material and the response of the 

substrate. As a consequence, the optical behavior of the substrate must be known (transmission 

and reflectivity) (Keita, 2012). The expression of the pseudo dielectric function is: 

〈𝜖̃ (𝜔)〉 =  sin 𝜃 {1 + (
1 − 𝜌

1 + 𝜌
)

2

. tan 𝜃}  
             

(4-11) 

 

Where the incident angle is 𝜃 =70° and 𝜌 is the ratio of reflection coefficients: 

𝜌 =
𝑟𝑝

𝑟𝑠
= tan(Ψ) 𝑒−𝑖Δ 

             
(4-12) 

 

Ψ and Δ  are the ellipsometric angles which are measured by the ellipsometer and they are 

related to the index of refraction, extinction coefficient, thickness, etc. A model commonly used 

for ITO is the Drude-Lorentz dispersion model: 

𝜖(𝜔) =  𝜖∞ + 
𝜔𝑝

2

−𝜔2 + 𝑖Γ𝑑𝜔
+

( 𝜖𝑠 −  𝜖∞)𝜔𝑡
2

𝜔𝑡
2 − 𝜔2 + 𝑖Γ0𝜔

+ ∑
𝑓𝑗𝜔0𝑗

2

𝜔0𝑗
2 − 𝜔2 + 𝑖γ𝑗𝜔

2

𝑗=1

 
             

(4-13) 

 

To measure ITO optical properties the ellipsometer makes these steps: First of all, it 

measures the ellipsometric angles (Ψ and Δ  ) and then it fits the parameters (𝜔𝑝, 𝜔𝑡,  𝜖𝑠, etc.) in 
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eq. (4-13) until 𝜖(𝜔) =  〈𝜖𝐼̃𝑇𝑂 (𝜔)〉. Afterwards, it can calculate the index of refraction and the 

extinction coefficient solving 𝜖1 = 𝑛2 − 𝑘2 and 𝜖2 = 2𝑛𝑘, where 𝜖(𝜔) = 𝜖1 + 𝑖 𝜖2 .  

 

4.2.4 Spectrophotometry 

 

The measurement of Transmission (T) and the reflectivity (R) are made with a 

spectrophotometer Perkin-Elmer Lambda UV-VIS-IR.  

When a measurement of Transmission is made, the spectrophotometer makes a ratio 

between the quantity of radiation that passes through a sample and the quantity of incident 

radiation for a given a wavelength. For measuring the Reflectivity, the ratio between reflected 

radiation and incident radiation is made. Finally, Absorption is A=1-T-R. 

 

Furthermore the effective transmission, effective reflectivity and effective absorption can 

be calculated with eq. (4-14) in the range of importance of a solar cell <300, 1200>nm. 

𝑇𝑒𝑓𝑓; 𝑅𝑒𝑓𝑓; 𝐴𝑒𝑓𝑓 =  
∫ (𝑇; 𝑅; 𝐴).  𝑆𝑜𝑙𝑎𝑟 𝑆𝑝𝑒𝑐𝑡𝑟𝑢𝑚

1200

300
 𝑑λ

∫ 𝑆𝑜𝑙𝑎𝑟 𝑆𝑝𝑒𝑐𝑡𝑟𝑢𝑚
1200

300
 𝑑λ

  
             

(4-14) 

 Where solar spectrum is the number of photons of the solar spectrum A.M. 1.5 that get 

to the Surface of the earth for a certain wavelength. 
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Figure 4-9. Transmission, Reflectivity and absorption spectrums of ITO on glass. 
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4.2.5 Scanning Electron Microscope (SEM) 

 

A Scanning electron microscope was used to observe the superficial changes or damages 

after ELA treatments on different samples. The work principle is very simple: an electron beam 

(primary electrons) is projected on the sample. The interaction between the electrons and the 

sample generates secondary electrons (electrons from outer shells). Secondary electrons are very 

sensitive regarding the roughness of the surface, thus allowing to get a cartography of the surface. 
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4.3 Results and Observations 

 

In this section, ITO, AZO and IOH ELA treatment results will be described and discussed. 

4.3.1 ITO results 

 

Sheet resistance (R□) as a function of the energy density of the irradiation is shown in 

Figure 4-10.A. The R□ of ITO/g decreases strongly for energy densities in the range of 175-300 

mJ.cm-2 whereas for ITO/Si samples, R□ decreases more progressively in the interval 250-500 

mJ.cm-2. This difference in behavior of laser annealed ITO thin films on different substrates 

under the same energy density could be explained by the difference in thermal conductivity of 

the substrates.  

 

 

 

 

 

 

 

 

 

 

Thus, heat evacuation from ITO thin film seems to be more important through Silicon than 

through glass substrates, hence inducing more heat concentration and producing more changes 

Figure 4-10. A) Sheet Resistance vs Laser fluences. B) ITO/g sample annealed with 

500 mJ.cm-2. C) ITO/Si sample annealed with 1000 mJ.cm-2. 
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in ITO/g samples.  For laser fluences above 325 mJ.cm-2, R□ increases considerably in ITO/g 

samples because of the high laser energy that produces a degradation of the ITO layer as it can 

be seen in Figure 4-10.B. For ITO/Si samples the damage can be seen for laser fluences above 

500 mJ.cm-2, see Figure 4-10.C.  

 

A mapping of the sheet resistance was made on some ITO/g samples to measure the 

homogeneity before and after the ELA. As it can be seen in Figure 4-11.B, although the sheet 

resistance is considerably decreased, the sheet resistance homogeneity is worse than before. 

 

To study the influence of number of shots with the same energy density, different laser 

treatments were made on ITO/g and ITO/Si samples (see Table 3-2 ). As it is showed in Figure 

4-12, the laser treatments with 50 and 100 mJ.cm-2 don’t produce a net change in sheet resistance 

for different number of shots neither in ITO/g (Figure 4-12.A) nor in ITO/Si samples (Figure 

4-12.B).  Above 250 mJ.cm-2, the sheet resistance experiments a drop for ITO/g and ITO/Si and 

a good stabilization of the value for a number of shots > 2. We can then conclude that one can 

change the material properties with one laser shot, but then these become stable upon ELA. The 

minimum values of sheet resistance after ELA for ITO/g and ITO/Si are respectively 40 Ω.-1 

and 70 Ω.-1. 
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Figure 4-11. Mapping of sheet resistance of ITO/g A) before and B) after laser fluency 

300 mJ.cm-2. 
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In Figure 4-13, there is no change in conductivity (σ), density of charge carrier (N) and 

mobility (µ) for laser fluences below 175 mJ.cm-2 in ITO/g samples, whereas a strong increment 

of these variables is observed for 175 to 300 mJ.cm-2 energy densities: σ increases from 1x10-3 

Ω-1.cm-1, N from 1.7x1020 to 3.6x1020 cm-3 and µ from 35 to 50 cm2.V-1.s-1. As σ is directly 

proportional to N and µ, this means σ increases thanks to the increase in both N and µ. The 

increment in N could be due to recrystallization that would allow a better activation of doping 

atoms (Sn  Sn4+) or to the diffusion of oxygen atoms out of the layer. The increment in µ 

could be due to recrystallization or increased grain size.  Last, σ, N, µ drop for laser fluences 

above 300 mJ.cm-2 due to damage of the layer mentioned above.  

 

Transmission spectra of ITO/g for different laser fluences are showed in Figure 4-14 . The 

change in transmission can be observed above 300 mJ.cm-2. The transmission increases 

gradually in the range of interest for the cell functioning <500, 1200> nm for ELA energies from 

300 to 400 mJ.cm-2. However, for wavelengths above 1500 nm, we can clearly observe a strong 

decrease in the transmission as the energy of irradiation increases: this can be directly correlated 

with the increase in carrier concentration (see Figure 4-13.B) and thus in free carrier absorption 
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in the IR. Furthermore, a dramatic change in transmission can be seen for a 500 mJ.cm-2 laser 

fluence due to a certain thin film degradation after high energy laser annealing. 

The absorption experiments a blue shift for energy densities above 250 mJ.cm-2, see red 

arrow in Figure 4-15.fluences. The Absorption reduction in the UV wavelength range thanks to 

this blue shift can be explained by the increment of charge carriers in conduction band (see 

Figure 4-13.B) and is known as the Burstein-Moss effect. 
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Figure 4-15. Absorption spectrum of ITO/g for different laser fluences.  

Figure 4-16. Tauc-plot for band gap 

calculation. 

 

 

 

 

 

Table 4-2.Optical band gaps ITO/g 

samples for different ELA treatments. 
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The Burstein-Moss effect explains the increment of optical band gap or increment of the 

absorption edge (blue shift) in some degenerate semiconductors of type n (type p) as a result of 

the occupation of states near the conduction band (valence band) due to a charge carrier 

augmentation (see Figure 4-15. inset). Tauc plot [(αhν) 2 vs. photon energy] is used to calculate 

optical band gap of the ITO/g after ELA, where α is the absorption coefficient, hν is the photon 

energy. In the plot, the curve shows a section of straight line (ex. green dash line) which is 

extrapolated to the x-axis. The x-intercept of this line gives the optical band gap, see Figure 

4-16. The estimated optical band gaps are listed in Table 4-2. The increment of the optical band 

gap coincides with the blue shift in absorption spectra.   

 

The Teff, Reff and Aeff values of ITO/g samples after treatment with different laser 

fluences are shown in Figure 4-17.A. There is almost no change in these effective values for 

energy densities below 225 mJ.cm-2. For laser fluences from 250 to 300 mJ/cm2, Teff slightly 

increases while Reff decreases and Aeff stays practically constant: for these fluences, the change 

in ITO optical properties could be then beneficial for the solar cell performance.  

 

In Figure 4-17.B and Figure 4-17.C, the pseudo dielectric functions of ITO/Si samples 

(optical response from both, substrate and thin film) experiment no deviation from reference 

sample (0 mJ.cm-2) which shows that no change in refractive index after laser annealing occurs 

in the range 0-325mJ.cm-2. This is contradictory to what is observed by spectrophotometry on 

the ITO/g samples and confirms the behavior difference between ITO/g and ITO/Si samples 

already observed when measuring electrical properties. 

 

In Figure 4-13.A and Figure 4-17.A, it can be seen that there is an augmentation of 

conductivity and transmission and a diminution of reflection in the range 200-300 mJ/cm-2 

showing an improvement in both electrical and optical properties of ITO/g by thin film laser 

annealing. These results show that ELA seems to be very promising for improving HET solar 

cell performances via the improvement of ITO. 
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In order to get a deeper insight into the superficial microstructure of ITO thin films before 

and after ELA treatments, we performed SEM characterization (see Figure 4-18). In Figure 4-18.A, 

a reference sample ITO/Si is shown (without laser annealing).  

 

In Figure 4-18(A-H), we can identify domains in the surface of ITO which are located one 

next to the other with a non-defined shape; domains or grains are made of an ensemble of 

columnar-like crystals that have grown in only one direction thus permitting to differentiate one 

domain from the other.  

 

In particular, Figure 4-18.G shows the presence of cracks over the ITO surface treated with 

an energy density of 750 mJ.cm-2 which could be explained by the huge amount of energy that 
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is given to the sample in a short time; such cracks can be related to the decrease of mobility 

hence the augmentation of Sheet resistance (see Figure 4-10.A, where values of Sheet resistance 

for laser fluences above 500 mJ.cm-2 are too high to be presented in the graph). In Figure 

4-18I and J show scanning electron micrographs of ITO/g treated at 500 mJ.cm-2 and ITO/Si 

treated at 1000 mJ.cm-2, respectively; we can see that ITO thin films were totally melted on 

these substrates. In this way, these two fluences are limiting values for annealing of ITO/g and 

ITO/Si samples respectively since they can destroy completely ITO thin films. 



   

64 

(Continued on the next 

page) 

 

ITO/g 

300 mJ.cm-2 

ITO/Si 

200 mJ.cm-2 

ITO/Si 

300 mJ.cm-2 

ITO/Si 

0 mJ.cm-2 

ITO/Si 

400 mJ.cm-2 

ITO/Si 

500 mJ.cm-2 

A

. 

B

. 

C

A

. 

D

. 

E F 



   

65 

 

Figure 4-18. SEM Micrographs of   ITO/g and ITO/Si samples treated under different energy densities. 

Description of each samples and the laser fluence used are shown in the box. 
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Figure 4-19. Histograms showing the distribution of size [Frequency vs. area (nm2)] of the domains in 

the ITO/g and ITO/Si samples after laser annealing (10 000 nm2= 0.01 µm2) for different ELA 

treatments. 

 

The area of the domains (see Figure 4-19 A-H) was measured with an image analysis software 

(ImageJ) and the corresponding histograms are presented in Figure 4-19. The unit of the area in the 

graphs is nm2 but   we will use µm2 to indicate results (10 000 nm2 = 0.01 µm2). From the analysis of 

scanning electron micrographs, we determine the area distribution (size distribution) of domains which 

is uniformly distributed in the range: 10-80 K nm2 (0.01-0.08 µm2). The common size of ITO/g (300 

mJ/cm2), ITO/Si (ELA: 300 mJ/cm2) and ITO/Si (ELA: 3 x 300 mJ/cm2) is approximately 20K nm2 

which would indicate that grains mostly grow at this size.  
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4.3.2 AZO results 

 

AZO was deposited onto glass (AZO/g) and silicon (AZO/Si) substrates with two 

thicknesses 100nm (AZO-100, see in .A) and 300nm (AZO-300, see in .B) and was also 

submitted to laser annealing (see laser fluences in Table 3-6 and Table 3-7).  Like for ITO 

samples, we observe a difference of behavior of the film properties when performing the same 

ELA on different substrates that may also be explained by the difference in thermal conductivity 

of silicon and glass substrates as in ITO samples. There is an increment in sheet resistance for 

AZO-100/Si and AZO-300/Si with laser fluences above 300 mJ.cm-2. However, there is no net 

change in sheet resistance neither for AZO-100/g nor AZO-300/g samples for irradiation below 

200 mJ.cm-2. It can be seen that there is a minimum at 100 mJ.cm-2 for AZO-100/Si (125 Ω.-1), 

see Figure 4-20 .A. 

 

Unlike for ITO/g samples, for AZO-100nm/g, there is almost no change in conductivity at 

fluences below 200 mJ.cm-2 (see blue line in Figure 4-21.A), which confirms what was observed 

with 4-point probe measurement of R□ on glass. N experiments a slight increment and µ 

decreases as the laser fluence increases from 0 to 200 mJ.cm-2, thus compensating each other 

and explaining the flat tendency observed for the conductivity. Above 200 mJ.cm-2, the samples 

started to degrade: µ decreases drastically (see Figure 4-21.B), possibly because of the sample 

starting to crack like it was observed on ITO on Figure 4-18 G. 

 

For AZO-300nm/g, there is a slight decrease of the conductivity from 570 to 510 Ω-1.cm-1 

when increasing the fluence from 0 to 300 mJ.cm-2
   (see red line in Figure 4-21.A). While N 

does not experiment any change below 400 mJ.cm-2, µ value decays progressively thus 

explaining the reduction of the conductivity. Above 300 mJ.cm-2 there is a strong degradation 

of thin AZO thin films resulting in a drastic reduction of the mobility and thus of the 

conductivity (see Figure 4-21.C). 
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The behavior of AZO electrical properties upon laser annealing is then completely different 

from what happens with ITO material: almost no change in conductivity for AZO vs. strong 

increase for ITO, degradation of the mobility of AZO layers vs. strong increase for ITO layers. 
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Figure 4-22. A) Transmission and B) Absorption spectra of AZO-100nm/g for different 

laser fluences. 

 

 

Figure 4-23. A) Transmission and B) Absorption spectra of AZO-300nm/g for various 

laser fluences.
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Table 4-3.Optical band gaps of 

laser annealed AZO-100nm/g 

 

  

 

 

 

 

 

 

 

 

 

 

 

Table 4-4. Optical band 

gap of laser annealed 

AZO-300/g 

 

AZO-100nm 

(mJ.cm-2) 

Optical Band 

Gap  

(eV) 

0 3.44 

100 3.46 

200 3.55 

300 3.64 

400 3.62 

AZO-300nm 

(mJ.cm-2) 

Optical 

Band Gap  

(eV) 

0 3.32 

200 3.34 

300 3.37 

400 3.39 
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- AZO-100nm/g  

In the range of photovoltaic interest (300-1200nm): Transmission (T) increases when 

fluences are incremented from 100 to 300 mJ.cm-2 (see Figure 4-22.A). Absorption (A) 

experiments a blue shift (see Figure 4-22.B) for laser fluences below 300 mJ.cm-2 which is 

confirmed by the calculation of optical band gap with Tauc plot (Figure 4-24): this can again be 

explained by the Burstein-Moss effect, like in the case of ITO. Last, the effective Absorption 

between 300-1200 nm slightly decreases for values below 300 mJ.cm-2 (see Figure 4-27.A).  

 

In the IR range (1200-2500nm): Absorption increases while transmission decreases for 

laser fluences from 100 to 300 mJ.cm-2 because of increased free carrier absorption. 

Transmission augments and Absorption drops for 400 mJ.cm-2 probably as a result of the film 

degradation  

 

- AZO-300nm/g  

In the range of PV interest: Transmission (T) increases for laser fluences from 0 to 

400 mJ.cm-2 (see Figure 4-23.A) while Absorption (A) experiments a blue shift (see Figure 

4-23.B) that can again be explained by the Burstein-Moss effect. 

 

In the IR range: Transmission decreases for laser fluences from 0 to 300 mJ.cm-2, again due 

to increased free carrier absorption as N slightly increases (see Figure 4-23.A). For Absorption, 

it can be seen two ranges: <1200, 2000>nm where Absorption augments for energy densities 

below 300 mJ.cm-2 because of free carrier absorption and <2000, 2500>nm where Absorption 

decreases proportional to the energy density (see Figure 4-23.B).  
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For both thicknesses of AZO layers, the augmentation of Absorption in the IR range is 

related to increment of concentration of charge carriers, as already mentioned: this increase in 

N can result from activation of doping atoms (aluminum) in Zinc oxide thanks to the energy 

brought by the laser or from the diffusion of Oxygen atoms outside the Zinc oxide lattice thus 

creating more oxygen vacancies, after the heating of the layer resulting from laser annealing. 

(see Figure 4-27). 

 

Pseudo dielectric functions resulting from ellipsometry measurements in silicon substrates 

are shown in Figure 4-26 for AZO-100nm/Si and AZO-300nm/Si. The absence of variability of 

the pseudo dielectric function (and thus of optical parameters n, k) confirms the very few 

changes in the sheet of the AZO thin films on Si samples under the different ELA. The different 

thickness in AZO samples can be confirmed by the oscillations in pseudo dielectric functions 

(compare Figure 4-26.A and Figure 4-26.C) and the greater Aeff for AZO-300 than for 

AZO-100. 
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Figure 4-26. Pseudo dielectric functions of AZO-100/Si [A), B)] and AZO-300/Si 

[C), D)]. 
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4.3.3 IOH results 

 

Only some laser treatments and characterizations were made on IOH layers due to the 

limited quantity of samples, in particular for glass samples. There were three kinds of IOH 

samples: 

- IOH deposited at room temperature onto glass (two samples) and Silicon (IOH-RT). 

ELA fluences are shown in Table 3-8. 

- IOH deposited at 150°C onto glass (only 1 sample) and Silicon (IOH-150°C). ELA 

fluences are presented in Table 3-10. 

- IOH deposited onto Silicon substrates with a SiO2 thin film of 500 nm at RT (IOH-

RT/SiO2/Si). ELA fluences are summarized in  

- Table 3-9. 

Sheet resistance (R) measurements were made on all samples as it can be seen in Figure 

4-28.A: 

- Sheet Resistance of IOH-RT/g increases when applying a fluence of 100 mJ.cm-2 In the 

case of IOH-RT/Si samples, sheet resistance is almost constant for ELAs below 
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400 mJ.cm-2 and a strong degradation can be seen above 400 mJ.cm-2 (see Figure 

4-28.C). 

 

- Sheet Resistance of IOH-150°C/g does not change when applying a fluence of 

100 mJ.cm-2. In the case of IOH-150°C/Si, sheet resistance decreases progressively for 

increasing laser fluences from 300 mJ.cm-2 until 500 mJ.cm-2. An improvement of the 

sheet resistance is achieved with apparently no damage of the surface of the samples in 

that range. Unfortunately, we did not have enough IOH-150°C/g samples to make Hall 

Effect measurements which would have confirmed these observations and explained the 

improvement of the conductivity with the evolutions of the mobility and concentration 

of charge carriers. For a laser fluence of 700 mJ.cm-2 the layer starts to degrade 

(see Figure 4-28 C). 
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- Sheet resistance of IOH-RT/SiO2/Si is almost constant for fluences below 100 mJ.cm-2. 

When applying a fluence of 300 mJ.cm-2, the layer is degraded (notice the change of 

color between the corner and the rest of the sample that was laser annealed in Figure 

4-28.E) and measurement of the resistance is impossible.  

Like for ITO and AZO samples, we observe again a difference in the behavior of electrical 

properties depending on the substrate. Here in particular, we observe a tremendous difference 

between Si and SiO2/Si substrates with a degradation threshold at 700 and 300 mJ.cm-2 

respectively. The only difference between these two substrates is a 500nm thin layer of SiO2. 

This comforts the hypothesis that different substrates evacuate heat at different rates. That is 

why at 300 mJ.cm-2, the laser annealed IOH-RT films suffer different changes on silicon 

compared to SiO2/Si substrates as it is shown in Figure 4-28.B  (almost  no visual change 

compared to the reference without ELA) and in Figure 4-28.E (sample color changed compared 

to the reference) respectively.  

Reflectance (Figure 4-32 and Figure 4-31) of IOH/Si samples and pseudo dielectric 

functions (Figure 4-29) were measured to have an idea of the change in optical properties after 

laser annealing: 

- IOH-RT/Si: there is no net change in Reflectance for laser fluences below 400 mJ.cm-2. 

As of 500 mJ.cm-2, one can observe a change in the reflectance that can probably be 

attributed to the degradation of the film as some fractures were seen on the film. An 

important change in the dielectric function can also be observed for fluences superior to 

400 mJ.cm-2 again probably resulting from the degradation of the layer. 

- IOH-150°C/Si: Reflectance is almost constant for laser fluences below 600 mJ.cm-2 in 

the spectral range of interest of the cell. However one can see an increase in the 

reflectance in the near-IR range that could originate from a change in carrier 

concentration. Unfortunately we don’t have any Hall Effect data to confirm this 

hypothesis. Furthermore no changes can be seen in pseudo dielectric function for any of 

the tested energy densities (see Figure 4-29.E and F). 
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- IOH-RT/SiO2/Si: For ELAs below 200 mJ.cm-2. Reflectance is almost constant for the 

photovoltaic range of interest but a shift can be noticed in the IR range that could result 

from a change in carrier concentration, as can be seen in Figure 4-31. For ELA at 

300 mJ.cm-2, there is a reduction of the number of oscillations in the Reflectance spectra, 

which probably indicates a reduction of the thickness of the IOH thin film. This thickness 

reduction could originate from a partial ablation of the IOH layer by the laser. 
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Figure 4-29. Pseudo dielectric functions after laser annealing of IOH-RT/Si [A), C)],  

Zoom [B), D) respectively] and of IOH-150°C/Si [E), F)]. 
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Figure 4-32. Reflectance after laser annealing for A) IOH-RT/Si, B) IOH-150°C/Si. 

Figure 4-31. Reflectance after laser annealing of IOH-RT/SiO2/Si. 

A B 

Figure 4-30. Reflectance after laser annealing of A) IOH-RT/Si, B) IOH-150°C/Si. 

A 
B 
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4.4 Conclusions of Chapter N°4 

 

4.4.1 ITO 

4.4.1.1 ITO/g samples 

 

1. The electrical properties (electrical conductivity, carrier mobility and concentration) of 

ITO/g samples continuously and significantly increase after excimer laser annealing for laser 

fluences in the range of [175, 300] mJ.cm-2 (see Figure 4-10 and Figure 4-13):  

 

 

 

Table 4-5. Electrical conductivity, carrier mobility and concentration of ITO/g samples 

before and after a laser annealing of 300 mJ.cm-2 

 

Although sheet resistance decreases, the sheet resistance homogeneity slightly degrades as 

can be seen in Figure 4-11.B. Besides there is no change in sheet resistance after repetitive shots 

with the same laser fluences which means that there is no accumulative effect of ELA (see 

Figure 4-12).  

 

2. The optical properties of ITO/g samples in the spectral range of interest of a solar cell 

improve after laser annealing for energy densities in the range of [250, 400] mJ.cm-2 as it can 

be seen in Figure 4-17.A where Teff increases, Reff decreases and Aeff remains constant. 

 

 

σ 

 (Ω.cm)-1 

µ 

cm2V-1s-1 

N 

cm-3 

Before After Before After Before After 

991.93 2480 35.9 49.97 1.92 x 

1020 

3.1 x 1020 
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3. Degradation of ITO/g samples can be seen for laser fluences above 300 mJ.cm-2. This 

can be seen with naked eye (Figure 4-10.B) or with the drastic decrease of the conductivity 

(Figure 4-13.A). 

 

4. There is an improvement of both optical and electrical properties of laser-annealed ITO/g 

samples for laser fluences between 250 and 300 mJ.cm-2 with an optimum at 300 mJ.cm-2 where 

the sheet  resistance  is  43 Ω. □-1 and Teff. 81.41%. 

 

5. SEM observations have shown that there is almost no change in thin films surfaces below 

300 mJ.cm-2 laser treatment. For values above 500 mJ.cm-2, ITO thin film starts to melt (see 

Figure 4-18 B and I). 

 

4.4.1.2 ITO/Si samples 

 

6. Unlike for ITO/g samples, Sheet resistance only slightly decreases for the range 

<250,500> mJ.cm-2 for ITO/Si samples (Figure 4-10.A). A degradation of the sample is visible 

to the naked eye for a laser fluence of 1000 mJ.cm-2 (Fig. 4-10.C). There is no change in n and 

k coefficients for energy densities below 325 mJ.cm-2 meaning that the optical properties suffer 

almost no modification upon ELA, contrary to what was observed by spectrophotometry on 

ITO/g samples (see Figure 4-17.B and Figure 4-17.C).  

 

7. SEM observations showed that there is almost no change in thin films surfaces below 

500 mJ.cm-2. For values above 500 mJ.cm-2, thin film starts to crack (see Figure 4-18 G). For 

values above 750 mJ.cm-2, ITO thin film starts to melt (see Figure 4-18 H and J). 
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4.4.2 AZO 

4.4.2.1 AZO-100nm 

 

1. For AZO-100/g: Unlike for ITO layers, Sheet resistance slightly decreases from 160 to 

147 Ω. □-1 for laser fluences below 200 mJ.cm-2. Thin film damage can be seen above 200 

mJ.cm-2. There is an increment of the concentration of free carriers (N) below 300 mJ.cm-2 that 

is compensated by a decrease in mobility, contrary to what was observed on ITO/g samples. 

This is also supported by the increment of the optical band gap observed in the Tauc-plots 

(Burstein-Mott effect). 

 

2. For AZO-100nm/Si: Sheet resistance has a minimum value of 78 Ω. □-1 for an ELA at 

100 mJ.cm-2. Pseudo dielectric function does not change for energy densities below 400 mJ.cm-2 

(see Figure 4-26.A and Figure 4-26.B) which confirms that there is almost no change in n and 

k coefficients. 

 

3. Like ITO layers, AZO layers behave different with ELA depending on the substrate. 

 

4.4.2.2 AZO-300nm 

 

4. For AZO-300/g: Sheet resistance slightly increases for laser fluences above 200 mJ.cm-2, 

and samples start to degrade for laser fluences above 300 mJ.cm-2. There is also an augmentation 

of N for laser annealing below 300 mJ.cm-2 which can be confirmed with the slow increment of 

the optical band gap in the Tauc-plots. 

 

5. For AZO-300/Si: Values of sheet resistance, pseudo dielectric function do not change up 

to a laser fluence of 400 mJ.cm-2 where the film starts to degrade. 
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4.4.3 IOH 

4.4.3.1 IOH-RT 

 

1. For IOH-RT/g samples the sheet resistance remains almost constant when annealing at a 

laser fluence of 100 mJ.cm-2. We could not make more ELA treatments because of the lack of 

samples.  

 

2. For IOH-RT/Si samples, sheet resistance is almost constant for laser annealing below 

400 mJ.cm-2 and then drastically increases because of the degradation of the film. Reflectance 

spectra are also the same in the same range of laser fluences, meaning that there is almost no 

influence of ELA on IOH samples made at room temperature. 

 

4.4.3.2 IOH-150°C/Si 

 

3. For IOH-150°C/g samples, sheet resistance remains almost constant when applying a 

laser fluence of 100 mJ.cm-2. We could not make more ELA treatments because of the lack of 

samples.  

 

4. For IOH-150°C/Si samples, there is an improvement of the electrical properties (sheet 

resistance decreases) when increasing the laser fluence from 0 to 500 mJ.cm-2. However we 

cannot confirm whether this improvement was due either to carrier concentration or mobility 

(or both) increase because of the lack of glasses substrates to make Hall Effect measurements. 

Reflectance spectra are almost the same in the range 300-1200 nm for laser fluences below 400 

mJ.cm-2, which would indicate that optical properties (n and k) do not change in the spectral 

range of the solar cell interest with these energy densities. 
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4.4.3.3 IOH-RT/Si02/Si 

 

5. Sheet resistance remains constant for laser fluences below 100 mJ.cm-2 and above this 

value the IOH-RT thin films degrade as can be confirmed by the diminution of the number of 

oscillations in reflectance spectra as a consequence of the reduction of the thin film thickness 

probably due to a partial ablation of the layer. 

 

6. Like ITO and AZO layers, IOH layers behave differently depending on the substrate and 

in particular, the fact of adding a thin layer of SiO2 (500 nm) on Si substrate leads to a dramatic 

difference in the behavior of the IOH layers. As it was explained before, this can account for 

our hypothesis of how different substrates evacuate heat from TCOs at different rates depending 

on their thermal conductivity. 
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5 CHARACTERIZATION OF HET PHOTOVOLTAIC CELLS 

TREATED BY ELA 

 

 

In this chapter, R&D and Pilot line HET solar cells are described and characterized. The 

results that are showed here were the main motivation of the internship at INES. First of all, the 

two different solar cel types treated with ELA are presented, then some of the characterization 

techniques used in the R&D clean room are described and finally the results and observations 

from characterization are analyzed, the conclusions are exposed in the next chapter. 

5.1 HET solar cells 

 

In chapter 2, the main steps of the fabrication of a crystalline silicon HET solar cell and its 

principal characteristics have been mentioned (see Figure 2-10). In this chapter, the results of 

the ELA treatments of R&D and Pilot line HET solar cell are presented.   

 

 

A B 

Figure 5-1. A) Restaure HET solar cell (Front Side). Pilot line HET solar cell: B) Front side, 

C) Rear side 

C 
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An R&D HET solar cell is shown in Figure 5-1.A. This kind of solar cell has two bus bars 

and a size of 125 mm pseudo square whereas Pilot line HET solar cell has four bus bars and a 

size of 156 mm pseudo-square. The rear side of a Pilot line HET solar cell is presented in Figure 

5-1.C, it can be seen that there are more fingers on this side, since the transparency of the rear 

side of a solar cell is a smaller constraint than the transparency of the front side as most of the 

light will reach the cell at the front side (The configuration of fingers and busses is the same for 

inverted and standard emitter HET solar cell).  
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5.2 Characterization Tools 

 

In this section, the techniques used in common for laboratory and industrial characterization 

of solar cells will be described. Some of them are: measurement of charge carriers’ lifetime 

(Passivation indicator), measurement of the I-V characteristic curve, and pseudo fill factor 

measurement 

 

5.2.1 Lifetime tester (SINTON device) 

 

The photoconductance lifetime tester WCT-120 of Sinton® Consulting is an electric device 

which measures the life time of minority charge carriers easily and without contacts. This 

equipment has three main parts as can be seen in Figure 5-2.A. A Flash lamp which illuminates 

the sample, a RCL circuit that measures the variation of conductivity in the sample (variation in 

the number of minority carriers) by measuring the inductive currents in the inductive coil of the 

RCL circuit and a reference solar cell which measures the incident light intensity.  

 

A B 

Figure 5-2. A) Part of the lifetime tester WCT-120. B) Simplified diagram of main parts of 

WCT-120: Flash lamp, RCL circuit (inductive coil) and Reference cell (Favre, 2011) 
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The variation of conductivity can be related to the increment of the number of minority 

charge carriers by the following equation (a p-type wafer is supposed as sample): 

∆𝜎 = 𝑞(∆𝑛. 𝜇𝑛 + ∆𝑝. 𝜇𝑝) = 𝑞 ∆𝑛 (𝜇𝑛 + 𝜇𝑝) 
             

(5-1) 

Since the same number of electrons and holes are generated (∆𝑛 = ∆𝑝 ). If the generation 

rate (G) is known with the reference cell, the life time of minority carriers (𝜏𝑒𝑓𝑓) can be 

calculated as follows: 

𝑑∆𝑛

𝑑𝑡
= 𝐺 − 𝑅 = 𝐺 −

∆𝑛

𝜏𝑒𝑓𝑓
 

             
(5-2) 

with R the recombination rate. 

The WCT-120 equipment can calculate directly the life time, it is only necessary to enter 

the resistivity and thickness and select the correct mode of measurement. The modes of WCT-

120 are the following:  

 

5.2.1.1 Inductively coupled photoconductance decay mode (IC-PCD) [Short Flash] 

If the evolution in time of ∆𝑛 is known, the change of rate 
𝑑∆𝑛

𝑑𝑡
 (tangent to the curve) is also 

known. Last, the life time of minority charge carriers is calculated by using the eq.(5-2). This 

mode is used for life times larger than ~200 µs. 

 

5.2.1.2 Quasi-Steady State Photo Conductance mode (QSSPC) [Long Flash] 

If the time life of charge carriers is shorter than ~200 µs, a longer flash is used to work in a 

quasi-stationary situation: this can be seen as if the charge carrier concentration would not 

change in time i.e 
𝑑∆𝑛

𝑑𝑡
= 0 and from eq. (5-2): 𝜏𝑒𝑓𝑓 =

∆𝑛

𝐺
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This equipment can also calculate an open circuit voltage with: 

𝑉𝑂𝐶 =  
𝑘𝑇

𝑞
 𝑙𝑛 (

(𝑁𝑑 + ∆𝑛)∆𝑛

𝑛𝑖
2 ) 

             
(5-3) 

Where 
𝑘𝑇

𝑞
= 25.69 mV, 𝑛𝑖

2 =  7.4x1019 cm-6 (T=298K) and Nd is the doping atom 

concentration which is calculated from resistivity entered by the user. (Favre, 2011). 

 

5.2.2 Solar Simulator (I-V curve) 

 

The solar simulator is an instrument which measures the current vs. voltage in a solar cell. 

Its main parts are: a lamp that simulates the A.M 1.5 spectral irradiance at a 1000W.m-2 power 

density, a system to maintain the sample temperature at 25°C, a variable load resistance(RL), a 

variable source of voltage, an ampere-meter and a voltmeter (see Figure 5-3). 

 

 

Figure 5-3. Schema of the solar simulator working under illumination for standard 

conditions: A.M. 1.5, T=25°C. 
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5.2.2.1 Measurement of the I-V curve under illumination 

A solar cell under illumination generates a voltage and a current. To measure the I-V curve, 

it is necessary to connect the solar cell to a variable resistance (RL) and measure the current and 

voltage while the resistance is changing, as result a value of current is measured for each value 

of voltage. For example, if RL~0, then Imeasured=Isc and Vmeasured=0 or if RL is very large, then 

Imeasured=0 and Vmeasured=Voc. A common diagram obtained after this measurement is presented 

in Figure 5-4.A. Other external parameters that can be taken from this measurement are the 

maximum peak power density, fill factor and the efficiency. 

 

5.2.2.2 Measurement of the I-V curve under obscurity 

A solar cell is also a diode that is why the current can be measured in the HET solar cell 

while an external voltage is applied to the solar cell under no illumination. For this measurement, 

a cover is used to be sure that no external light illuminates the solar cell. Then, the Shunt 

resistance (Rsh) and the series resistance (Rs) are calculated with a fitting software. 
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5.2.3 Pseudo Fill Factor (SunsVoc device) 

 

The device used for this measurement is almost the same as the SINTON device described 

in section 5.2.1 proposed by the same constructor. The main parts of SunsVoc are: The flash 

lamp, a reference solar cell which measure the incident light flux, a copper plate which is in 

contact with the rear side of the sample (solar cell) and a metallic probe hold by the user which 

is in contact with the front side of the sample (see Figure 5-5). 

 

The SunsVoc device determines primarily the life time charge carriers by measuring the 

open circuit voltage for different values of incident flux (injection level). Furthermore, SunsVoc 

device can reproduce an illuminated I(V) measurement, by using the variation of open circuit 

voltage and of the illumination without taking into account the losses due to series resistances: 

this allows to calculate the so-called pseudo-fill factor (pFF). The comparison of the FF and the 

pFF is then a good way to control the quality of TCO thin films and screen printing metallization 

(Favre, 2011).  

 

Figure 5-5. A) Principal parts of SunsVoc equipment. B) Schema of aging chamber for 

solar cells 

 

A B 
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5.2.4 Solar cell aging 

 

After laser annealing and characterization, the cells were put in an aging chamber to check 

the evolution of their performances when submitted to illumination during a long time. (see 

Figure 5-5.B)  

5.3 Results of IP-ITO samples 

 

First of all, precursors (IP-ITO) of ITO/a-Si:H(p)/ a-Si:H(i)/c-Si(n)/a-Si:H(i) with c-Si(n) 

as substrate (150 µm-thick),  were fabricated to measure the impact of ITO laser annealing on 

Silicon interfaces passivation (see Figure 5-6). The life time of charge carriers on c-Si decreases 

by ~250 µs for laser annealing below 400 mJ.cm-2 which may indicate a slight degradation in 

passivation. The open circuit voltage also decreases by ~10 mV for laser fluences below 

400 mJ.cm-2. For ELAs above 400 mJ.cm-2, a much larger diminution of life time and Voc is 

measured which indicate a high degradation of the passivation (see Figure 5-7).  

 

 

 

 

 

Figure 5-6. Schema of precursor IP-ITO. 
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5.4 Pilot line HET solar cells 

 

In the following section, the four most important parameters of Pilot line solar cells are 

described: VOC, JSC, FF and η.  
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Figure 5-7. Variation before and after laser annealing for IP-ITO precursors: A) Life time 
variation vs. Energy Density. B) VOC variation vs. Energy Density 

B 



5.4.1  VOC results of Pilot line HET solar cells   

 

There is a very small diminution of VOC for laser fluences below 400 mJ.cm-2, see Figure 5-8. 

A and B. However there is a huge decrease in open circuit voltage for values above 400 mJ.cm-2.  

 

There is a greater diminution when performing ELA on the rear side than on the front 

side,which is consistent with the fact that the junction (the fundamental part in a solar cell) is 

situated at the rear side. This can be explained by the diminution of passivation at the a-Si:H/c-Si 

interface as it was observed on the precursors in section 5.3 (see Figure 5-8. C). 

 

 The aging mechanism shows a little improvement of the VOC (see Figure 5-8.D) because of 

possible reordering of Hydrogen atoms in the amorphous silicon structure. However, in the case of 

high energy ELA, full recovery of the passivation was not possible by aging showing that the a-Si:H 

was probably strongly affected by ELA: 
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Figure 5-8. Open Circuit Voltage (VOC) vs. laser fluences applied to: A) Front side, B) Rear 

Side and C) Front and Rear sides of PILOT LINE HET solar cells. D) Aging results of Front side 

laser annealed solar cells. 
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5.4.2 JSC results of Pilot line HET solar cells   

 

The Jsc drops down for front side laser treatments above 400 mJ/cm² (see Figure 5-9.A), 

however there is almost no changes for Rear side treatments below 500 mJ/cm² (see Figure 5-9.B).  

This can be explained by two reasons: the diminution of the passivation by amorphous silicon due 

to its degradation which leads to recombination of electrons with holes at the front side and thus 

the diminution of collected charges, and/or to the degradation of ITO as it was observed in section 

4.3.1 for highly energetic laser treatments and thus of its antireflecting properties. 

 

The laser treatment at both sides of the solar cell does not produce any visible change in Jsc 

(see Figure 5-9.C) because laser annealing was made below 300 mJ.cm-2.  

 

 Aging produces almost no change in JSC for the cells that were annealed at 200 and 300 mJ/cm². 

However an increment of more than 1 mA/cm2 is observed after aging for the cell that was annealed 

at 500 mJ/cm² as it can be seen in Figure 5-9.D. 
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Figure 5-9. Short Circuit Current (JSC) vs. laser fluences applied to: A) Front side, B) Rear 

Side and C) Front and Rear sides of PILOT LINE HET solar cells. D) Aging results of Front side 

laser annealed solar cells.  
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5.4.3 Fill Factor results of Pilot line HET solar cells   

 

In the case of Fill Factor there is a little increment for front side laser treatments above 200 

mJ/cm² that might be a result of improvement in ITO conductivity (see Figure 5-10. A). However 

there is a huge decrease of the FF for rear side laser treatments above 300 mJ/cm² (see Figure 

5-10 B).  

The FF drops down for rear side treatments probably because p-n junction is damaged by ELA 

as it was observed for the VOC. This is confirmed for double side laser treatment of 

100 mJ/cm² (front side)/300 mJ/cm² (rear side), see Figure 5-10.C, where higher laser fluence in 

rear side produces a drop in FF. 

 

 After Aging step, there is an increment for cells treated with laser fluences below 300 mJ/cm². 

However the cell treated with 500 mJ/cm² experiments a degradation of the FF upon aging step. 
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Figure 5-10. Fill Factor (FF) vs. laser fluences applied to: A) Front side, B) Rear Side and 

C) Front and Rear sides of PILOT LINE HET solar cells. D) Aging results of Front side laser 

annealed solar cells. 
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5.4.4 Efficiency results of Pilot line HET solar cells   

 

There is a huge degradation of the efficiency for laser treatments of front or back side above 

300 mJ/cm² (see Figure 5-11.A and Figure 5-11.B) as a result of the voltage drop combined to 

either current (for front side) or FF degradation (for back side).  

 

For double side treatment, there is almost no change in efficiency for ELA below 200 mJ/cm² 

(see Figure 5-11.C). However the efficiency decreases when ELA exceeds this limit on one side. 

 

 After aging step, there is almost no change efficiency even for cells that were treated with 

ELAs below 300 mJ/cm², see Figure 5-11.D).  

 

The efficiency cell treated with ELA at 500 mJ/cm² slightly recovers upon aging but still 

remains well below initial efficiency. 
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Figure 5-11. Efficiency (η) vs. laser fluences applied to: A) Front side, B) Rear Side and 

C) Front and Rear sides of PILOT LINE HET solar cells. D) Aging results of Front side laser 

annealed solar cells. 
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5.5 R&D HET solar cells 

 

In this section, the external parameters of R&D HET solar cells are described. The laser 

fluences were chosen after having tested pilot line solar cells. This is why we only used laser 

fluences below 250 mJ/cm² for front side treatments and below 200 mJ/cm² for rear side laser 

treatments.  

 

5.5.1 VOC results for R&D HET solar cells   

 

In all cases, VOC only very slightly decreases after ELA treatments (see Figure 5-12.A and 

Figure 5-12.C): the change in VOC can be seen in Figure 5-12.B (for front side treatments) and 

Figure 5-12.D (rear side treatments) where we see that it is kept very low probably due to limited 

damage in amorphous silicon thin films at the low tested ELA energies.  
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Figure 5-12. Open circuit voltage (VOC) vs. laser fluences applied to: A) Front side, C) Rear 

Side of R&D HET solar cells. Variation of VOC before and after ELA for: B) Front and D) Rear 

side treatment. 
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5.5.2 JSC results for R&D HET solar cells   

 

JSC is slightly increased in all cases (for front side treatments and for rear side treatments, see 

Figure 5-13): this might be related to the improvement of optic properties in ITO after ELA. 

 

 

Figure 5-13. Short circuit current (JSC) vs. laser fluences applied to: A) Front side, C) Rear 

Side of R&D HET solar cells. Variation of JSC before and after ELA for: B) Front and D) Rear 

side treatment. 
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5.5.3 Fill Factor for R&D HET solar cells   

 

FF decreases for the most energetic laser annealing treatments: this can probably be explained 

by the degradation of passivation leading to more recombination (see Figure 5-14.A and C). 

However this degradation remains very small probably due to the limited ELA energies that were 

used. However, for the 150 mJ/cm-2 Front side treatment (see Figure 5-14.B), there is a slight 

increase of the FF which can be related to the improvement in R□ of ITO. 

 

 

Figure 5-14. Fill Factor (FF) vs. laser fluences applied to: A) Front side, C) Rear Side of 

R&D HET solar cells. Variation of FF before and after ELA for: B) Front and D) Rear side 

treatment. 
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5.5.3.1 Why do values of Fill Factor drop? 

 

Using the SunsVoc device (see section 5.2.3), we could get important information about Rs 

(series resistance), Rsh (shunt resistance) and pFF (pseudo Fill Factor) that would help us to know 

what causes the diminution of FF in R&D HET solar cells. The FF diminution could be mainly 

related to three possible causes: 

1. Loss of pFF without diminution of Rsh which indicates that the cause is degradation of 

passivation. 

 

2. Loss of pFF with diminution of Rsh which indicates that the cause is degradation of the 

junction. 

 

3. Increment of Rs which indicates that the cause is the degradation of ITO thin films. 

In Figure 5-15, it is shown that FF are not related to pFF values. Furthermore, in Figure 5-16, 

it can be seen that there is no relation either between pFF and Rsh values for R&D HET solar cells. 

In this way, Diminution of FF is not related to loss of pFF. 

In Figure 5-17, there is a relation between inversed dependence of FF and Rs. However, the 

augmentation of Rs with different laser fluences does not match with the results for sheet resistance 

for a silicon wafer for the same values of ELA (see Figure 4-10). This can be explained by the 

difference between surfaces of substrates. The Surface of HET solar cells is textured with 

pyramidal motif, producing many reflections of laser beam before being reflected back from the 

surface. So the ITO thin film could absorb more energy (changing a little bit, ITO) for the same 

density of energy than for a non-pyramidal textured surface (Silicon wafer, see Figure 4-10 ). 
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Figure 5-15. FF vs. pFF values for different laser fluences in R&D HET cells. 

 

 

 

 

Figure 5-16. pFF vs. Rsh values for different laser fluences in R&D HET cells. 
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Figure 5-17. FF vs. Rs values for different laser fluences in R&D HET cells. 
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5.5.4 Efficiency for R&D HET solar cells   

 

Efficiency slightly drops down for the more energetic ELA treatments due to the degradation 

of the passivation (see Figure 5-18.A and C). However for 150 mJ/cm² front side laser treatment, 

efficiency increases thanks to both FF and Jsc increase (see Figure 5-18.B) and limited degradation 

of the VOC. 

 

Figure 5-18. Efficiency (η) vs. laser fluences applied to: A) Front side, C) Rear Side of R&D 

HET solar cells. Variation of η before and after ELA for: B) Front and D) Rear side treatment. 
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6 CONCLUSIONS 

 

 

6.1 Characterization of Laser-Annealed TCOs 

 

1. There is a difference in the behavior of ITO, AZO and IOH thin films between glass and 

silicon substrates for the same energy density used in excimer laser annealing which indicates 

that laser annealing depends on the substrate. This can be explained in the following way: UV 

photons of the excimer laser are absorbed in TCOs by electronic excitations which decay in the 

order of picoseconds (10-12s) by energy exchange between the lattice and free electrons, 

resulting in localized heating of the material. The heat spreads throughout the material by 

thermal conduction (Baeri, 1978) and can be evacuated from the TCO thin film into the substrate. 

The heat evacuation rate depends on the kind of substrate.  

 

It seems that the TCO-glass interface (amorphous substrate) has not as good thermal contact 

as TCO-Si interface (crystalline substrate). For instance, ITO/g or AZO/g samples are more 

degraded than ITO/Si or AZO/Si samples at 500 mJ.cm-2 which would mean that the heat 

generated by the laser is not easily evacuated through the glass sample as it is through the Si 

substrate. This behavior is confirmed by IOH samples deposited on two similar substrates that 

only differ by the insertion of a thin film of SiO2: IOH-RT/SiO2/Si (yellow line in Figure 

4-28.A) and IOH-RT/Si (red line in Figure 4-28.A) were laser annealed at 400 mJ.cm-2 

producing a tremendous damage in IOH-RT/SiO2/Si (sheet resistance out of scale) whereas 

IOH-RT/Si sheet resistance did not change.  

 

2. The different materials behave different when submitted to ELA: while ITO shows a 

strong improvement in both its electrical and optical properties, AZO show only very few 
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changes and even a degradation of the mobility. IOH deposited at room temperature is also very 

little influenced by ELA while IOH deposited at 150ºC might have a similar behavior to ITO 

(which was deposited at 200ºC). 

 

3. ELA of ITO seems to be very promising to enhance the performance of HET solar cells 

as a significant improvement of both electrical and optical was obtained for the layers deposited 

onto glass samples. However, since the behavior of the layers submitted to ELA depends on the 

substrate, it is difficult to estimate how the film will evolve when treated on a solar cell. 

 

6.2 ELA of ITO as a HET solar cell component 

 

1. For laser fluences lower than 200 mJ.cm-2, the effect of ELA on cell performance is 

almost negligible. Since, there is an improvement of about 0.1% (absolute) in the efficiency of 

R&D HET solar cells for a particular laser fluence of 150 mJ.cm-2 applied at the front side of 

the solar cell.  This can be explained by the improvement of both optical and electrical properties 

of ITO thin films (R□ decreases) leading to an increase in JSC (+0.14 mA/cm2) and FF (+0.4% 

absolute) respectively. However, the reproducibility and the improvement of this promising 

result should be tested with more samples. 

 

2. The results show there is difference of behavior under ELA between R&D and Pilot Line 

HET solar cells especially regarding the current which systematically increases under ELA for 

R&D cells while it remains stable or decreases for Pilot Line cells.  This might indicate a 

different sensibility to ELA of ITO thin films produced in different chambers. 

 

3. There is an augmentation of series resistance in R&D even at laser fluences lower than 

200 mJ.cm-2. This can be explained by the texturized surface of silicon wafers in HET solar 
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cells. The laser beam is reflected more than once before being completely reflected back from 

the surface (more energy absorbed) and producing some damage in ITO surface.  

 

4. Pilot line cells had also a decrease in different physical quantities (Voc, Jsc, FF, etc) after 

laser annealing which can be explained by two phenomenon: degradation of hydrogen 

passivation or damage of ITO film.  

 

6.3 Recommendations 

 

Additional experiments would help to clarify some aspects of this research. Some of these 

aspects are listed as follows: 

 

1. Change the deposition parameters of ITO thin films in order to study the influence of 

e.g. thickness, Oxygen content or deposition temperature in the final film before laser 

annealing. This might improve the effects of laser annealing. 

2. Make ELA on the HET solar cells, before they are screen printed. Because, the ELA can 

be applied to all the solar cell surface. In this thesis, the ELA treatments were made after 

metallization which means that the ITO layer under the fingers and busses of the cell are 

not irradiated (not treated) by the laser. 

3. Make a number of laser shots with the same density energy. These density energies must 

be below laser fluences used in this thesis. The use of more shots and low densities might 

anneal ITO layers slowly without diminution in passivation. 

4. Test the reproducibility of excimer laser annealing on HET solar cells, applying the same 

energy density treatment to several HET solar cells of similar initial performance to 

check if the impact on solar cells performance is repeatable.  
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