


	 2	

Index 

INTRODUCTION	 4	

CHAPTER 1	 8	

AN INTRODUCTION TO OPTOELECTRONIC DEVICES	 8	

1.1	 THE OPTOELECTRONIC SYSTEM	 9	
1.1.1	 LED: Light emission diode	 13	

1.1.2	 Solar Cells	 16	
1.1.3	 Touch Screen	 19	
1.1.4	 Electrochromic Windows	 21	

1.2	 EVOLUTION OF THE OPTOELECTRONIC DEVICES	 22	
1.3	 NOVEL MATERIALS AND APPROACH TO OPTOELECTRONIC DEVICES	 24	
1.4	 THE IMPORTANT ROLE OF TRANSPARENT CONDUCTIVE OXIDES IN 

OPTOELECTRONIC DEVICES	 27	

CHAPTER 2	 30	

TRANSPARENT CONDUCTIVE OXIDES	 30	
2.1	 HISTORY AND DEVELOPMENT OF TCOS	 31	

2.2.1	 Electrical properties	 33	
2.2.2	 Optical properties	 36	

2.3	 STATE OF THE ART OF TCO	 39	
2.3.1	 Industrial application of TCOs: the PV market	 46	

2.4	 NEW FRONTIERS OF TCO: MULTILAYER APPROACH	 48	

CHAPTER 3	 51	

TCO/METAL/TCO	 51	
3.1.	 TCO/METAL/TCO REVIEW	 53	

3.2.	 TCO/AG/TCO: OPTICAL AND ELECTRICAL PROPERTIES	 55	
3.2.1.	 Role of the Ag thickness	 61	

3.3.	 TCO/AG GRID/TCO	 65	

CHAPTER 4	 73	

FURTHER PROPERTIES OF AZO/AG/AZO IN SPECIFIC 

APPLICATIONS	 73	

4.1	 SAMPLE PREPARATION	 74	
4.2	 ANTI-REFLECTING PROPERTIES OF AZO/AG/AZO	 74	

4.1.1	 Anti-reflecting theory	 75	

4.1.2	 Results and discussion	 77	
4.3	 BENDING STRESS OF AZO/AG/AZO	 83	



	 3	

4.3.1	 Bending theory	 84	
4.3.2	 Results and discussion	 86	

4.4	 LASER IRRADIATION OF AZO/AG/AZO FOR ELECTRICAL ISOLATION 

IN THIN FILM FOR PHOTOVOLTAIC	 93	
4.3.1	 Laser Scribing process in photovoltaics manufacturing	 94	
4.3.2	 Results and discussion	 96	

CONCLUSIONS	 103	

REFERENCES	 106	

LIST OF PUBLICATIONS	 115	

CURRICULUM VITAE	 116	
  

 

 

 

 

 

 
	

	

 
	

	



	 4	

	

Introduction 
	

Future energy supply and energy security will demand revolutionary 

advances in technology in order to maintain or forward today’s general 

standard of living and economic prosperity. Faced with high and rising 

energy prices, limitations in energy supply, and growing concerns about 

climate changes and their environmental- and health-related effects, the 

magnitude of the problems may seem daunting. The economics of 

renewable energy and energy savings is a challenging subject, fraught with 

risks but also noteworthy for its new opportunities. In many of these new 

kind of applications, Transparent Conductive Oxides, are enabling in their 

role as transparent contacts. However, increasingly, the demands required 

extend beyond the combination of conductivity and transparency, where 

indeed higher performance is needed, but now include work function, 

morphology, processing and patterning requirements, long term stability, 

lower cost and elemental abundance/ green materials. The expanding use 

of tin-doped indium oxide (In2O3:Sn or ITO) for the production of 

transparent electrodes is endangered by the scarcity and increasing price 

of In. Nowadays, aluminum-doped zinc oxide (Al:ZnO or AZO) is 

considered a true alternative to ITO due to the lower cost of the source 

materials, non-toxicity and good electro-optical properties. For these 

reasons AZO has been extensively investigated and employed as 

transparent electrode. Although over the past years significant progresses 

have been achieved, further intensive studies are needed to better 

understand some of main properties influencing the performance of this 

material, e.g. the role of the elastic strain and defects on the optical and 

electrical performances, or the band structure of heavily doped zinc oxide.  
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On the other hand, AZO/Ag/AZO multilayer structures, 10 times thinner 

than ITO or AZO single layers, show very high transparency and low 

resistivity even at room temperature. Replacing thick TCO layers with thin 

TCO/Ag/TCO multilayers would produce great benefits in terms of 

material consumption, cost, toxicity and flexibility.  

Aim of this work is the fabrication, processing and characterization of 

ultrathin TCO/Ag/TCO transparent electrodes. The study, is also focused 

on the optimization of structural, optical and electrical properties for 

several applications. The thesis is organized as follows. 

Chapter 1: it introduces the optoelectronic devices and their optical and 

electrical properties. We focused in particular on physical and practical 

aspect of LED, touch screen, electrochromic windows and solar cells. We 

explain, also, the state of the art for these devices and the new approach 

for their fabrication. After the state of the art of standard and industrial 

optoelectronic devices, the key role of transparent conductive oxides is 

also discussed, highlighting limits and potentialities. 

Chapter 2: it presents a detailed discussion of the basic electronic 

structures and optical properties of TCO materials emphasizing the key 

properties giving them some unique properties. Furthermore, we 

introduced TCOs, the history of the material and their properties. On this 

background, we put some of the newly emergent materials into a 

technological context. For this reason, at the end of chapter, we show the 

multilayer approach and its practical aspect. 

Chapter 3: it treats of very thin TCO/Ag/TCO multilayer structures grown 

by RF magnetron sputtering. Synthesis and properties of TCO/Ag/TCO 

multilayers as a function of different combinations of AZO and ITO top 

and bottom TCO layers, and as function of the Ag film thickness, are 

investigated. We demonstrate the key role of Ag for both electrical and 

optical properties. Furthermore, we present results on the fabrication and 

characterization of a new type of TCM where a Ag grid is fabricated 



	 6	

instead of a uniform film. This allows keeping good electrical properties 

while increasing the optical transparency, mainly in the red and infrared 

(IR) region. 

Chapter 4: it describes the compatibility of the AZO/Ag/AZO multilayers 

with some practical applications. First, we demonstrate the use of 

AZO/Ag/AZO multilayers as transparent electrode with the 

complementary function of anti-reflecting coating. The proof of concept 

was obtained by depositing AZO top and bottom layers with asymmetric 

thickness onto polished Si wafer, while maintaining constant the Ag layer. 

We have been able to estimate the solar light amount entering into the 

substrate without and with different AZO/Ag/AZO coatings. As a second 

application, we investigated the degradation of the structural and electrical 

properties of AZO/Ag/AZO multilayers grown on plastic flexible PEN 

substrates when subjected to bending cycles, both as a function of radius 

of curvature and number of cycles. The results are compared with single 

AZO and ITO films, showing the considerable benefit having a multilayer 

structure. Finally, we demonstrate how the laser scribing, an industrial 

process used in the fabrication of photovoltaic solar modules, can be 

efficiently applied to TCO/Ag/TCO structures for the electrical insulation 

of the solar cells.  In particular, the presence of the Ag layer is able to 

strongly reduce the required laser energy density to cut the transparent 

electrode.	
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Chapter 1  

An Introduction to 

Optoelectronic devices 
 

This chapter introduces the underlying theory and operating principles of 

semiconductor optoelectronic devices. There exists today an 

overabundance of optoelectronic devices that are used in a multitude of 

applications. These devices include sources such as light-emitting diodes 

(LEDs) and laser diodes, photodetectors, solar cells, optical amplifiers, 

and optical modulators. At the time of writing, optoelectronic devices have 

found their way into many different aspects of modern life, be it ubiquitous 

indicator LEDs in hi-fi systems, televisions, computers, solid-state 

lighting, bar-code scanning systems, CD and DVD, laser printers and 

cellular telephones. Over the past decade or so there has been an 

information explosion whereby information from all over the world can be 

quickly accessed by anyone with an Internet-enabled device. All these 

applications rely on a semiconductor-based optoelectronic device. 

This chapter begins by considering the underlying physical interactions 

between electrons and photons, with some examples of devices, a brief 

introduction of the evolution of the optoelectronic devices, and the key role 

of the transparent conductive oxide for these applications. 

 

 

 

 

 













































	

 

Chapter 2 

Transparent Conductive 

Oxides 
 

Transparent Conductive Oxides (TCO) represent strategic materials 

because they combine optical transparency with good electrical 

conductivity, i.e. two physical properties which are normally 

incompatible. Moreover, the fabrication technology has reached a high 

level of maturity and it allows the application of TCOs to solar cells, touch 

screens, smart windows, self-defrosting systems, liquid crystal displays 

(LCD), plasma displays (PDP), field emission display (FED), organic 

electroluminescent (OEL), flexible and transparent electronic devices in 

general.  

The simultaneous presence of a high transparency (≈ 90%) in the visible 

region and low electrical resistivity (10
-4

 Ωcm), is achieved by oxides with 

intrinsic energy gap > 3 eV and a high concentration of charge carriers 

(usually electrons in the conduction band) due to extrinsic doping and/or 

native defects such as vacancies or interstitials. As for many other 

materials, the physical properties of TCOs strongly depend on the 

conditions of the growth process.  

In the last two decades, many research groups tried to improve the 

efficiency of these materials. This has lead to new families of TCOs but 

also to hybrid or alternative Transparent Conductive Materials (TCM), 

where the oxides are combined with other materials (e.g metal nanowires 

or graphene) or fully replaced. In this chapter, we will present the physical 

and chemical properties of standard TCO by reviewing their history, 

synthesis and applications. We will then focus on one of the best 

candidates to replace pure TCOs in several fields, the hybrid 

TCO/metal/TCO multilayer. 
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2.1 History and Development of TCOs 

 
The first realization of a TCO dates back a little more than a century ago, 

when a thin film of cadmium (Cd) was deposited onto a substrate using a 

rudimentary sputtering method: the metal was subsequently subjected to 

an incomplete thermal oxidation by heating in air, thus obtaining cadmium 

oxide [42]. This primitive TCO had a band gap of about 2.28 eV and was 

an n-type semiconductor. Although not drugged previously it had 

significant electrical properties. The typical transmittance of TCO based 

on cadmium is 85% - 90%. Although this material has excellent optical 

and electrical properties, together with a low recombination velocity of the 

charge carriers, there are several issues for its industrial use	due to the high 

toxicity of the cadmium, with a few exceptions. 

The increasing research on TCOs has led to the birth of new combinations 

of chemical elements that have made possible to overcome some issues, 

although each new TCO brings pros and cons, which are evaluated and 

integrated in the appropriate applications, to exploit at best their features. 

One of the first compounds with good chemical/physical properties was 

Tin doped Indium Oxide (ITO) which has excellent electrical conductivity 

and good optical response. A variant of the ITO is the FTO, where Indium 

is replaced with Fluorine: this entails a lower cost in production and higher 

thermal stability. The FTO has an average visible transmittance of 80%, 

similar to ITO. The two main issues with ITO are cost and toxicity of 

Indium. 

Another TCO which has recently seen an increasing application is AZO, 

based on Zinc Oxide, doped with Aluminum. This TCO, presents several 

characteristics that make it a valid alternative for several applications. 

Among the TCOs based on ZnO, the IZO (In-doped) has also a role due to 

the fact that is one of the few amorphous TCOs.  

Other studies have focused on the realization of materials with the typical 

characteristics of TCOs using polymers, carbon nanotubes, or other types 

of dopants such as Ga, Al, B, A, Y, Sc, V, Si, Ge, Ti, Zr , Hf, and F. 

However, ITO, FTO, AZO and IZO remain the most used TCOs due to 

their mature and reliable technology, excellent properties and high benefit 

to cost ratio. Figure 2.1 reports the main characteristics of several TCOs, 

and their dependence on the material synthesis method. 
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(mainly in the infrared region) [43], [44], allows quite a good 

electrical conductivity. 	

	

 

Figure	2.2:	Schematic	of	the	bands	of	an	undoped	e	doped	ZnO	and	the	effect	of	the	electrons	

in	the	energy	gap 

 

2.2.1 Electrical properties 
 

The electrical conductivity σ of a semiconductor is given by: 

    𝜎 =
=

>
=

?@AB

CD
= 𝑛𝑒𝜇           (2.1) 

where ρ is the resistivity and 

  𝜇 =
@B

CD
                             (2.2) 

is the electron mobility, e is the electron charge, me is the effective electron 

mass and n the charge density The electrical conductivity is therefore 

directly proportional to the product nµ.  The conductivity value can vary 

by a factor of 10
20

 or higher, from insulators to semiconductors and metals. 

Figure 2.3 shows the electrical conductivities of semiconductors, metals 

and of some typical TCOs [45]. 
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carrier concentration. We will also see that high doping densities degrade 

optic properties and can cause segregation effects at grain boundaries. 

Starting from the definitions of mobility and conductivity, it is possible to 

define a very useful parameter in the characterization of thin films, known 

as sheet resistance:  

              𝑅J =
>

K
=

=

?@KL
           (2.4) 

 

Most of the TCOs are n-type doped as, for example, the case of AZO, 

where Zn
2+

 is replaced with Al
3+

 plus 1 electron in the conduction band.  

In principle, also p-type TCOs should exist, but up to now these kind of 

materials are very difficult to be synthesized. 

	

2.2.2 Optical properties 
	

The TCO response to electromagnetic radiation is typically characterized 

by a range of high transparency that includes the spectral range of the 

visible and extends to the near infrared and near ultraviolet (see Figure 2.5) 

[40].  

The loss of transparency at low energies is due to the absorption of infrared 

radiation by free carriers. The introduction of doping materials and a 

partial reduction of oxygen in the TCO create levels (or energy bands) 

close to the conduction band. A free electron gas is then created, well 

modeled by Drude's theory. This theory is based on the hypothesis that 

electrons, delocalized along the crystal lattice, do not interact each other 

but only with the lattice ions 
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                          𝜔X =
?@A

CYUZUV
                    (2.7) 

where 𝑚\ is the effective mass of electrons in the conduction band and 𝜖' 

the dielectric constant in the vacuum. Therefore, the loss of transparency 

of TCO depends on the carrier density, with the energy of the e.m. 

radiation converted into Plasmon oscillations.  

The optical behavior of TCOs in the visible spectral region is characterized 

by a region of high transparency (around 90%) [48].  

Moving towards higher energies, in the spectral region of the near 

ultraviolet, photons are able to supply enough energy to excite the 

electrons from the valence to the conduction band and the TCO starts to 

absorb all the light, losing its transparency. 

There is, finally, another link between electrical and optical properties in 

TCOs, known as Moss-Burstein effect [49]. It is known, in fact, that the 

optical gap of a degenerate semiconductor shows an increase as the density 

of charge carriers increases. The progressive filling of the conduction band 

by the free carriers causes the increment of the minimum energy necessary 

to excite an electron from the valence band to available states in the 

conduction band. The Moss-Burstein effect shows that the increase in the 

optical gap is proportional to the concentration of carriers as: 

 

             Δ𝐸 =
ℏA

TC
3𝜋T𝑛 T `            (2.8) 

A more detailed analysis of the behavior of the TCO bands reveals that the 

interaction between electrons (exchange and correlation effects) opposes 

to the Moss-Burstein effect, making the Δ𝐸 predicted by equation 2.3 

overestimated. The increase in the charge density and the Moss-Burstein 

effect induces a shift of the UV threshold towards smaller wavelengths, 

thus slightly increasing the transparency of the material at high energy 

photons. 
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different doped binary TCOs were produced and characterized. Among 

them, ITO is the most diffused one, but AZO and GZO are close in terms 

of electrical and optical performance.  

 

TCO Dopant 

SnO2 Sb, F, As, Nb, Ta 

ZnO 
Al, Ga, B, In, Y, Sc, F, V, Si, Ge,Ti, Zr, Hf, 

Mg, As, H 

In2O3 Sn, Mo,Ta, W, Zr, F, Ge, Nb, Hf, Mg 

CdO In, Sn 

Ta2O  

GaInO3 Sn, Ge 

CdSb2O3 Y 

 

Table	2.1	TCO	Compounds	and	Dopants	

The effort of increasing the conductivity without degrading the 

transparency is pursued by a more elaborate strategy in which phase-

segregated two-binary and ternary TCOs have been synthesized. The 

phase-segregated two-binary systems include ZnO-SnO2, CdO-SnO2, and 

ZnO-In2O3. In spite of the expectations, the electrical and optical 

properties of the two-binary TCOs were much inferior to those of ITO 

[50]. Accordingly, the ternary TCO compounds could be formed by 

combining ZnO, CdO, SnO2, InO1.5 and GaO1.5 to obtain Zn2SnO4, 

ZnSnO3, CdSnO4, ZnGa2O4, GaInO3, Zn2In2O5, Zn3In2O6, and Zn4In2O7. 

However, due to the toxicity of Cd, the utilization of TCOs containing this 

element is limited, though they have adequate electrical and optical 

properties. Other binary TCOs were also synthesized, such as In6WO12 and 

the p-type CuAlO2 [51]. 
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All TCOs discussed above are n-type semiconductors. In addition, p-type 

doped TCOs were also developed, in particular for the field of “transparent 

electronics”.  The synthesis of p-type TCOs is much more difficult than n-

type ones. The difficulty in producing p-type oxide was hypothesized to 

result from the strong localization of holes at oxygen 2p levels or due to 

the ionicity of the metallic atoms. O 2p levels are far than the valence orbits 

of metallic atoms, leading to the formation of a deep acceptor level. Hence, 

these holes are localized and require sufficiently high energy to overcome 

a large barrier height in order to migrate within the crystal lattice, resulting 

in poor hole-mobility and conductivity. Growing p-ZnO was an important 

milestone in ‘‘Transparent Electronics’’, allowing fabrication of wide 

band gap p-n homo-junctions, which is a key structure in this field. It was 

anticipated that higher conductivity and optical transmission could be 

obtained by doping ZnO with N, F, P, Sb, and As, however, it was also 

shown that such doping had some serious limitations. [52], [53]  

 

	

Figure	2.7:	The	new	frontiers	of	TCO	[54] 

 

The need to produce n-type TCOs with higher conductivity and better 

transmission, without relying on In, has stimulated research and 

development efforts to discover new and unconventional TCOs. Novel 
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transparent conductors were proposed using oxides with s2 electron 

configurations. Oxides of Mg, Ca, Sc and Al also exhibited the desired 

optical and electronic features. Recently, mobility with more than twice 

that of commercial ITO was observed in Mo-doped In2O3 (IMO), and it 

was shown that the conductivity can be significantly increased with no 

changes in the spectral transmittance upon doping with Mo.   

TCO materials, which are ferromagnetic semiconductors with a Curie 

temperature well above the room temperature, have also been explored 

recently, as they could be used for second generation spin electronics and 

as transparent ferrimagnets [45].  

Other different approaches for transparent conductive films are 

represented by carbon nanotubes, graphene, conducting polymers and 

metal nanowires. 

Single or multiple graphene sheets, Fig.2.8 (a), are emerging as transparent 

electrodes due to the intrinsic high in-plane conductivity and huge optical 

transmittance. The high conductivity in a single layer of graphene is due 

to the low concentration of charge carriers and very high electron mobility, 

up to ~104 cm
2
/V s over the sheet, like a two-dimensional electron gas 

[55], [56]. While the high optical transmittance is due to the low optical 

opacity of a single graphene layer, about 2.3%. Moreover, as predicted by 

Peumans et al., the sheet resistance and the optical transmittance of a large 

and defects-free structure of graphene, linearly decrease with the number 

of layers N: Rsh~ 62.4/N Ω/sq and T ~ 100 - 2.3N %, respectively. The 

extensive research and the various fabrication methods developed to study 

and grow large, defects-free and industrially scalable graphene sheets, 

such as mechanical exfoliation of highly oriented pyrolytic graphite 

(HOPG), chemical vapor deposition on Ni films [57], have drastically 

improved the opto-electrical properties of this material. From Rsh~2000 

Ω/sq and T ~85%, to Rsh ~700 Ω/sq and T~90% in the cases of solution 

and CVD processes, respectively.  
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2.3.1 Industrial application of TCOs: the PV market 
	

The three largest applications of TCO thin films, in terms of covered 

surface area and economical value, are flat panel displays, solar cells, and 

coatings on architectural glass. In particular, the photovoltaic market uses 

the TCO films as a transparent electrode due to the conductivity and 

transparency, the full compatibility with the fabrication process, and 

stability. 

In addition to the requirements of high transmission and high conductivity, 

the choice of the best TCO for a specific solar cell should be considered in 

terms of processing, cost, material compatibility, work function and 

alignment of the energy band with the active medium. Indeed, due to the 

widespread use of PV technologies, it is essential to take into account a 

low production cost and the environmental impact. In this context, the high 

cost, scarcity and toxicity of In are a major drawback for the use of ITO 

and In-based solar cells. 

In the Bifacial Heterojuctions with Intrinsic Thin-film layer (HIT) solar 

cell, two TCO layers are employed, one for the top and one for the back of 

the cells [70], [71]. As the lateral conductivity of doped a-Si:H layers is 

poor, the front of the devices must be coated with a TCO layer to transport 

charge to the device terminals, while the other TCO acts primarily as a 

transparent electrode without incurring contact resistance losses. The front 

TCO also serves as an antireflecting coating in order to limit losses. 

Usually, ITO has been used but, as we know, the price and the toxicity of 

In limited the use. For this reason, there is an increasing interest to use 

amorphous IZO, which shows high quality even at room temperature 

deposition. This represents an important driving factor to further improve 

the device performances. In wafer-based and thin-film type solar cells, a 

specific characteristic is required for TCO in addition to high transparency 

and conductivity: texturing. 
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CIGS solar cells, a three-layer TCO (CdS/i-ZnO/AZO) is used, which acts 

both as defect passivation layer and as transparent electrode. While in 

cadmium telluride solar cells, where the CdTe/CdS stack begins with TCO 

coated glass, the goal is to find an optimal compromise between the 

resistivity value and the ability to act as a barrier against diffusion during 

the high temperature deposition of the CdTe layer. Transparent conductive 

oxides are traditionally used in devices as thin film, while hybrid and dye 

sensitized (Grätzel) solar cells, require TCO materials of different type, for 

instance, three dimensional nanostructures like nanorods. Nanostructured 

TCO electrodes help maximize the inorganic / organic interface and reduce 

the gap between organic film and TCO contact. The poor transport of 

excitons and charge carriers in the organic layer requires a very short 

distance, less than 10 nm, between TCO and organic layer for a successful 

device. Further properties of the TCO used to contact the organic layer are 

important, such as the work function, surface morphology and chemistry. 

The work function must be optimized to match the energy levels in the 

organic absorber material in order to facilitate the collection of the charge, 

while the chemistry of the surface is fundamental for the transfer of charge 

to the interface. 

	

2.4 New frontiers of TCO: multilayer approach  
	

In the last two decades, we witnessed a true revolution in the field of 

technological devices: we see the size of the devices decreasing over the 

years, with considerable advantages (such as cost reduction and low 

environmental impact) but making the technological finish line a real 

challenge. We have seen in the previous section how the TCOs are present 

in a huge number of devices, so it is necessary an evolution of these films 

that combines in addition to good electrical and optical characteristics an 

exceptional industrial integration. 

TCO films are chosen for their high conductivity and their optical 

properties: with regard to the latter, we know that they can improve making 

the material subtler, without excluding the possibility of making it more 

flexible but this can degrade the electric properties. 
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to the Haacke formula, 𝑇='/𝑅J, we can performance this result) . In these 

structures can be integrated different types of metals, but the choice falls 

on silver due to of its low resistivity and its optical properties to small 

thicknesses. Furthermore, silver is perfectly integrated in TCO growth 

methods (such as sputtering) and can be deposited at room temperature. 

This is in contrast the best electrical performance of many TCOs where 

are obtained after thermal treatment at high temperature (more than 250 

°C), during or after the deposition process: for this reason, today many 

kinds of TCOs are incompatible with thermoplastic substrates. TCOs / 

metal / TCOs can offer different advantages compared to normal TCOs in 

terms of cost and performance. The integration of these new structures in 

the devices, listed above, would allow a reduction in production costs. The 

multilayer structure does not show only good electrical and optical 

properties. We observe in the state of art different studies of resistance to 

temperature and humidity (is not particularly high due to the presence of 

the metal [72]) to integrate this technology, even in devices that work in 

extreme conditions. Moreover, the TCO / metal / TCO structure is 

particularly flexible (due to the thickness) and this means a better 

mechanical stability than thicker TCO single layers and the outer TCOs 

act as anti-reflection coatings, so decreasing the reflectance [73]. A 

carefully adjustment of the refractive index and thickness in these 

structures can decrease the reflectance within a broad wavelength range. 

These very ultra-thin multilayer structures such as ITO/Ag/ITO, with 100 

nm of overall thickness, can provide a significant drop in indium 

consumption and allow the achievement of electrical-properties 

comparable to single ITO. 

 

 



	

 

Chapter 3 

TCO/metal/TCO 
 

Since the early 1950s, a very thin film of Ag, Cu or Au has been used as a 

transparent electrode [74]. In order to obtain electrical properties very 

close to the bulk material, the thickness of these films must be about 10 nm 

or higher, depending on the metal. High thicknesses are good for electrical 

conductivity and robustness but, at the same time, high reflectance and 

absorption of the light become strong limiting factors for their application 

as transparent electrodes. In order to have high optical transmittance and 

electrical conductivity in robust and reliable thin films, the multilayer 

structure TCO/metal/TCO has emerged as a promising material. The 

presence of a multilayer act as anti-reflective coatings and protection of 

the metal which, on the other hand, guarantees very good electrical 

properties to the whole structure. Proper control of the refractive index 

and thickness in these films can reduce reflectance within a wide range of 

wavelengths. Another critical aspect is the consumption of expensive 

and/or toxic chemical elements, such indium in ITO. Ultra-thin 

multilayers, with only 100 nm of overall thickness, can provide a 

significant reduction of this element and allow the achievement of 

electrical properties comparable to individual 500 nm thick ITO films. 

Usually, the best electrical performance of many TCOs is obtained by 

thermal treatments at 250 ° C, or higher temperature, during or after the 

deposition process, this being incompatible with plastic and organic 

substrates. Thus, the achievement of high optical transmittance and low 

electrical resistance at room temperature given by the TCO/metal/TCO 

structures is a unique advantage for devices supported by this kind of 
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substrates. Furthermore, the very low thickness and ductility of the metal 

layer ensure better flexibility than a single thick polycrystalline TCO 

layers. 

In this chapter we will focus on the optical, electrical and structural 

properties of TCO/metal/TCO, where AZO and ITO have been used as 

TCO. The final part of the chapter concerns our results on a new kind of 

TCO/Ag/TCO multilayer, with a Ag micro-grid embedded into IZO films 
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3.1. TCO/metal/TCO review 

	

As already described in chapter 2, TCOs are an n-type semiconductors 

with intrinsic doping by native donors such as oxygen vacancies and/or 

interstitial metal atoms, or additional extrinsic doping by donor impurities. 

The conductivity can be enhanced by increasing the carrier concentration, 

with an intrinsic limit due to the Coulomb interaction (i.e. scattering) 

between free electrons and ionized impurities. The most important 

properties of these materials are the electrical and optical ones: a good 

range for sheet resistances is 400–700 Ω/sq (ohms per square) for 

electrodes in touch screens which goes down to 10 Ω/sq for solar cells, 

while a value of transmittance above 80% is usually required.  

Among TCOs, tin-doped indium oxide (ITO) and aluminum-doped zinc 

oxide (AZO) play an important role due the very good electrical properties 

of the former and to the low cost and friendly environmental impact of the 

latter. These materials show a very low electrical resistivity, near 2×10
-4

 

Ωcm, mainly if deposited at temperatures above 250 °C. However, Indium 

is rare, expensive and toxic [75] and a way to reduce its consumption is 

strongly desirable. On the other hand, ITO/Ag/ITO structures have 

allowed the achievement of sheet resistances below 5 Ω/sq and a visible 

transmittance above 85%, with an overall thickness below 100 nm [76]–

[79]. To be noticed that more than 400 nm would be necessary for a single-

layer ITO electrode with 2×10
−4

 Ωcm to obtain the same sheet resistance. 

Analogous performance has been achieved with other TCO/metal/TCO 

structures such as ZnO/Ag/ZnO [37], Al:ZnO/Ag/Al:ZnO [80], 

InZnSnOx/Ag/InZnSnOx [81], and InZnOx/Ag/InZnOx [78], all with 

sheet resistance below 5 Ω/sq. 

Another great advantage of the TCO/metal/TCO technology is the use of 

the same deposition process industrially employed for TCOs, i.e. 

sputtering technique. Sputtering is extensively used due to several 
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development of flexible displays, for example, there is a need for flexible 

transparent conductors to replace standard rigid TCOs [82]. Moreover, 

TCO/metal/TCO electrodes have also demonstrated to improve electronic 

devices on rigid glass substrates such as supertwist liquid crystal displays 

[83] and can be extended to other rigid devices with high temperatures 

during manufacturing [84].  

In the next section we will focus on the role of the Ag thickness and 

compare different TCO/Ag/TCO structures. 

 

3.2. TCO/Ag/TCO: optical and electrical properties 

	

As stated in the previous section, transparent electrodes based on a very 

thin TCO/metal/TCO film sequence is a good alternative to a standard 

much thicker TCO. Although multilayers with different types of TCOs and 

metals have been reported in the literature, still a lack of expertize in 

transferring these materials to industrial fabrication processes exists. In our 

work, we studied the structural, electrical and optical properties of 

different TCO/Ag/TCO sequences, in particular ITO/Ag/ITO, 

AZO/Ag/AZO, ITO/Ag/AZO and AZO/Ag/ITO grown onto glass 

substrates by RF magnetron sputtering at room temperature. The thickness 

of the top and bottom TCO films has been set to about 50 nm each, while 

the Ag intra-layer film has a thickness of 10 nm. Actually, a study based 

on different Ag thickness was done at the very beginning to find the best 

compromise between optical transparency and electrical conductivity, 

finding as a thickness of 8-12 nm gives the best results. This part of the 

work will be presented at the end in the 3.2.1 section. 

For sample preparation, we used a “nanoPVD” sputter system by 

Moorfield, which is a compact physical vapor deposition (PVD) system.  

It is designed to provide high-quality thin film on substrates with diameters 

up to 100 mm through magnetron sputtering and, eventually, co-deposition 
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from room temperature up to 500 °C. The deposition chamber was at 10-

7 torr before starting the film growth. Glass substrates were cleaned in 

acetone, rinsed in deionized water and ethanol, dried with flowing nitrogen 

gas, then kept in the sputtering chamber 70 mm away from the targets. The 

sputtering system allows to deposit the different materials in sequence 

without breaking the vacuum. TCO and Ag sources were targets of ITO 

(10 wt% SnO2-doped In2O3), AZO (2 wt% Al2O3-doped ZnO) and Ag 

(99.999 % purity), respectively. Plasma was obtained in a pure Ar gas 

atmosphere, with a gas flow of 6 sccm, at a process pressure of 1 Pa. 

Sputtering powers were 75 W for AZO and ITO, and 30W for Ag. For 

comparison, samples 100 nm tick of AZO and ITO were also prepared. 

Figure 3.2 shows the RBS spectra of TCO/Ag/TCO samples with all the 

combinations of AZO and ITO sequences. The peak at about 1.70 MeV is 

due to He + backscattered by the Ag layer, while the two peaks at 1.57 and 

1.51 MeV are related to Zn in the top and bottom AZO films, respectively. 

The peak at 1.73 MeV is related to In in the top ITO layer but it was 

impossible to separate the signals from In and Sn, as well as In in the 

bottom ITO film and Ag. The simulation of the RBS spectra allows to 

calculate the thickness of the films in the multilayer by using the atomic 

material density. It was then possible to confirm that the top and bottom 

TCO layers were about 50 ± 5 nm, while the incorporated Ag layer was 

estimated 10 ± 1 nm. 
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Sample Thickness 

(nm) 

Resistivity 

(Ωcm) 

<Tvis> (%) T550 (%) 

AZO 100 3 10
-1

 79 79 

ITO 100 3 10
-2

 79 83 

AZO/Ag/AZO 50/10/50 1 10
-5

 75 79 

AZO/Ag/ITO 50/10/50 1 10
-5

 76 78 

ITO/Ag/AZO 50/10/50 1 10
-5

 80 86 

ITO/Ag/ITO 50/10/50 1 10
-5

 68 74 

	

Table3.1:	Sheet	resistance	of	samples	grown	with	different	spheres,	etching	time	and	Ag	thickness.		

Despite of very similar electrical properties, the optical behavior of these 

multi-layer electrodes seems to depend on the nature of the TCO and, in 

particular, on the sequence of TCO films. The low absorption of Ag thin 

film in the visible-NIR range [86] is essential to increase the light 

transmission of the multilayer structure. To maximize transmittance in the 

visible range, the TCO thickness of each layer was set to 50 nm (TCO in 

the range of 30-60 nm are commonly used [64]). Figures 3.4a, 3.4b shows 

the optical transmittance and reflectance of our samples. The transmittance 

of the glass substrate is also reported and it is not subtracted in the spectra. 

The absorbance, calculated as A = 100 - (T - R), is shown in Fig. 3.4c. The 

wavelength region around 650 nm shows very similar T values for all 

samples. The symmetric ITO/Ag/ITO structure shows the worst 

performance over the entire wavelength range, followed by the 

AZO/Ag/AZO structure. For the asymmetric structures, however, we 

observe a higher T at least in a partial spectral region, below or above 650 

nm. The ITO/Ag/AZO sequence has best transmittance below 650 nm 

while the AZO/Ag/ITO structure shows a better behavior above 650 nm. 

Finally, single TCO samples have a higher T between 350 and 450 nm and 

above 900 nm. The reflectance curves put in evidence as most of the 

features observed in the T spectra are related to this parameter. The 

multilayer samples have a reduced reflectance in a wide region of the 
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visible range (450-800 nm), with a minimum around 650 nm. In contrast, 

single-layer TCO has an almost constant R value of around 20%. 

However, this advantage is partially compensated by the higher 

absorbance of the metal layer, as seen in Fig. 3c. In fact, all TCO/Ag/TCO 

samples show an almost constant value of A=20% above 400 nm, higher 

than single TCOs. 

It is clear and trivial that individual TCO layers have a lower absorbance 

than a structure containing a Ag film, but what is important to highlight 

here are the two aspects concerning the overall combination of optical and 

electrical properties. On one side there is the low absorbance but relatively 

high reflectance of pure TCOs, coupled with an unacceptable high 

electrical resistance in the case of very thin films. On the other hand, the 

higher absorbance due to the metal layer is compensated by a lower 

reflectance in the visible range and accompanied with an extremely low 

electrical resistance, which make these materials unbeatable from this 

point of view. Finally, the control on the TCO and Ag thickness, as well 

as the deposition sequence, also allow a tuning of the optical properties.  
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3.3. TCO/Ag grid/TCO 

	

In this section, we go further with respect to standard TCO/metal/TCO by 

presenting results on the fabrication and characterization of a new type of 

TCM having a Ag grid instead of a uniform film as metal intra-layer. This 

new approach allows to keep good electrical properties while increasing 

the optical transparency, mainly in the red and near IR region. 

The increasing interest in developing high-performance and low-cost 

optoelectronic devices has led to the enhancement of the research activities 

on transparent conductive oxides (TCO) and, more in general, transparent 

conductive materials (TCM). The combination of good electrical and 

optical responses depends on the specific application (solar cells, touch 

screens, smart windows, led). Amorphous TCO, for example, are 

intensively investigated because of their high transparency in a wide range 

(not only in the visible one), good electrical conductivity, higher flexibility 

and low cost [45]. In the specific field of solar cells, the recent interest in 

tandem Si-based bifacial solar cells requires improved TCM to optimize 

the junction properties and to maximize the collection of the reflected light 

from the back side of the bottom cell [88], [89].  

As we have seen in the previous section, attractive and reliable materials 

are TCO/metal/TCO multilayers, with an issue for the transmittance in the 

infrared region, due to the high reflectivity of Ag. In this section we show 

a low cost and large area solution to this problem, by implementing the Ag 

intra-layer with a grid instead of a uniform thin film. Part of this work was 

done in collaboration with the group of Prof. R. Martins at the Cenimat-

Cemop in Lisbon (Portugal). 

In particular, the new TCM is a multilayer IZO/Ag grid/IZO grown on 

glass substrates. Bottom and top IZO layers were deposited by RF 

magnetron sputtering using an In2O3/ZnO target (99.99% purity, 3” 

diameter) in a mixture of oxygen and argon with partial pressures of 10-5 

and 1.5x10-3 mbar, respectively. The applied sputtering power was 50 W 

with a deposition rate of 4 nm/min. After the deposition of the first IZO 
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The other important aspect of the spectra of Fig. 3.10 is the difference due 

to the size of the spheres. In the case of the smaller ones, the final size of 

the mesh apertures is comparable with the wavelength of the light, so 

producing interference and diffraction effects. This, on turn, generates the 

oscillations of the blue spectrum and the clear decreasing around 1500-

1600 nm, which corresponds to the average size of the grid’s apertures (see 

SEM image in Fig. 3.9).  

As the strong enhancement of transparency in the red-infrared region is 

due to the presence of the grid, we have also the possibility of tuning the 

optical response of this TCM by controlling the growth parameters and 

thus the size of the mesh spacing and the Ag thickness. Figures 3.11a and 

3.11b show the effects of the plasma etching time (hence the final spacing 

size) on the transmittance for the 1.6 µm and 5 µm spheres respectively. 

Again, a strong modulation and a lower average value of T % is found for 

the smaller spheres (Fig. 3.11a) with respect to the bigger ones (Fig. 

3.11b). A decrease with the etching time is also observed, this being a 

consequence of a less uncovered area when the etching reduces the size of 

the spheres and more surface is exposed to the Ag deposition. 

Figures 3.11c and 3.11d report on the effects of Ag thickness at the same 

etching time. Beside the expected reduction of the transmittance with 

increasing the grid thickness, a major effect of the mesh with respect to the 

uniform Ag film is a good transparency of the material overall the range 

up to very high thicknesses, specifically 55nm for the small spheres and 

75 nm for the bigger ones. It is worth of noting as a uniform Ag film with 

equivalent thickness, behaving as a mirror, would totally block the 

transmission of light. The great optical performances of this material must 

be coupled to specific electrical properties which, again, depend on the 

structure of the mesh: width, thickness and number of the Ag 

interconnections.  
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 Sample Rsh (Ω/□) 

1 Film 17nm Ag 3,41 

2 1.6 µm (t=120 sec) + 17nm Ag 16,4 

3 1.6 µm (t=180 sec) + 17nm Ag 12,8 

4 5 µm (t=180 sec) + 17nm Ag 126 

5 5 µm (t=240 sec) + 17nm Ag 134 

6 Film  25 nm Ag 1,33 

7 5 µm (t=120 sec) + 25nm Ag 69,7 

8 5 µm (t=240 sec) + 25nm Ag 22,1 

9 Film  75 nm Ag 0,3 

10 5 µm (t=120 sec) + 75nm Ag 18,3 

11 5 µm (t=240 sec) + 75nm Ag 6,1 

 

Table3.2:	Sheet	resistance	of	samples	grown	with	different	spheres,	etching	time	and	Ag	thickness.		

 

Also the use of initial small (1.6 µm) or large (5 µm) spheres makes a 

strong difference in the RS values, being the density of the grids, (number 

of interconnections)/area, much higher for the small spheres with respect 

to the large ones. This last effect is clearly highlighted by the huge 

difference for Rsh (a factor 10) in rows 3 and 4 in the Table. 

To give a better insight to our data on the electrical properties, we tried to 

simulate the current flow through two different Ag meshes very similar to 

those of rows 3 and 4 in Table 3.2. In particular, we started considering a 

flat and uniform Ag film with a sheet resistance of 3 Ω/□. This value of 

sheet resistance was obtained by using a 10 nm thick Ag sheet in the 

simulation (ideal material), while a similar value of Rsh in Table 1 is 

reported for a sample with 17 nm of Ag intralayer (real material). Then, 

by simulating the presence of apertures in the layer, we transformed the 

structure of the Ag film into grids similar to those obtained after 180 s of 

plasma etching with spheres of 1.6 (Fig. 3.11a) and 5 µm (Fig. 3.11b) 





	

Chapter 4 

Further Properties of 

AZO/Ag/AZO in specific 

applications 
 

As the usefulness of TCO thin films depends on both their optical and 

electrical properties, both parameters should be considered together with 

environmental stability, abrasion resistance, electron work function, and 

compatibility with substrate, and other components of a given device, as 

appropriate for the application. The availability of the raw materials, the 

costs of the deposition methods and the possibility of transfer to the real 

industrial processes, are also significant factors in choosing the most 

appropriate TCO material. The decision is generally made by maximizing 

the functioning of the TCO thin film by considering all the relevant 

parameters, and minimizing the expenses. TCO material selection only 

based on maximizing the conductivity and the transparency can be 

misleading. Therefore, despite of the enormous experience on TCO in the 

industry, many problems still remain, both for applied and fundamental 

aspects.  

In this chapter we report three examples of practical application problems 

for TCO/Ag/TCO, and we checked if this material offers reliability and 

advantage in some cases. In particular, we dealt with the optical behavior 

as anti-reflecting coating, reliability under mechanical bending (for 

flexible devices) and response to power laser radiation for the industrial 

scribing during photovoltaic module fabrication.  
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4.1 Sample preparation 
 

In order not to be repetitive and to focus only on the practical aspect of the 

results, we say here that the process to grow AZO/Ag/AZO films was the 

same in all the analyzed cases. AZO and Ag were deposited by RF 

magnetron sputtering at room temperature in Ar atmosphere with a 

working pressure of 0.25 Pa. Depositions were done on polished (001) 

silicon wafers for the anti-reflecting coating experiment, on Polyethylene 

naphthalate (PEN) for the bending experiment and on corning glass for the 

laser scribing study. After cleaning in de-ionized water and isopropyl 

alcohol, substrates were dried under nitrogen flow and placed in front of 

the target source materials: AZO (3 wt.% Al2O3 and 97 wt.% ZnO) and 

pure Ag, at a distance of about 7 cm. The deposition chamber was pumped 

down to 5x10
-6

 mbar prior to the introduction of the Ar gas. The deposition 

rates were 0.55 nm/s for AZO (source power of 175 W) and 0.90 nm/s for 

Ag (source power of 80 W).  

 

4.2 Anti-reflecting properties of AZO/Ag/AZO  

	

The first section focuses on the anti-reflecting properties of AZO/Ag/AZO 

multilayers. By depositing onto high reflective polished Si wafer, we 

demonstrate a strong lowering and tuning of the reflectance in the visible 

range due to the tailoring of the top and bottom AZO films thickness, while 

keeping constant the Ag layer. As a consequence, we propose this material 

as an anti-reflecting transparent electrode to replace the sequence of TCO 

plus dielectric thin films in fabrication of solar cells, with a special hint 

when texturing of the surface is not feasible. 
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4.1.1 Anti-reflecting theory 

	

An antireflective or anti-reflection coating (ARC) is a coating applied to 

the surface of lenses and other optical elements to reduce reflection. In 

typical imaging systems, this improves the efficiency since less light is lost 

due to reflection. In complex systems such as telescopes and microscopes, 

the reduction in reflections also improves the contrast of the image by 

elimination of stray light. This is especially important in planetary 

astronomy. In other applications, the primary benefit is the elimination of 

the reflection itself, such as a coating on eyeglass lenses that makes the 

eyes of the wearer more visible to others, or a coating to reduce the glint 

from a covert viewer's binoculars or telescopic sight. 

Many coatings consist of transparent thin film structures with alternating 

layers of contrasting refractive index. Layer thicknesses are chosen to 

produce destructive interference of the beams reflected from the interfaces, 

and constructive interference in the corresponding transmitted beams. This 

makes the structure's performances change with wavelength and incident 

angle, so that color effects often appear at oblique angles. A wavelength 

range must be specified when designing or ordering such coatings, but 

good performance can often be achieved for a relatively wide range of 

frequencies: usually a choice of IR, visible, or UV is offered. 

Direct matrix method is used to evaluate the reflection coefficient of a 

multilayer system on silicon substrate. The system of N layers, Fig. 4.1, is 

characterized by the equivalent matrix Meq, which relates the amplitudes 

of electromagnetic field components at the (Nth) interface with the incident 

electromagnetic field components. 
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In the case of single-layer of ARC for determining the optimum thickness 

and refractive index with a minimum reflectance, the following equations 

are deduced from Eq. (4.1): 

		𝑛 = 	
?Z?�a	?Z��

?Za?�
�/A

                               ( 4.4) 

𝑑 = 	 𝜆/2𝜋 𝑎𝑟𝑐𝑡𝑔
?Z(?Za?�

?Z��
         (4.5) 

The design of three-layer ARCs on silicon is optimized using Eq. (4.2) 

when the optimum refractive index of each layer in the stack is calculated 

by: 

𝑛T
T =	𝑛'𝑛J =	𝑛=𝑛`                     (4.6) 

 

Bare silicon has a high surface reflection of over 30%. Anti-reflection 

coatings on solar cells are similar to those used on other optical equipment 

such as camera lenses. They consist of a thin layer of dielectric material, 

with a thickness chosen so that interference effects in the coating cause the 

wave reflected from the anti-reflection coating top surface to be out of 

phase with the wave reflected from the semiconductor surfaces. These out-

of-phase reflected waves destructively interfere with one another, resulting 

in zero net reflected energy. In addition to anti-reflection coatings, 

interference effects are also commonly encountered when a thin layer of 

oil on water produces rainbow-like bands of color [91]. 

	

4.1.2 Results and discussion   

	

Fig. 4.2 reports the RBS spectra of three AZO/Ag/AZO samples. The 

quantitative analysis of these data confirm, within a 10% of incertitude, 

that the thicknesses of each layer are very near to those set during the 

deposition process. As we want to investigate the functionality of this 
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On the other hand, the spectra of the three AZO/Ag/AZO samples show as 

the simple variation of the thickness of the two AZO layers, by keeping 

almost constant the total thickness, causes an efficient reduction and 

tuning of the R value in the whole range, which is of course a critical 

parameter for PV solar cells.  It is also worth of noting that although the 

presence of the single AZO film 100nm thick also has some effect in 

reducing the reflectance, its electrical properties (RS = 1.7 10
4
 Ω/□) are not 

suitable to be employed as transparent electrode. Thus, the presence of 10 

nm of Ag as middle layer has the double effect of producing very low 

electrical resistance (RS = 7.2 Ω/□) and an efficient anti-reflecting effect 

depending on the thickness of the two AZO top and bottom films. Indeed, 

the best performance as anti-reflecting film is found with 

AZO85nm/Ag10nm/AZO35nm, for which an important reduction of R is 

observed all over the visible range, with R < 10% in between 500nm and 

600 nm, where the sunlight has its maximum irradiance.   

To better understand the real gain in terms of sunlight reaching the silicon 

substrate if applied to a solar cell, we normalized the irradiance spectrum 

of the sun at the sea level to the R values measured in our samples. In these 

calculations we also took into account the light absorption due to the 

coating film (AZO or AZO/Ag/AZO layers) as measured by using the 

same films deposited on glasses.  In fact, the intensity I of the light passing 

through a thin film of thickness d, absorption coefficient α and reflectance 

R, if its initial intensity is I0, can be approximated by the simple equation: 

 

  										𝐼 = 𝐼�(1 − 𝑅)𝑒
a∝K       (4.7) 

Once extracted α from the transmittance (not shown here) and reflectance 

data of all samples, we were able to calculate I as plotted  in Fig. 4.4. The 

different curves represent the irradiance intensity reaching the silicon 

substrate in all the investigated cases: bare Si (black line), AZO on Si (grey 

line) and the three different AZO/Ag/AZO multilayers (purple, red and 
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second sample without coating film was used for comparison. In order to 

have the same electrical contacts for the two samples, we sputtered Ag 

dots on the front and rear sides in direct contact with the Si surfaces (inset 

of Fig. 4.5). To check the benefits due to the multilayer, I-V curves were 

recorded under illumination with white light shined through a 0.5cm x 

0.5cm mask on the front area of the samples on the coating multilayer or 

directly on the Si for the reference sample. It must be stressed that the 

presence of the texturing already causes by itself a strong reduction of the 

surface reflectivity [93], [94] with respect to the polished flat substrate of 

Fig. 4.4. Nevertheless, the results reported in Fig. 4.5 show as the presence 

of the multilayer still slightly improves the light trapping with respect to 

the Si reference sample. We recognize that the shapes of the I-V curves 

are far from an ideal case, clearly revealing the presence of parasitic 

resistances due to the very rough approach we used to cut by hand the 

small samples and to make the electrical contacts. Nevertheless, this does 

not undermine the proof of concept and validity of our results about the 

benefit of using the AZO/Ag/AZO multilayer not only as transparent 

electrode [95] but also as anti-reflecting film, mainly in the case of flat 

substrates for which texturing processes are not feasible.   
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No remarkable differences are observed for the films but only a small 

degradation for the AZO 700 nm, probably induced by scattering effects 

in the large crack regions. 

A last point addressed in our study is the role of the Ag layer in the 

flexibility of the film. To this aim, we simulated the bending process using 

a steady-state model. The purpose of the simulation is to calculate the 

stress and strain distribution under tensile loading, by applying a pair of 

parallel forces with opposite versus at a non zero distance (bending 

moment). This has been done only for the case of AZO films, in order to 

compare the results for samples with and without the Ag intralayer. The 

relationship between bending moment and bending radius is defined as 

[100]: 

 																																																													𝑀� = 𝑟𝐸𝐽		 	 											             (4.8)	

where r is bending radius, E is Young’s modulus and J is the moment of 

inertia. The mechanical properties of each material used for the 

simulation are show in Table 1 [101].	

	

	

	

Table	4.1:	Material	properties	used	in	equation	2.	

	

The simulations of the 3-dimensional stress intensity for our samples is 

reported in Figs. 4.12. The false color scale goes from 0 to 9 N/m2 and the 

PEN substrate thickness was set to 700 nm for all samples. A qualitative 

description of the Fig. 6 indicates as the stress at the surface of the AZO 

700 nm film is much higher with respect to that the two thinner samples 

which, on the other hand, look pretty similar to each other. However, a 

more detailed analysis of the AZO/Ag/AZO reveals a lower value of the 

	 AZO	 Ag	 PEN	

Young’s	modulus	(GPa)	 40	 83	 6	

Poisson	ratio	 0.30	 0.37	 0.34	

Density	(g/cm3)	 5.67	 10.49	 1.36	
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4.3.1 Laser Scribing process in photovoltaics manufacturing  

	

The basic element of a photovoltaic plant is the module. The 

manufacturing process of thin film photovoltaic modules based on silicon 

involves the construction of several cells, on the same substrate, 

interconnected in series with each other to increase the electrical power 

generation of the module. 

The interconnection of the cells occurs through the contact between the 

front electrode of the first cell and the back of the next one. 

This implies an electrical separation of each cell and, in most cases, this is 

done by the laser scribing process. The laser scribing is employed to cut 

the TCO films in many technologies, especially in the manufacturing 

process of thin film silicon-based photovoltaic modules, for which three 

laser scribing processes are necessary: laser cutting of the TCO, laser 

cutting of the p-i-n structure and laser cutting of the back metal contact. 

The different thermo-optic properties that characterize each individual 

layer require different process conditions for each of them, and since the 

deposited layers are very thin, the degree of selectivity of each cut must be 

very high. 
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removes the Si in well-defined lines without touching the TCO. Finally, 

the metal back contact is deposited and insulation lines are created by the 

P3 laser scribing [104]. In all cases, the removal of TCO in any other 

technology is mainly done by the P1 process. 

	

4.3.2 Results and discussion 

	

Figures 4.15 report the SEM images of the surface of an AZO/Ag/AZO 

structure irradiated with a single laser pulse of 1.7 J/cm
2
 at 1064 nm of 

wavelength, so simulating the P1 industrial step. The irradiated region can 

be clearly observed in Fig. 4.15a with no damage in the surroundings or 

cracking in the glass substrate. Fig. 4.15b shows the well-defined cutting 

edges that leaves uncovered the bare substrate. It must be noticed that both 

edges present an undulated profile, such as those obtained with a 

laceration. This quite large rip (approximately 200 µm wide) ensures an 

excellent isolation between the region inside the irradiated spot, still 

containing TCO/Ag/TCO traces (see Figure 4.15c) and the region outside. 

Moreover, it is evident from Fig.4.15d, a detachment of the film from the 

substrate at the edge of the laser spot.  
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for the heating of the considered materials above the melting threshold 

and, thus, to initiate thermal vaporization [106]. The laser source term is 

given by:  

                  (- z)Q(x, y)(1-R) e f (t)α
Σ = α           (4.10) 

where α and R are the absorption and reflection coefficients of the 

material, respectively. Q(x,y) is the incident laser pulse intensity with a 

Gaussian special profile, and f(t) is the square-shaped pulse in the time 

domain:	

                    
1 0 t 12ns

f (t)
0 otherwise

< <⎧
= ⎨
⎩

         (4.11) 

Equation 4.10 is calculated for each layer of the structure using the 

material properties summarized in Table 4.2 

Parameters Material Value 

Specific heat, Cp Glass 703  

 [J kg
-1

K
-1

] Ag 240 

 AZO 494 

Density, ρ Glass 2.2 

[g cm
-3

] Ag 10.49 

 AZO 5.7 

Thermal conductivity, κ  Glass 0.80 

[W m
-1

K
-1

] Ag 429 

 AZO 20 

Absorption coefficient, α  Glass 0.5 

[cm
-1

] (at 1064 nm) Ag 1.03x10
5
 

 AZO 4x10
3
 

Reflection coefficient, R Glass 0.04 

(at 1064 nm) Ag 0.64 

 AZO 0.01 

Table	4.	2:	Material	properties	used	in	equation	4.10	
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beginning of the laser pulse, and it is clear as the temperature is higher for 

the TCO/Ag/TCO sample and how the maximum value coincides with the 

Ag location, whereas this is not the case for the single AZO film. Also, the 

evolution of temperatures with time is quite different for the two samples, 

with a faster cooling after the laser process for the multilayer sample. Such 

a behavior can be related to the higher thermal conductivity of Ag with 

respect to AZO. In addition, the simulations performed on a 10 times 

thicker AZO film (not reported here) show that the maximum temperature 

reached after the laser pulse is similar to the ultra-thin AZO/Ag/AZO 

structure, but the cool down process is even slower. These observations 

indicate that a 10-nm-thin Ag mid-layer greatly affects the heat flow 

during and after the laser irradiation, with noticeable effects on film 

removal thresholds. A further point is the very different thermal expansion 

coefficient of the Ag film with respect to the AZO one, this certainly 

producing a high mechanical stress at the interface during heating and 

cooling of the whole material. This is probably the main reason for the 

observed laceration of the AZO/Ag/AZO sample.



	

Conclusions 
	

The demand for transparent conductive materials (TCM), sometime 

referred to as transparent electrodes (TE), is a critical issue in many 

strategic technological areas such led, photovoltaic, smart windows, touch 

screens, transparent electronics. For decades, transparent conductors have 

been realized using doped oxides, known as TCO (Transparent Conductive 

Oxide). Despite of the large number of TCOs, some of which well known 

since more than 50 years (e.g.  doped SnO2, ZnO and In2O3) only a few of 

them offer the right properties to be applied at industrial level for the 

fabrication of different devices. For instance, due to a very good 

transparency in the visible range and high electrical conductivity, Sn-

doped In2O3 (ITO) is the most diffused TCO in photovoltaic, as an 

essential part of the front contact of solar cells. Unfortunately, several 

issues about indium endanger the increasing market of optoelectronic and 

photovoltaic devices: scarcity, cost and toxicity. This has lead to a strong 

request of In-free TCO or, at least, to a reduction of the In consumption by 

thinning the ITO films form hundreds to tens of nanometers. 

Unfortunately, very thin TCOs do not match the required electrical 

properties for practical applications due to the inversely proportional 

increase of the sheet resistance with the thickness. Furthermore, the use of 

films a few nanometer thick is mandatory in some cases, as for example 

flexible electronic devices. Therefore, many other materials have been 

studied and proposed as an alternative to ITO or, in general, as TCM to 

replace standard TCOs, with equivalent or even better performances in 

terms of transparency, conductivity, reliability, cost, environmental 

impact. A major issue for innovative materials such as graphene, 

conductive polymers or metal nanowires, is the technological transfer and 

scalability to the industrial processes  
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Among new TCM, multilayers TCO/metal/TCO made by alternating a few 

tens of nanometers of a standard TCO and high conductive metal, such as 

Ag, seems to be good candidates to this purpose. They show very good 

conductivity because of the metal layer but also high optical transmittance 

due to the very low thickness and anti-reflecting properties typical of a 

multilayer. Furthermore, they are mechanically stable, flexible and 

compatible to large area and low cost deposition processes. 

This thesis is the result of 3 years of experimental work on the synthesis 

and characterization of ultra-thin TE made of TCO/Ag/TCO. These 

materials have been grown on silicon, glass and plastic substrates by RF 

magnetron sputtering, an industrial compatible technique. The different 

substrates were used to study structural, optical and electrical properties, 

so demonstrating several important advantages with respect to standard 

thick TCOs.  For these reasons, TCO/Ag/TCO are proposed among the 

few valid alternatives to thick TCO single layers currently used in many 

industrial applications.	

In our study, we synthesized and investigated many samples of 

TCO/Ag/TCO, with the Ag film in between 3 and 19 nm and a total 

thickness of about 100 nm. AZO, ITO and IZO were used as top and 

bottom TCO embedding the Ag intra-layer. TCO/Ag/TCO samples were 

always compared to single ITO and AZO films with equivalent or higher 

thickness in order to give evidences of the benefit of the multilayer with 

respect to the standard technology.  

We reported several and important achievements: 

1. Indium reduction or removal in TCM; 

2. Stability and reliability under mechanical bending; 

3. Tunable reduction of the reflectivity; 

4. Enhanced light transmission in the red-NIR spectral region; 

5. Lowering of the sheet resistance by order of magnitudes; 
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6. Lowering of the needed energy density during industrial 

compatible laser scribing for electrical insulation; 

7. Achievement of good electrical and optical properties at room 

temperature; 

8. Capability of implementing the TCO/Ag/TCO, for example by 

modifying the fabrication process to create a Ag micro-grid which 

maintain the required electrical properties but improves the optical 

ones. 

In conclusion, the results reported in this thesis represent a clear step ahead 

in the direction of understanding transparent conductors and their 

application to several fields, mainly in photovoltaic. We hope that our 

small contribution will add to those of many other scientists toward a more 

sustainable future for the human kind. 
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