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Chapter 1 

1. 1 - The “semiconductor age” 
The history of materials is the history of human civilization. Since the 

beginning, materials have been playing a key role in the development of society as we know 

it. It is no coincidence that the first major ages of civilization all are named after a new 

material, starting from stone, through copper, bronze, iron, and so on. When the ability of 

making new tools from these materials was passed on from generation to generation, 

technology widely started to shape, influence, and speed up the development of societies. 

The more advanced was the knowledge about transforming natural resources into new 

materials and tools, the higher was the chance of a population to prevail over other. 

Over the millennia this ability to create new materials grew exponentially, extending that 

early knowledge of manipulating matter over many other metal alloys, glasses, ceramics, 

polymers, and composites. Today we are able to synthetize millions of different materials, 

with different physical or chemical properties to fulfill different purposes. For many 

challenges that our society is currently facing, materials in one form or the other are often 

the heart of the solution. 

But what is today’s “age”? Despite R. Buckminster Fuller is often quoted as saying “The 

Stone Age gave us merely stones, the Bronze Age brought us bronze, and the Iron Age gave 

us steel. But the Plastic Age has given us almost everything”, his definition is clearly an 

understatement. Somebody else could claim, indeed, that semiconductors are the heart of 

today civilization. Gordon Moore, who formulated the well-known empirical relationship 
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known as “Moore’s law”, used to say that “the semiconductor age is upon us, and it is 

transforming our world in ways that we can only imagine”. 

Current technologies are inextricably dependent on semiconductor-based electronics. 

Most of our daily work, communications, mobility, energy production, design, health, 

somehow depend on semiconductors-based technologies. Even the study and the 

production of new materials often make use of them. And the trend is continuously growing. 

In 2022 the Semiconductor Industry Association (SIA) estimated an impressive worldwide 

$574.1 billion revenues for semiconductor market (Figure 1.1). 

 

Figure 1.1 - Monthly sales by World Semiconductor Trade Statistic (WSTS) organization. WTST is an 

independent non profit organization 

The most used semiconductors are Silicon, Germanium, and Gallium Arsenide. 

Germanium was leader in the beginning of this so-called “semiconductor age”, but its high 

price (1500-3000$ per kg in the last few years) and its geographic availability (60% of total 

production located in China) paved the way for Silicon. For sure Silicon played a main 

character role in the past few decades, because its large worldwide availability, together with 

relatively cheap extraction and purification processes, make it much more cost-effective (1-

5$ per kg). 

But Silicon cannot be used for any application. Other semiconductors are used to 

overcome the limits related to its relatively low saturated electron velocity and electron 

mobility, or its indirect gap and its energy gap value, or its resistivity. Moreover, Silicon 
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already reached the limit of the previously mentioned “Moore’s law” and today, despite 

lithographic technology reached an impressive 1-2 nm resolution, complex tridimensional 

transistors, combining Silicon with a multitude of different materials, are required to 

continuously increase the transistor density of an integrated circuit. 

For all these reasons the research of new materials to be used in electronics and energy 

production is still extremely active. 

1.2 - The need of materials in form of thin-films 
Today a large number of materials is often needed and hence produced in form of thin-

films. Layers with a wide range of thickness is ascribed to this definition, generally from 

less than 1 nanometer (a single monolayer) up to several micrometers. The main advantages 

of disposing of materials in such a shape are: 

- they can be used to create devices that are smaller, lighter, and more efficient than 

devices made from bulk materials, because of the limited amount of material 

deposited; 

- they can be used to protect (coatings) or modify the properties of other materials, as 

well as they can be combined to form heterostructures with unique properties; 

- if their thickness is low enough to obtain a 2D-material, exotic or quantum-

confinement induced properties may arise and some of them can be tuned by 

controlling the film thickness; 

- they can be used to stabilize, through an epitaxial growth on specific substrates, some 

crystalline phases that otherwise would be meta-stable or impossible to obtain in bulk 

form, as well as crystal lattices with controlled stress or strain conditions (that in some 

cases are used to produce quantum-dots 0D-structure); 

- some of them can be easily shaped in complex structures, with specific geometries and 

sizes, by alternating deposition techniques with mechanical or lithographic masks, 

etching or micro-machining processes; 

- a very large number of deposition techniques are available for different materials, 

producing films with different quality grade at different deposition rates, in inert or 

reactive environments, at low or high temperatures, enabling the deposition of thin-

films on different type of substrate materials. 

Thin-films are usually so fragile and/or difficult to handle that in most of the cases they 

are not obtained in a self-standing form, but they are generally deposited on a thicker and 

mechanically more robust and handy substrate material, that can have both a passive or 

an active function. 
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Most of micro-electronic circuits are made by different thin-films, obtained by 

modifying the surface layers of a material (e.g. by doping, implantation, oxidation or 

nitridation of a semiconductor) or by depositing new materials, arranged in a complex 

planar and sometimes vertical circuit structure. 

Also, a whole class of solar cells is based on thin-films, where alternative materials are 

used instead of a 160-240 μm thick layer of Silicon. The idea beyond the so-called “second-

generation photovoltaics” is to use materials with a higher absorption coefficient and 

possibly a better absorption range (to better match solar radiation), so that just a very thin 

layer of about 1 μm can be used to absorb most of the incident light. The use of a much 

smaller amount of materials is supposed to compensate (and possibly overcome) the higher 

cost of these materials in comparison with that of cheaper Silicon. Moreover, thin-films are 

also used to create multi-junction solar cells, complex photovoltaic devices that can 

overcome the intrinsic limits of each semiconductor in photo-electric conversion efficiency 

by engineering the light absorption through multiple stacked p-n junctions made of 

different materials/compositions. 

The use of materials in form of thin-films is also in agreement with the more and more 

pressing need of improving technology sustainability, by using less resources and lowering 

the power that devices need to operate. 

1.3 - Overview of my PhD thesis 
This thesis presents the main results achieved during my PhD activity, carried out 

between the laboratories of the Department of Mathematical, Physical and Computer 

Sciences and the Department of Chemistry, Life Sciences and Environmental Sustainability 

at the University of Parma, and those at CNR Institute for Materials for Electronics and 

Magnetism (IMEM). 

As reported in the title, my PhD activity was mainly focused on selenide and oxide thin-

films, that are actually under investigation or development in these Institutions for different 

applications in photovoltaics and electronics devices. Details are here provided on the 

synthesis of these materials, deposited in form of thin-film with different techniques, as well 

as their characterization, mainly performed by Raman spectroscopy, but also with other 

complementary techniques, that were fundamental to determine the thin-films properties 

and functionality. In most of the cases synthesis and characterization were performed in 

parallel, since the results of the latter were used from time to time as a feed-back for the 

progressive optimization of the deposition processes. 

 



 

1. Introduction 

 

 10    

After this brief introduction, the used deposition techniques and characterization 

techniques are described in brief in Chapter 2 and Chapter 3 respectively, so that, if 

needed, a quick reference is available for the main concept, terms and parameters discussed 

in the following chapters, where experimental results are reported and discussed. 

In Chapter 4 the deposition of antimony selenide (Sb2Se3) thin-films by Low-

Temperature Pulsed Electron Deposition (LT-PED) and Radio Frequency Magnetron 

Sputtering (RF-MS) is reported and discussed, together with their structural, chemical, 

morphological and electrical characterization. Both undoped and Cu-doped films were 

obtained for the fabrication, test, and optimization of photovoltaic solar cells, within which 

these films are used as alternative absorber material.  

In Chapter 5 the deposition of gallium oxide (Ga2O3) thin-films by MetalOrganic 

Chemical Vapor Deposition (MOCVD) and LT-PED is reported and discussed, with a 

specific attention on the correlation between growth parameters and the different 

characterized phases and properties, that could be exploited for different kind of possible 

applications (e.g. solar-blind UV detectors or high-power electronics). In particular, Raman 

characterization proved to be a key-tool to reveal small amounts of secondary phases and 

the influence of doping with Si and Sn. 

Chapter 6 is instead focused on the role that Raman characterization had in the 

production and isolation of γ-BaFe2O4, both in form of powders (solid state reaction) and 

thin-films (LT-PED). Samples of this pure compound proved for the first time that this 

material is a room-temperature multiferroic compound. 

A general overview of the main result is finally summarized in Chapter 7. 

 

Part of these results have been also described in 8 papers, 5 of which are already 

published and 3 are currently under review: 

1) G. Spaggiari, F.Pattini, D. Bersani, D. Calestani, A. De Iacovo, E. Gilioli, F. Mezzadri, 

A. Sala, G. Trevisi, S.Rampino, “Growth and structural characterization of Sb2Se3 solar 

cells with vertical Sb4Se6 ribbon alignment by RF magnetron sputtering”, Journal of 

Physics D: Applied Physics, 54 (2021) 385502. 

2) G. Spaggiari, D. Bersani, D. Calestani, E. Gilioli, E. Gombia, F. Mezzadri, M. 

Casappa, F. Pattini, G. Trevisi, S. Rampino, “Exploring Cu-Doping for Performance 

Improvement in Sb2Se3 Photovoltaic Solar Cells”, International Journal of 

Molecular Sciences, 23 (2022) 15529. 

3) F. Orlandi, D. Delmonte, G. Calestani, E. Cavalli, E. Gilioli, V. V. Shvartsman, P. 

Graziosi, S. Rampino, G. Spaggiari, C. Liu, W. Ren, S. Picozzi, M. Solzi, M. Casappa, 
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F. Mezzadri, “γ-BaFe2O4: a fresh playground for room temperature multiferroicity”, 

Nature Communications, 13 (2022) 7968. 

4) P. Mazzolini, Z. Fogarassy, A. Parisini, F. Mezzadri, D. Diercks, M. Bosi, L. Seravalli, 

A. Sacchi, G. Spaggiari, D. Bersani, O. Bierwagen, B. M. Janzen, M. N. Marggraf, M. 

R. Wagner, I. Cora, B. Pécz, A. Tahraoui, A. Bosio, C. Borelli, S. Leone, R. Fornari, 

“Silane‐Mediated Expansion of Domains in Si‐Doped κ‐Ga2O3 Epitaxy and its Impact 

on the In‐Plane Electronic Conduction”, Advanced Functional Materials, 33 

(2023) 2207821. 

5) R. Jakomin, S. Rampino, G. Spaggiari, F. Pattini, “Advances on Sb2Se3 Solar Cells 

Fabricated by Physical Vapor Deposition Techniques”, Solar, 3 (2023) 566. 

6) S. Bienz & G. Spaggiari, D. Calestani, G. Trevisi, D. Bersani,  N.Kumar, Renato 

Zenobi, “Nanoscale Chemical Analysis of Sb2Se3 Solar Cells Interface using Tip-

Enhanced Raman Spectroscopy”, ACS Applied Materials and Interfaces, under 

review. 

7) R. Jakomin, S. Rampino, G. Spaggiari, F. Pattini, F. Mezzadri, G. Trevisi, E. Gombia,  

E. Gilioli,  M. Mazzer, “New Earth-Abundant Thin Film Solar Cells Based on bilayer 

pulsed electron deposition/sputtering Antimony Selenide”, Sustainable 

Materials and Technologies, under review. 

8) G. Spaggiari , R. Fornari , P. Mazzolini , F. Mezzadri  , A. Parisini , M. Bosi , L. 

Seravalli, F. Pattini ,  M. Pavesi , S. Rampino , A. Sacchi , D. Bersani, “Raman 

characterization of Ga2O3 thin-films: a key tool for the study of different phases and 

crystalline properties”, Applied Spectroscopy, under review. 

 

Three further articles on these topics were published for conference proceedings: 

9) G. Spaggiari, S. Rampino, D. Bersani, “Sb2Se3: a possible future for thin-film 

photovoltaics?”, EPJ Web of Conferences, 268 (2022) 00006. 

10) S. Rampino, G. Spaggiari, R. Jakomin, E. Gilioli, F. Mezzadri, M. Meneghini, J.J.N. 

Barrantes, M. Mazzer, C. De Santi, F. Pattini, “Strategies for Enhancing the 

Photovoltaic Conversion Efficiency in Sb2Se3-based Solar Cells”, Proceedings of the 

11th International Conference on Materials for Advanced Technologies (ICMAT 

2023), (2023). 

11) J.J.N. Barrantes, C. De Santi, F. Piva, M. Buffolo, A. Caria, N. Trivellin, S. Rampino, 

G. Spaggiari, R. Jakomin, F. Pattini, G. Meneghesso, E. Zanoni, M. Meneghini, 

“Characterization and C-DLTS analysis of antimony selenide solar cells”, Proceedings 

of Prima conferenza nazionale della Rete Italiana Fotovoltaico per la ricerca e 

l'innovazione (rete IFV), (2023). 
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Other side-works, that are not reported in this thesis, are instead described in the 

following papers: 

12) M. Bertoncello, M. Barbato, A. Caria, M. Buffolo, C. De Santi, S. Rampino, F. Pattini, 

G. Spaggiari, N. Trivellin, D. Vogrig, E. Zanoni, G. Meneghesso, M. Meneghini, 

“Comparison between Cu(In,Ga)Se2 solar cells with different back contacts 

submitted to current stress”, Microelectronics Reliability, 138 (2022) 114612. 

13) E. Del Canale, L. Fornari, C. Coppi, G. Spaggiari, F. Mezzadri, G. Trevisi, P. Ferro, 

E. Gilioli, M. Mazzer, D. Delmonte, “High-Pressure Bulk Synthesis of InN by Solid-

State Reaction of Binary Oxide in a Multi-Anvil Apparatus”, Inorganic 

Chemistry, 62 (2023) 5016. 

14) E. Del Canale, C. Coppi, L. Fornari, G. Spaggiari, M. Casappa, F. Mezzadri, G. 

Trevisi, S. Rampino, F. Pattini, M. Bronzoni, E. Gilioli, M. Mazzer, D. Delmonte, 

“Ultra-low cost, green and simple RT-mechanosynthesis of Antimony Sulphoiodide, 

a potential ferro-photovoltaic material”, under submission. 
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Chapter 2 

In this chapter the main growth techniques used to deposit the studied thin-films are 

briefly described. The purpose is to provide a quick reference for the main concepts, 

parameters and technical terms, that are then used in the following chapters dedicated 

to the experimental results and their discussion. 

In the next paragraphs three techniques are described: 

2.1 Low-Temperature Pulsed Electron Deposition (LT-PED) 

2.2 Radio Frequency Magnetron Sputtering (RF-MS) 

2.3 MetalOrganic Chemical Vapor Deposition (MOCVD) 

I personally used the first two techniques to deposit different types of thin-films, while I 

provided my direct characterization feed-back to the colleagues at IMEM-CNR for their 

use of the third technique to obtain Ga2O3 thin-films. 
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2.1 - Low-Temperature Pulsed Electron Deposition (LT-PED) 
Pulsed Electron Deposition (PED) is a high-energy physical deposition technique. 

It is a quite unexpensive technique (installation can be lower than 40.000 €) but the 

efficiency is optimal, and it is also suitable for materials with a complex stoichiometry 

and/or an incongruent melting point. 

In PED technique, pulsed electron beams at very high-power density (up to 108 W/cm2) 

are used. The frequencies exploited are just a few Hz and the pulses are in the range of 100 

ns. With these characteristics, the power density striking the target material is generally two 

orders of magnitude higher than that required for thermal e-beam evaporation, i.e. at about 

104-106 W/cm2. This electron bombardment produces a brief out-of-equilibrium surface 

heating, preventing melting of the material and giving rise to the “ablation” phenomenon, 

which is a rapid emission under non-equilibrium thermodynamic conditions of all the 

elements contained in the target. 

The material emitted from the target is in the form of a plasma, which maintains 

stoichiometry in the gas phase even when the melting point is thermodynamically 

incongruent. In addition, since the generated plasma has a very high temperature 

(thousands of K), the species within it are highly energetic, allowing films of good crystalline 

quality to be deposited even when the substrate temperature is relatively low. For this 

reason, in many cases, this technique is also often called "low-temperature" PED (or LT-

PED). 

The stoichiometric ablation of the target ensured by this technique makes PED 

especially suitable for growing films of alloys, materials with complex state diagrams, or 

with out-of-equilibrium stoichiometries. In addition, stoichiometric ablation also allows for 

long-time deposition without the need for intervention on the target material, which will 

not be depleted of some elements more than others over time. 

Among the various materials successfully deposited by this technique, an example 

suitable for thin-film photovoltaic application is Cu(In,Ga)Se2 (also referred to as CIGS), 

whose quaternary composition, incongruent melting point, and high volatility of selenium 

in the melting phase generally make it much more difficult to be obtained by other single-

step  techniques (post-growth treatments are generally required to correct the 

stoichiometry). 

A LT-PED deposition (Figure 2.1) takes place in a vacuum chamber in which only the 

process gas (usually Ar at a pressure close to 10-3 mbar) flows. The pulse is generated by a 

trigger, which discharges the accumulated power at the desired frequency (about 10 Hz). 

The discharge ionizes the process gas, that emits highly energetic electrons with a cascading 
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effect, from the walls of a special hollow cathode. The electrons formed in the hollow 

cathode are driven to the anode by a voltage of several kV and collimated through a thin 

alumina dielectric tube to the target. 

The electron beam that reaches the target is characterized by electrons of different 

energy (depending on the number of collisions they have been involved in) and can be 

divided into three main parts: 

- the first part consists of a few very fast and energetic electrons 

- the second part is characterized by a larger but still relatively low current of medium-

energy electrons 

- the third and final part consists of a high current, but such current is made up of 

slow and low-energy electrons 

The ablated material develops a characteristic "plume" of plasma in the direction 

orthogonal to the surface of the target (see inset of Figure 2.1). 

 

Figure 2.1 – Schematic diagram of a PED deposition chamber. In the upper right inset, an image of the 

ablation "plume" 

The target is usually mounted on a rotating stage. In this way it possible to obtain a 

better homogeneity, less heating and more material available for ablation. The substrate 

is usually placed upside-down above it, in contact with a heater that determines its 

temperature. The upside-down position makes it possible to avoid particulate matter, that 
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might accidentally come off the target, falling on the film. The graphite heater is large 

enough to heat the substrate rather homogeneously. 

Since electrons are emitted in the hollow cathode by thermo-ionic effect, this 

distribution can be altered by "overheating" of the source. This means that there is generally 

an upper limit (Figure 2.2) in the ratio between accelerating voltage and pulse frequency 

("pulse repetition rate"), within which proper operation is guaranteed to allow the 

cathode to cool between two successive pulses. This limit may vary depending on the PED 

deposition system used. 

 

Figure 2.2 - Example of maximum usable voltage as a function of pulse frequency for a PED electron gun 

operating within a power limit of 15W. 

The angular distribution of the plasma plume limits the deposition within a given area 

on the substrate. In general, the Comsa-David model, which describes this angular 

distribution by considering both possible evaporative and ablative contributions, uses a 

function as a function of a double cosine: 

𝐹(𝜃) = 𝑎  cos[𝜃 + (1 − 𝑎) cos௣ 𝜃]         (2.1) 

where the exponent p is greater than 1, θ is the angle from the deposition axis, and a is 

the coefficient that weighs the contributions between evaporation at thermal equilibrium 

and ablation. While in general evaporation has a very broad distribution (F(θ)≈cos(θ)), for 

very high acceleration voltages such as those used in PED the exponent p increases to values 

close to 6-7 while a≈0. 

Thus, the emission cone of plasma plume is rather narrow, which means that the 

deposition area achievable with this technique is generally small (a few square centimeters). 
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On the other hand, the narrow distribution of the evaporate, which is typical of high-energy 

techniques, allows for a much higher deposition yield (ratio between the mass deposited on 

the substrate and the mass evaporated from the target) than in the thermal evaporation 

technique, where most of the evaporated material goes on the walls of the chamber, rather 

than on the substrate. 

Systems have been designed over the years at the IMEM-CNR Institute to partially 

overcome the problem of a narrow deposition cone. The first is a multi-cannon PED system, 

capable of having four or more electron guns operating in parallel on as many targets and 

positioned so that the plumes deposit material on the substrate in an array with minimal 

overlap, sufficient to form a homogeneous film over a larger area (up to 256 cm2). The 

second is a roll-to-roll PED deposition system on sliding substrates or ribbons of flexible 

substrates. 

  



   

2. Growth techniques 

 

 18    

2.2 - Radio Frequency Magnetron Sputtering (RF-MS) 
The term "sputtering" is used to define the process of erosion of a surface by charged 

particles accelerated towards it. The charged particles mainly exploited to achieve 

sputtering are ions in a plasma, typically of inert gas (Ar+, Kr+, ...) or small molecules (N2
+, 

O2
+). The term "sputtering deposition," on the other hand, is the process of accumulating 

on a nearby substrate the atoms undermined by the surface subject to sputtering. 

Sputtering deposition is a widely used technique for the production of thin-films. In 

particular, due to its high efficiency and easy scalability over large areas, it is one of the 

leading techniques in industry. 

To fully understand how this technique works, and therefore its pros and cons, it is 

essential to go into a little more detail. First, it is useful to define the "yield" Y of the 

sputtering process, defined as the ratio: 

Y =  
ୣ୫୧୲୲ୣୢ ୮ୟ୰୲୧ୡ୪ୣୱ

୧୬ୡ୧ୢୣ୬୲ ୮ୟ୰୲୧ୡ୪ୣୱ 
        (2.2) 

The yield of this erosion process is mainly a function of the energy of the particles (ions) 

used to hit and undermine atoms from the surface of the target material. In fact, five regimes 

can be defined as a function of energy: 

- <20 eV: subthreshold - in this energy range the sputtering process is largely 

inefficient (Y <10-4) 

- 30-50 eV: low energy - in this range only extremely thin films can be obtained, 

which, because of the low energy, tend to deposit almost everywhere inside the 

deposition chamber instead of being directed toward the substrate (Y ≈10-2-10-1) 

- 50-1000 eV: "knock-on" energy - this is the ideal range to use in order to obtain 

good deposition from the sputtering process; in this range, effective displacement of 

multiple atoms as well as ejection of surface atoms can be achieved by impact, as 

depicted in Figure 2.3a (Y ≈1-10) 

- 1-50 keV: cascade collisions - at this range of energies all chemical bonds within 

a spherical region close to the impact point are broken; unfortunately, plasma 

generation at these energies is difficult to achieve technologically, both in terms of the 

instrumentation and the associated costs. For these reasons it is not usually exploited 

for film deposition (Y <1-100) 

- >50 keV: high energy - in this range of energies the sputtering process is less 

efficient because the ions have sufficient energy to be implanted deeply and therefore 

make atoms ejection from the surface less likely. 



   

2. Growth techniques 

 

 19    

 

Figure 2.3 - (a) schematic representation of the atoms ejection process from the surface during the 

sputtering phenomenon; (b) comparison of the typical velocity distribution of evaporated particles and 

particles ejected by sputtering 

In the "knock-on" regime generally used for sputtering deposition, the velocity (hence 

the kinetic energy) with which atoms are ejected from the surface is not as high as in the 

case of PED deposition but, nevertheless, much higher than that with which atoms simply 

evaporate (Figure 2.3b). 

In this optimal regime, the sputtering yield increases roughly linearly with the energy of 

the incident ions and, therefore, with the applied accelerating voltage (Figure 2.4a).  

 

Figure 2.4 – (a) sputtering yield as a function of target material using the same ions (Ar+); (b) sputtering 

yield as a function of ions used with the same target material (Ag) 

Moreover, within certain limits, an increase in ion flux (ion current) results in an almost 

proportional increase in the number of atoms ejected from the target by sputtering. This 
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means that, in many cases, the deposition rate (or "deposition rate") scales approximately 

the same as the power. 

It can be seen that Y also depends on: 

- the kind of ions used: on the same target Kr+ ions produce a higher yield than Ar+ 

ions due to their higher mass; 

- the target atoms: the trend with atomic number in this case is not at all easily 

described because, in addition to the mass of the atoms, it also depends on the crystal 

structure and the strength of the chemical bonds; 

- the angle of incidence: the yield, which is typically proportional to the cosine of the 

angle with the normal to the surface, can for some energies and some target materials 

have a maximum for a non-zero angle. 

From these last points we can easily understand that in the case of sputtering 

compounds of different atoms, the atoms ejected from the target will generally not have the 

same stoichiometry among them as they had in the target. This implies that the deposition 

by sputtering of these materials, over time, could generate compositional drifts or 

oscillations. For this reason, in some cases, it is necessary to use the so-called co-sputtering 

technique: a simultaneous sputtering process from targets of different elements, each of 

which has appropriately optimized conditions/parameters to achieve the correct final 

stoichiometry. 

Several sputtering systems are commercially available, differing both in the voltage 

applied between the cathode and anode of the plasma generation chamber and in whether 

magnetic fields are used or not. 

The simplest of these is so-called “DC sputtering”, so named because of the use of a 

DC voltage between cathode and anode. DC sputtering takes advantage of the plasma 

formed by glow discharge (“glow discharge”) when an appropriate voltage is applied 

between a cathode and an anode in a volume in which a relatively low-pressure gas is 

present. In the appropriate pressure range, plasma initiation can be achieved with voltages 

that are not too high (Paschen's law - Figure 2.5). 

In Figure 2.6, instead, the different regions that are established in this system are shown. 

Starting from the cathode, from which electrons are initially emitted, the first region 

encountered is a thin gap known as the Aston dark space. In this space the secondary 

electrons released from the cathode are accelerated toward the anode to then reach 

sufficient energy to ionize the atoms of the working gas and generate the light emission of 

the cathode glow. 

 



   

2. Growth techniques 

 

 21    

 

Figure 2.5 - Ignition discharges voltage for different gases as a function of pressure 

 

Figure 2.6 - Image and diagram of the different regions established during a glow discharge in a continuous 

electric field; the trends along the axis of potential and electric field, charge density and current density are 

shown below. 
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The cathode glow is the zone where avalanche ionizations take place, and it is the zone 

where electrons have high energy (evidenced by the higher luminosity). In the next dark 

zone of the cathode ("cathode dark space"), also called the Crookes/Hittorf dark space, 

the density of ions gradually increases as the electrons multiplied by the ionizations in the 

cathode glow zone are accelerated and swept away by the electric field in the direction of the 

anode. 

Continuing to the anode, the next zone is known as the "Faraday dark space", where 

electrons lose most of their energy and in general excitation and ionization can no longer 

occur. Finally, within the positive column region there is a quasi-neutral plasma (nearly 

equivalent ionic and electron current). The last glow occurs near the anode ("anode 

glow"). 

The positive ions generated, however, will instead be accelerated toward the cathode 

where, if they have sufficient energy, they will give rise to sputtering. In the sputtering 

phenomenon, other secondary electrons will also be re-emitted, which, if in sufficient 

numbers, will allow the generated plasma to be self-sustaining over time. 

In a DC sputtering deposition chamber, the target material forms the cathode while the 

substrate is placed a short distance away at the anode position (Figure 2.7a). The main 

advantages of this variant are the cost (since the related deposition apparatus is the least 

complex) and the possibility to work at relatively high pressures (the ionization cross section 

for secondary electron collision is generally low for most gases, especially at high voltages). 

The disadvantages with respect to the other variants (that we will see later), however, 

are that the deposition rate is not particularly high and that it can be used only with 

conductive materials (therefore also the inability to use oxygen as a working gas because it 

could form insulating oxides on the cathode surface). On insulating materials, in fact, 

plasma ions have difficulty discharging and their accumulation leads to the formation of a 

positive field on the surface, which slows down subsequent ions and thus the entire 

sputtering process. 

To prevent the latter drawback, radio frequency sputtering ("RF sputtering") is 

generally used. In fact, the use of alternating currents that reverse the polarization between 

anode and cathode for only a short time (Figure 2.7b) allows ions that have accumulated on 

the surface of insulating materials to be discharged, making it possible to obtain sputtering 

depositions even from these materials or metal targets in a reactive environment. 

The deposition rate is also higher, for this configuration, due to the additional movement 

of the secondary electrons induced by the field oscillations, which increases both the plasma 

density and the ion current to the cathode. On the other hand, the deposition apparatus, 

which in this case also includes the radio frequency generation and control system, is more 
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expensive than the "DC" variant. In addition, this system is less efficient at high pressures 

because the high density of ions leads to collisions between ions even within the dark zone, 

slowing them down precisely where they are generally accelerated. 

 

Figure 2.7 - Different configurations of sputtering deposition technique: (a) direct voltage sputtering (DC 

sputtering); (b) radio frequency sputtering (RF sputtering); (c) magnetron sputtering (MS) 
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Finally, it is important to mention the "magnetron sputtering" (MS) configuration. 

This involves the use of a magnetic field placed near the cathode. By generating a radial 

magnetic field, ions and electrons are "trapped" along a circular trajectory (also called a 

"racetrack") on the surface of the target (Figure 2.7c) due to the Lorentz force. The plasma 

in this annular region has a high density, so a high sputtering current can be obtained even 

at low voltages (although under these conditions I is proportional to V[kV]n, with n between 

5 and 10, applies). Because of its higher yield and higher deposition rate, the MS variant is 

by far the most widely used in the field of coatings. The MS system is applicable to both DC 

and RF sputtering and, with appropriate design of the generated magnetic field, is also 

available in more complex configurations/geometries of anode and cathode. In contrast, 

this variant also carries with it an obvious additional cost for the deposition apparatus, the 

target is consumed unevenly (annular groove), and the efficiency drops at higher pressures 

due to excessive ion density. 

In general, it can be said that the sputtering deposition technique is characterized by: 

- a radial distribution greater than that of high-energy techniques (the Comsa-David 

model predicts a trend proportional to cos2θ) and a deposition area that depends 

almost exclusively on the size of the target; 

- a good deposition rate (especially in the MS configuration); 

- a good energy of the atoms ejected from the target: typically 3-5 eV, lower than that of 

high-energy deposition techniques such as PED (>10 eV), but still vastly higher than 

that of evaporated atoms (0.1-1 eV); 

- a not always good preservation of target stoichiometry in compounds consisting of 

multiple elements and a slight variation in the concentration of ejected atomic species 

over time; 

- the possibility of trapping impurities from the plasma working gas in the film or 

damaging/defecting the already grown film when high voltages are used, and very 

energetic particles may hit its surface. 
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2.3 - MetalOrganic Chemical Vapor Deposition (MOCVD) 
MetalOrganic Chemical Vapor Deposition (MOCVD) is one of the multiple variants of 

chemical vapor deposition (CVD) technique. In MOCVD starting precursors are volatile 

metalorganic compounds, which are vaporized in separate chambers, where their 

temperature is controlled to provide a fixed saturated vapor pressure (Figure 2.8). 

 

Figure 2.8 – Scheme of a possible MOCVD system configuration 

These vapors are singularly combined with the proper amount of a carrier gas (in which 

they are stable enough) that transports them towards the reaction chamber in the desired 

concentrations and ratios. After their mixing and eventual further dilution with carrier gas, 

precursors enter the reaction chamber, where the substrate is placed at a temperature that 

is high enough to promote the decomposition and reaction of metalorganic reagents (Figure 

2.9). 

 

Figure 2.9 – Scheme of the deposition process steps occurring in a MOCVD reactor 
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Unlike the previously described techniques, in this case we have a chemical deposition 

instead of a physical one. With this technique it is possible to deposit polycrystalline or 

monocrystalline films, depending on the growth rate, the process parameters, the purity of 

the precursors and the match with the substrate. In the best case, indeed, it is possible to 

obtain an effective epitaxial growth and for this reason sometimes this technique is 

sometimes also called MetalOrganic Vapour-Phase Epitaxy (MOVPE) or OrganoMetallic 

Vapour-Phase Epitaxy (OMVPE). “MOCVD” is however a more common and all-inclusive 

name for this process, more clearly involving also the deposition of not-epitaxial growth of 

polycrystalline films. 

MOCVD has been initially introduced for the deposition of semiconductors thin-films, 

especially III-V compounds. In that case usually alkyls were used as organometallic 

precursor of the Group III element and hydrides for the Group V element, in a flow of 

hydrogen (H2) as carrier gas. As an example, in Figure 2.10a it is possible to see the scheme 

of the reactions occurring for trimethylgallium (Ga(CH3)2) and arsine (AsH3) to deposit 

GaAs. 

 

Figure 2.10 – (a) detail of the multiple reactions taking place in a MOCVD deposition of GaAs thin-films 

starting from Ga(CH3)2 and AsH3 precursors, in a flow of H2 as carrier gas; (b) schematic plot of the growth 

rate regimes vs. temperature for a MOCVD process. 

However, MOCVD is a versatile process that can be used to grow a wide variety of 

materials, including semiconductors, insulators, and metals. The choice of precursors is not 

limited to simple alkyls and hydrides but can be extended to almost any volatile 

organometallic and/or gas, as carriers for the elemental components of a film. Most of the 

time organometallic precursors are in liquid form. The important properties of liquid 

precursors, and their selection, are: 
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- their saturated vapor pressure should ideally be in the range of 1–10 mbar in the 

temperature range of 0–20 °C; outside of this range precautions have to be taken 

into account, like hot bubblers or heated lines; 

- they should be stable for long periods at room temperature; 

- they have to react efficiently at the desired growth temperature (the combination of 

precursors may need to be considered here); 

- their reaction must produce stable leaving groups and low carbon incorporation; 

- they should not be subject to unwanted side reactions (e.g. polymerization). 

The reaction kinetics change with substrate temperature (Figure 2.10b) but, in general, 

the increase of substrate temperature can reach a regime in which the deposition rate is no 

longer determined by the overall reaction rate, but it is rather determined by the supply rate 

of precursors. This effect produces a depletion of the precursor concentration in the region 

immediately above the surface and a gradient in precursor concentration toward the 

incoming stream. In this case the rate of diffusion through the depleted boundary layer 

determines the rate at which the film grows. This is called “transport‐limited growth” regime 

and it is characterized by high growth rates and only a weak dependence of growth rate on 

substrate temperature. On the contrary, in a higher temperature regime, the growth rate 

decreases again because the equilibrium vapor pressure of the elements in the film increases 

so much that desorption rates become comparable with the deposition rate. In this regime 

also other mechanisms can induce a decrease in growth rate, such as free radical etching or 

undesired precursor desorption before the final reaction occurs. 

Inhomogeneities in the film growth may arise in simple horizontal reactors, which 

usually are used only for small substrates or research purposes. In this linear system 

assemblies, the precursors concentrations may decrease, indeed, along the furnace (and 

flow) axis, as more and more of these compounds react and is deposited in form of film on 

the substrate. Hence, thickness and/or compositional gradient may be found in the 

deposited thin film. To overcome this problem several approaches have been studied. Some 

of the most effective are vertical assemblies with “showers” that distribute the vapors and 

gases homogeneously on a wide surface (like in the scheme in Figure 2.8) and rotating 

substrates. 

MOCVD is particularly used in the industry of semiconductors for optoelectronic 

devices, such as lasers and LEDs. This technique has some undeniable advantages such as 

the high quality and good uniformity of the deposited films, it is a relatively low-cost 

technique, and it works quite well with a wide range of materials. Although it is indeed a 

complex process, unfortunately many times there is the need of toxic chemicals and some 

of the equipment can be expensive. 
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Chapter 3 

In this chapter the main characterization techniques, used to study the different thin-

films properties, are briefly described. As for the previous chapter, its purpose is only to 

provide a quick reference for the main concepts, parameters and technical terms, that 

are used to describe and discuss the experimental results in the following chapters. 

The technique here described are: 

3.1 Raman Spectroscopy 

3.2 X-Ray Diffraction (XRD) 

3.3 Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy 

(EDS) 

3.4 Electrical Characterizations 

I personally dealt with the measurements and the data analysis related to Raman 

spectroscopy; I made only a part of the XRD measurements, but I personally analyzed 

most of the XRD data presented in this thesis; I was assisted by colleagues for SEM and 

EDS characterization and electrical characterization, but I personally elaborated most 

of the presented data. 
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3.1 - Raman Spectroscopy 
Raman spectroscopy is a chemical-structural characterization technique that relies 

on the phenomenon of inelastic scattering of photons from a monochromatic light 

source when they interact with a material. The technique derives its name from the Indian 

physicist Sir Chandrasekhara Venkata Raman, who in 1928 first observed the phenomenon: 

light scattered by some substances illuminated with monochromatic light carried a weak 

electromagnetic radiation of frequency ν', different from the incident ν by an amount ±Δν. 

The changes in frequency Δν generally do not depend on the frequency of excitation, but 

instead are characteristic material studied. The study of the spectrum emitted under these 

conditions therefore becomes a powerful analytical tool. 

Inelastic scattering of near-visible light, from near-infrared to near-ultraviolet, is in fact 

related to interaction with the vibrational modes of atoms and molecules in the material. 

More precisely, Raman scattering is related to the "switching on" or "switching off" of 

phonons. In the former case we speak of "Stokes-type" Raman scattering, in the latter of 

"anti-Stokes-type" Raman scattering (Figure 3.1). However, the intensity of these Raman 

peaks in the collected spectrum is much lower (3 to 10 orders of magnitude) than that of 

elastic scattering (Rayleigh) at the same frequency as incident radiation. For this very 

reason, the study of what is now called the "Raman effect" really developed only after the 

advent of lasers, which made available very intense monochromatic light sources. 

 

Figure 3.1 - Diagram of transitions between different energy levels involved in Raman scattering processes 
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A Raman spectrum is represented as a function of the "shift" with respect to Rayleigh 

scattering, which represents zero on the x-axis. The part of the spectrum closest to zero, 

which is dominated by Rayleigh scattering, is often not taken into account. Stokes lines are 

in the positive part of the axis and anti-Stokes lines are in the negative part. The row 

patterns are the same in both cases. The intensity of the Stokes lines, however, is greater 

than that of the anti-Stokes lines. This is because of the different vibrational levels’ 

population (anti-Stokes transitions must necessarily start at a higher energy level), which 

follows the Boltzmann statistic and therefore also depends on temperature. For all these 

reasons, generally only Stokes lines are reported by convention in a Raman spectrum.  

Anti-Stokes lines do have, however, a big role in Raman Spectroscopy, because the 

temperature of a material can be ascertained by evaluating the intensity ratio between 

Stokes and anti-Stokes Raman bands signals. If the signal intensities of a specific Raman 

band are measured at both Stokes and anti-Stokes positions, the temperature can be 

calculated by considering the Boltzmann distribution of the populations in the ground and 

first excited states. The relationship often used to describe this phenomenon is: 
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where T is the temperature, k is Boltzmann's constant, h is Planck's constant, νl is the 

incident laser frequency, νv is the frequency of the vibrational mode (position of the Raman 

band), while IAS and IS respectively denote anti-Stokes and Stokes Raman scattering 

intensities, respectively, which are determined experimentally. 

Raman shift is reported in spectra as a function of wavenumber, which is the inverse 

of wavelength (1/λ), in units of cm-1. To convert the spectral wavelength and Raman shift 

wavenumbers, the following relationship exists: 

∆𝜔 [cmିଵ] =  ቀ
ଵ

ఒబ[୬୫]
−

ଵ

ఒభ[୬୫]
ቁ ∙

ଵ଴ళ[୬୫]

[ୡ୫]
        (3.2) 

where Δω is the Raman shift, λ0 is the excitation wavelength and λ1 is the wavelength in the 

Raman spectrum. 

When the incident energy is sufficient to reach a real excited electronic state (instead of 

a virtual state), this is referred to as "resonant" Raman (Figure 3.1), and the phenomenon 

is associated with an increase in intensities of even several orders of magnitude. On the 

other hand, if the system reaches a real excited electronic state, this can also dissipate some 

of the energy through non-radiative transitions between vibrational levels, prior to the re-

emission of a photon. This phenomenon, known as fluorescence, can mask the Raman 

spectrum under some circumstances and pose a significant problem. 
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Incident radiation excitation can involve electronic states, vibrational states and 

rotational states. However, the levels associated with these different types of excitations 

involve very different energies: 

- transitions between rotational levels alone give rise to spectra in the far-infrared 

or microwave; 

- transitions that also involve changes in vibrational levels, on the other hand, give 

rise to spectra in the infrared (IR); 

- spectra that also involve changes in electronic energy levels may instead reach 

the visible or ultraviolet. 

Raman spectra essentially reveal transitions between vibrational states. However, there 

is a selection rule: only transitions between states involving a change in electrical 

polarizability are active in Raman spectroscopy. In fact, the electric field E of the incident 

wave induces a dipole moment in the molecule/solid equal to: 

𝜇୧୬ୢ =  𝛼 𝐸 =  𝛼 𝐸଴ cos(2π 𝜈௘௫௖ 𝑡)        (3.3) 

where α is the polarizability and νexc is the frequency of the incident wave. If α is constant, 

the dipole will oscillate at the same frequency as the incident wave and thus only Rayleigh 

scattering will occur. If, on the other hand, α changes as a function of the distance between 

the nuclei, the transition is Raman active. In fact, in the simplest case it can be written that: 

𝛼 =  𝛼଴ + ൫𝑟 − 𝑟௘௤൯ ቀ
డఈ

డ௥
ቁ = 𝛼଴ + 𝑟௠ cos(2π 𝜈୴ 𝑡) ቀ

డఈ

డ௥
ቁ       (3.4) 

where r is the internuclear distance, req the equilibrium internuclear distance, rm the 

maximum internuclear distance with respect to the equilibrium distance, and νv the 

vibration frequency. Therefore, it is possible to rewrite: 
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which, by trigonometric property, becomes: 
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The first term in this equation is the Rayleigh scattering term, the second the Raman 

Stokes term, and the third the Raman anti-Stokes term. The last two terms, namely the 

Raman terms, exist only if the derivative of polarizability is nonzero. 
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In the three-dimensional case, however, having three components for both the incident 

electric field and the dipole moment, the polarizability will be a tensor. Each vibration will 

then be associated with a "Raman tensor", equal to the derivative of the polarizability tensor 

with respect to the vibration coordinates. This means that the intensity of Raman peaks also 

depends on the relative orientation of the molecule or solid with respect to the polarization 

of the incident radiation (laser). Since Raman modes that are totally symmetric are 

characterized only by diagonal elements, they keep polarization of incident light unaltered, 

while all the modes of phonons with out-of-diagonal elements induce polarization changes. 

In material sciences, the possibility of measuring in different polarizations 

configurations it’s an important additional tool. Polarized light, restricted to a specific 

direction, provides entry only to certain Raman-active modes. However, by altering the 

polarization orientation, different modes become accessible (Figure 3.2). 

 

Figure 3.2 – Example of polarization dependent Raman measurement: Lithium niobate polarised Raman 

spectra (532 nm, 1800 gr/mm) [Source: Edimburgh Instrument - www.edinst.com] 

Raman technique thus provides partial information with respect to all possible 

variations in vibrational states. For this reason, it is often considered complementary to 

infrared (IR) spectroscopy. The latter is a technique that is based on the absorption of 

infrared photons by molecules and solids. This absorption is associated with a direct 

transition to an excited vibrational state. IR spectra report the transmittance T as a function 

of the incident radiation wave number. 

In IR spectroscopy, there is a different selection rule: an infrared radiation gives rise to 

a transition between vibrational levels only if it causes a change in the molecular/crystalline 
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electric dipole as a result of the change in atoms positions. Thus, for example, all molecules 

composed of equal atoms, such as O2 or N2 are not active in the IR, while molecules such as 

H2O or CO2 can resonate with incident radiation when asymmetric vibrations (producing 

an instantaneous dipole) occur. 

Figure 3.3 shows, just for example purpose, the Raman spectrum and the IR spectrum 

of the same molecule (benzene), which is active, for different transitions, in both 

spectroscopic techniques. As for any centrosymmetric molecule or crystalline lattice, the 

mutual exclusion principle states that even-modes are only Raman-active, while odd-modes 

are only IR-active. 

 

Figure 3.3 - Raman spectrum (red) and IR spectrum (blue) for the benzene molecule 

The set of all spectral lines of detectable intensity constitute a kind of fingerprint for 

many molecules and some solids. Libraries of Raman peaks exist for the most common 

substances or for specific areas of materials of application interest, such as minerals or 

pigments. 

Although a modern Raman acquisition system can also be quite complex, a simple 

diagram of the basic components, more or less common to all systems, is shown in Figure 

3.4. 

The light radiation source is generally a laser, which best meets the required conditions 

of monochromaticity, high intensity, and polarization. Scattered light is then filtered by a 

filter whose task is to eliminate most of the radiation with the same frequency as the 

incident laser (i.e. the Rayleigh component). The radiation passing the filter is finally 

collected by a lens system and analyzed through a spectrometer, where the radiation is 
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first scattered by a grating that spreads the different wavelengths and then measured 

quantitatively as a function of energy, usually by means of a CCD-type sensor array. 

 

Figure 3.4 - Schematic diagram of a Raman measurement system basic components 

3.1.1 - Micro Raman Spectroscopy 

The coupling of an optical microscope with a Raman spectrometer gives rise to the 

so-called micro-Raman technique, which extends the potential of the traditional 

technique by allowing areas as small as a few μm2 to be illuminated and thus analyzed. 

Spectral analysis in this case can be focused on local areas on the sample surface at the 

micrometer scale. When this analysis is accompanied by scanning systems, high-resolution 

analytical Raman mappings can be obtained. 

Two different instruments were used for the results reported in this thesis work.  

The first one is a LABRAM Horiba Jobin-Yvon micro-Raman spectrometer, equipped 

with an Olympus BH-4 confocal microscope. The microscope used has x4, x10, x50, x100 

objectives. A scheme of the system is shown in Figure 3.5. 

The second and most used one is a Horiba LabRam HR Evolution micro-Raman 

spectrometer, equipped with a confocal Olympus microscope and 10x, 50x, ULWD50x, 

100x objectives (spatial resolutions of approximately 1 µm). The Micro-Raman apparatus 

is completed by a He-Ne laser emitting at 632.8 nm, a Nd:YAG laser at 532 nm, a laser diode 

at 785 nm and a Nd:YAG laser at 1064 nm. The system is also equipped with BraggRate 

Notch Filters (low cut-off <10 cm-1), Silicon CCD + InGaAs Diode Array detectors, gratings 

300-600-1800 lines/mm, and density filters. 

The "stage" (support) is motorized along the planar x and y axes with sub-micron pitch. 

The movement of the support along the z focal axis, on the other hand, is manual in the case 
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of LABRAM Horiba Jobin-Yvon, adjustable by means of graduated knobs while is fully 

automatized in the case of the Horiba LabRam HR Evolution. 

 

Figure 3.5 - Schematic diagram of the micro-Raman experimental apparatus 

The image collected by the objective, along with scattered radiation from the sample, 

returns into the microscope where, depending on the position of a moving mirror, it is 

transmitted either to a color camera, to get a traditional optical image of the sample, or to 

the spectrometer components. For convenience, while viewing the sample optical image, 

the stage can also be illuminated with white light, both from top and/or bottom. 

In order for only the scattered radiation to be transmitted from the point where the 

excitation beam is in focus, the collected radiation passes through a spatial filter, i.e. a 

confocality aperture (Figure 3.6). The use of a confocal microscope configuration 

offers numerous benefits both for optical and Raman microscopy. This design enables a 

precise management of the depth-of-field, facilitating optimal axial and lateral spatial 

resolution. Moreover, confocal microscopes aid in the reduction of background noise and 

undesired signal. It hence proves valuable for quantifying Raman signals across coverslips 

or transparent media, minimizing interference from these substances. In confocal 

configuration the optimal condition is obtained when the aperture size of the diaphragm is 

equivalent to the image size of the excited zone: the smaller the aperture size, the better the 

spatial and spectral resolution, but at the expense of brightness. 
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A second notch filter and a suitable slit allow even more selective exclusion of the part 

of the radiation close to the laser wavelength (Rayleigh-type elastic component). The 

radiation passing through the filter is then spatially scattered as a function of wavenumber 

by an appropriate grating (different for different laser lines) and focused on the detectors. 

The signal collected by the CCD or the InGaN Diode Array is then processed by computer 

for spectrum recording and analysis. System control and data collection is performed via 

computer using LabSpec software in both cases. 

 

Figure 3.6 - Confocality principle: signals from out-of-focus areas cannot reach the detector bhind the slit. 

3.1.2 - Tip-Enhanced Raman Spectroscopy (TERS) 

Tip Enhanced Raman Spectroscopy (TERS) upsets intrinsic limits of Raman 

spectroscopy by enabling nanoscale resolution measurements. Functioning as a 

super-resolution chemical technique with scanning capability, TERS offers the unique 

advantage of label-free imaging at the nanoscale.  

The TERS imaging process takes place within system that couples Scanning Probe 

Microscopy (SPM, operational in atomic force, scanning tunneling, or normal/shear force 

modes) and a confocal Raman spectrometer via an opto-mechanical link (Figure 3.7a).  
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Figure 3.7 -   (a) schematic diagram illustrating the principle of TERS; (b) simulated electric field amplitude 

map of an Ag TERS probe apex irradiated with a 532-nm laser with an electric field parallel to the probe axis. 

[reproduced from “Nanoscale chemical imaging using tip-enhanced Raman spectroscopy” by N. Kumar et al., 

Nature Protocols volume 14, pages 1169–1193 (2019), licence number 5618260317696] 

The scanning probe microscope facilitates nanoscale imaging, the optical coupling 

directs the excitation laser to the functionalized “tip” (or probe), and the spectrometer 

analyzes the resulting Raman (or other scattered) light. This analysis yields a hyperspectral 

image featuring chemical contrast at the nanometer scale. 

The foundation of a TERS system relies on a metallic tip, typically composed of gold or 

silver, which serves the purpose of concentrating the incident light field at its apex. 

Functioning as both a nano-source of light and a local field enhancer, this tip significantly 

amplifies Raman sensitivity (by factors ranging from 103 to 107) while minimizing the 

probed volume to the nanoscale region located directly beneath the tip. 

The electromagnetic enhancement at the tip apex, is a consequence of the interaction of 

localized surface plasmon (LSP) resonance and the antenna effect. These factors collectively 

generate a concentrated and intensified electric field within the immediate vicinity (Figure 

3.7b). A further enhancement of localized electric field occurs at the tip apex when the LSP 

resonance wavelength of the tip corresponds with the excitation laser's wavelength. 

LSP wavelength of the TERS can be modified by changing the material, radius, or 

roughness of the tip apex. This adjustment enables better alignment with the wavelength of 

the excitation laser. 

The optical arrangements of a TERS setup can be categorized into three main types: 

bottom (transmission mode), side, and top illumination (Figure 3.8). 
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Figure 3.8 - schematic diagrams of the most frequently employed TERS configurations: (a) bottom 

illumination set-up, (b) side illumination set-up, (c) top illumination set-up  

In the case of the transmission illumination setup (Figure 3.8a), a laser beam is 

focused onto the sample through a transparent substrate using a high numerical aperture 

(NA) objective lens. Unfortunately this configuration is constrained by the fundamental 

requirement of employing a transparent substrate. 

In the side illumination setup (Figure 3.8b), a linearly polarized beam  is directed 

onto the tip apex from the lateral side of the tip, through a long working distance objective 

lens. Due to the alignment of polarization with the tip direction, substantial electromagnetic 

enhancement can be achieved at the tip apex, even when using a low NA objective lens. This 

arrangement proves particularly advantageous for TERS characterization of nanoelectronic 

devices, where the substrates are generally non-transparent. 

In the top illumination setup (Figure 3.8c), the laser is focused from the top onto 

either the end of a tilted STM tip or a nose-type AFM tip. This geometry offers the benefit of 

being immune to chromatic aberration, boasting a high NA (approximately 1), and 

achieving a tightly focused laser beam. 

The side and top illumination setups are also commonly referred to as “reflection 

modes”. 

 

  



   

3. Characterization techniques 

 

 39    

3.2 - X-Ray Diffraction (XRD) 
The X-ray diffraction (XRD) technique is fundamental for the characterization of 

crystalline materials. It is based on coherent elastic scattering (Thompson) of incident 

radiation that gives rise to interference phenomena when a lattice of diffusing centers is hit. 

Since radiation wavelength must be close to the value of lattice spacing, for a periodic 

crystalline structure with spacing generally below 1μm, a X-ray source of few keV is needed. 

The diffraction condition, described qualitatively by Bragg, rests on a simple formula 

that considers diffraction as reflection of the incident ray by a family of lattice planes, spaced 

by a distance d. For constructive interference, the formula is as follows: 

n𝜆 = 2𝑑 sin 𝜃       (3.7) 

where n is an integer and is called “diffraction order”, λ is the radiation wavelength, d is the 

“grating constant”, while θ is the angle for which the condition is verified and, for this 

reason, it is called the "Bragg angle" (Figure 3.9). 

 

Figure 3.9 – Scheme of Bragg diffraction principle:  two beams with the same wavelength and phase reach a 

lattice and are scattered off two different atoms of the periodic lattice; the lower beam runs through an extra 

2dsinθ length so constructive interference occurs only when this quantity is equal to an integer multiple of the 

radiation wavelength. 

XRD analysis can be made both on single crystals or on powder/thin-film samples. The 

most common experimental set-up for powders/thin-films XRD measurements is the 

Bragg-Brentano theta-theta configuration (Figure 3.10): in this geometry, the angle 

formed between source and sample and the angle between sample and detector are kept the 

same. For this to happen, the three elements must always lie on what is called a "focusing 

circle", while source and detector move synchronously along a second, variable circle 
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("diffractometer circle" or "goniometer circle") at the center of which the sample is placed. 

X-rays from the source impinge on the sample and are subsequently refocused on the 

detector. 

 

Figure 3.10 - Diffractometer in Bragg-Brentano theta-theta configuration 

The main advantage of theta-theta configuration over the theta-2theta configuration, 

where the x-ray tube is kept steady, the sample is tilted of a θ angle and the detector 2θ to 

obtain the same relative condition, is that in the first one the sample, which may be also 

made of powders, is never titled. Theta-theta configuration has become more and more 

common as X-ray tubes became lighter and more compact over the years. 

A powder XRD measurement results in a pattern, given by the plot of detected 

intensities of diffracted X-rays as a function of 2θ angle (Figure 3.11). The position of peaks 

in the pattern is clearly typical of each crystalline material/compound, depending mainly 

on the crystallographic cell size and geometry. Each peak corresponds to a specific h, k, and 

l set of values, that form the so called “Miller index”. Each hkl index identifies a family of 

(parallel) lattice planes of a given Bravais lattice (like the one of the studied crystalline 

structures) and, by definition, these planes are orthogonal to the vector: 

𝒈௛௞௟ = ℎ𝒃ଵ +  𝑘𝒃ଶ +  𝑙𝒃ଷ        (3.8) 

where bi are the basis vectors of the reciprocal lattice for the given Bravais lattice. So, in 

short, each peak in the pattern correspond to the hkl families of planes in the crystalline 

material that generated it (Figure 3.11b) and this pattern, as in the case of Raman spectra, 

can be considered like a fingerprint for the recognition of crystalline materials. 
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Figure 3.11 – Examples of XRD patterns for Sb2Se3: (a) theoretically calculated pattern; (b) experimentally 

measured pattern, where main peaks have been addressed to the corresponding hkl Miller indexes. 

The peak intensity, on the other hand, is mainly affected by the positions of atoms inside 

the cell (Figure 3.11a). But, at the same time, it can be also strongly influenced by the 

presence of preferential orientations. Indeed, while in a polycrystalline sample of 

completely random oriented grains each Bragg condition is satisfied by a conical 

distribution of directions, a preferential orientation can enhance the diffraction probability 

in some directions and decrease (or even suppress) the probability in other directions. So, 

an intensities distribution that is different from the expected one is generally a symptom of 

the presence of grain with preferential growth directions on the substrate or powders with 

a crystalline habit (like needle- or platelet-shaped crystals) that naturally arrange 

themselves in preferential ways on the holder. 

Finally, the peak with is inversely proportional to crystallite size, accordingly with the 

Scherrer equation: 

𝜏 =  
௄ఒ

ఉ ୡ୭ୱ ఏ 
      (3.9) 

where τ is the mean size of the ordered (crystalline) domains, K is a dimensionless shape 

factor (with a value close to unity), λ is the radiation wavelength, θ is Bragg angle and β is 

the peak broadening at half the maximum intensity (FWHM). This broadening is usually 
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evident at the nanoscale, while above 100 nm this law is generally not applied since for these 

sizes the width peak is essentially determined only by the instrumental 

broadening/resolution.  

Another important diffractometer configuration for the characterization of thin-films is 

Grazing Incidence X-Ray Diffraction (GIXRD). In this method, a steady parallel X-

ray beam is directed towards the sample with a very low angle of incidence (almost parallel 

to the sample surface), while only the detector is tilted along the goniometer circle. X-rays 

penetrate several microns in the sample during a standard XRD measurement, so on a thin-

film most of the signal generally comes from the substrate. In GIXRD, on the contrary, the 

radiation beam crosses the film along a much longer path, almost parallel to the film plane. 

Hence, this grazing angle setup allows for enhanced sensitivity in the near-surface region of 

thin-films and helps minimize the contribution of substrate scattering. GIXRD is commonly 

employed in materials science, surface science, and the study of thin-film devices. It 

provides more detailed insights into thin film growth mechanisms, crystal orientation, and 

phase transitions that can be crucial for optimizing the performance of electronic, photonic, 

and optoelectronic devices. 

The last XRD-based tool, used in the characterization of the deposited thin-films, were 

the so called “Pole Figures”. Pole figures in X-ray diffraction (XRD) are graphical 

representations that provide valuable information about the possible presence of 

preferential crystallographic orientations (texture) within a polycrystalline material. These 

“figures” are used to visualize the distribution of several XRD data collected from different 

crystallographic planes and orientations, by transforming them into graphical 

representations, where each point on the figure corresponds to a specific crystallographic 

plane orientation (Figure 3.12). The density of points in different regions of the figure 

indicates the abundance of specific crystallographic orientations. 

Conventional pole figure assessments involve registering the intensity of a specific Bragg 

reflection while altering the sample's orientation through rotation and tilting. In the case of 

an in-plane pole figure, adjustments are made to the incident beam, sample rotation, and 

detector angle, obviating the need to tilt the sample. Moreover, the in-plane pole figure 

facilitates the capture of a broader spectrum of texture variations since it encompasses the 

texture present within the plane of the sample's surface. 

By analyzing pole figures, researchers can gain insights into the preferential orientation 

of grains, crystal symmetry, and the underlying microstructural characteristics of a 

material. 
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Figure 3.12 – Example of in-plane pole figure of the reflection for a rolled steel sheet sample [source: Rigaku 

Corporation - www.rigaku.com] 

The XRD instruments that was used for this thesis work are a Siemens D500 system with 

a Cu Kα X-ray source, in Bragg–Brentano geometry, and a a Rigaku Smartlab XE 

diffractometer, also configured in Bragg-Brentano geometry and making use of Cu Kα 

wavelength (λ=1.5406 Å), with a Ni filter to suppress the Kβ contribution. The latter was 

also used for pole figures, thanks to an Euler cradle, making use of Cu Kα radiation 

parallelized by a parabolic mirror mounted on the Cross Beam Optics unit. The incident 

beam was shaped through the use of incident slits and length limiting slits to 1 × 1 mm2, 

well above the area of the sample. In addition, Schultz slit was employed in order to further 

limit the defocusing effects at high χ. Pole figures were collected by 360° ϕ scans (5° step) 

at fixed χ values, ranging from 0° to the experimental limit of 75°. For each measurement, 

the background signal was measured and subtracted. Data plotting and analysis were 

carried out by using proper homemade Matlab code. 
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3.3 - Scanning Electron Microscopy (SEM) and Energy 

Dispersive X-ray Spectroscopy (EDS) 
The Scanning Electron Microscope (generally referred to by the acronym SEM) is 

an advanced microscopy instrument that, through the interaction between highly 

accelerated electrons and matter, can provide various information about the sample being 

analyzed. 

A SEM does not exploit light as a radiation source, but uses a beam of (primary) 

electrons generated by an electron source (filament or field emission). The electrons emitted 

from the source are accelerated, focused by a series of electromagnetic lenses, and finally 

deflected by an objective lens onto the surface of the sample to scan a specific area. (Figure 

3.13). 

 

Figure 3.13 – Scanning Electron Microscope scheme 

Electrons and photons that re-emerge from the surface after interaction with the sample 

are captured by detectors and transformed into a corresponding electrical signal (Figure 

3.14). 

When the beam is made to scan over a given region of the sample, amplifying, 

modulating, and recording the collected signal makes it possible to obtain a corresponding 

monochromatic image (each pixel is associated with a point on the sample) with 

brightness directly proportional to the signal intensity. 
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Figure 3.14 – Scheme of the different kind of signals (electrons or photons) that can be collected after the 

interaction between highly accelerated electrons and the sample to get different type of information 

The most frequently used signal generally comes from low-energy “secondary 

electrons” (SE). The image obtained with the secondary electron detector (SED) signal 

succeeds in providing, primarily, information about the morphology of the scanned area. 

The ratio of image size to scanned sample portion size provides the magnification. The 

resulting image is in grey-scale (the only quantity represented is the signal intensity), but it 

generally possesses a good depth of field even at high magnifications. Moreover, electrons 

allow SEM resolution to go beyond the limits of visible light, reaching generally up to 1 nm 

value for SE morphological imaging. 

More energetic electrons (called “backscattered”) carry, instead, compositional 

information. The image obtained with the backscattered electron detector (BED or BSD) 

signal is characterized by a contrast related to the differences in sample composition. In 

fact, the signal is related to the backscattering probability, which is, in turn, proportional to 

the atomic number Z of the atom hit by the electron. Hence, in BSD imaging, the light areas 

are related to compositions with higher average Z, while the dark areas to lower average Z. 

The interaction generating occurs within a certain volume below the surface (not just on the 

sample surface) because electron size is significantly smaller than that of atoms in the 

sample. The geometry and size of the interaction volume will therefore depend on the 

atomic species involved and especially on their atomic number Z. 

The two main limitations for the analysis of a sample by SEM are: 

- it must withstand vacuum, since the electronic beam can be generated and 

controlled without any spark discharge only in this condition; 

- it should be rather electrically conductive, in order to avoid that electrons from 

the beam accumulate on the material, shielding more and more the incoming beam; 
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if not, it must be coated with a very thin conductive layer (typically Au, graphite, Ag, 

…). 

Only specially designed SEM, called “environmental” or “low-vacuum”, can work with 

insulating samples by exploiting the ionization of a low pressure gas injected near the 

sample surface. 

SEM can be also equipped to detect photons emitted by the material upon the 

interaction with the electron beam. For example nrear-infrared to near-ultraviolet photons 

can be collected by a CathodoLuminescence (CL) detector to study the electronic 

properties of the samples. The interaction of the accelerated electron beam with a field of 

several kV and the sample also produces X-rays. Some SEMs, such as the one used (Figure 

3.15), can be also equipped with a detector that can measure the number and energy of 

photons emitted at a given solid angle. 

 

Figure 3.15 – FESEM-FIB with EDS tool at IMEM-CNR  

Energy Dispersive X-ray Spectroscopy analysis (EDS or EDX) is a technique that 

allows elemental analysis of the sample by exploiting the emission of generated X-rays. In 

fact, the energy of the X-photons emitted as a result of electronic relaxation is characteristic 

of each element. This type of elemental measurement can be done at a single point, resulting 

in a spectrum that can be analyzed and quantifyied, or by exploiting the scanning 

capabilities of the SEM, along lines or areas to obtain compositional profiles or maps 

respectively.  
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For this thesis work an AURIGA Compact Field-Effect SEM (FESEM) has been mainly 

used. This microscope operates up to 30kV and is also equipped with: 

- an OXFORD Aztec EDS system with a Xplore30 Silicon Drift-Detector (SDD) 

- a Focused Ion Beam (FIB) column that can both operate in “milling” mode using 

gallium ions or in “deposition mode” using a platinum precursor. 
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3.4 - Electrical Characterization 
Part of the thin-films studied during this PhD work were employed as absorber layer in 

solar cells. For this reason, electrical characterization played a key role in the study of the 

material itself (defects for example), but also in the study of devices performance.  

In order to understand the physical phenomena beyond these measurements, at first a 

few fundamental concepts are here recalled.  

3.4.1 - p-n junction 

A “p-n junction” is defined as the coupling of two semiconductors characterized by 

different types of conductivity, namely, one (called the "p-type") in which the majority 

carriers are holes and one (called the "n-type") in which they are electrons. The different 

type of conductivity in semiconductors may be due to the natural presence within the 

material of impurities or defects, or introduced artificially through appropriate “doping”, 

that is, the replacement of small percentages of atoms in the semiconductor with atoms of 

different type (and valence). 

When these two materials are put into contact, as a result of the different charge near 

the interface, part of the electrons diffuse from the n-type semiconductor to the p-type 

semiconductor, and conversely part of the holes diffuse from the p-type semiconductor to 

the n-type semiconductor (Figure 3.16a). 

This diffusion of carriers generates a negative charge in the p-type semiconductor and a 

positive charge in the n-type semiconductor, breaking the condition of electrical neutrality. 

In fact, the unshielded charge gives rise to an electric field and a potential difference ΔV 

that, under equilibrium conditions, opposes further diffusion of carriers. The portion of the 

material affected by this phenomenon is called the “space charge region” or “depletion 

layer”, and no free carriers are present within it. 

Dimensionally, the depletion layer W will be inversely proportional to the NA and ND 

densities of carriers in the p-type semiconductor and n-type semiconductor, respectively, 

according to the relationship: 

𝑊 =  ට
ଶఌ

௤
∆𝑉 ቀ

ଵ

ேವ
+

ଵ

ேಲ
ቁ          (3.10) 

where ε is the material dielectric constant and q is the elemental charge. 
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Because the Fermi level must remain constant throughout the junction, when a p-n 

junction is formed the valence and conduction bands are subject to the so-called bending 

shown in Figure 3.13b. 

 

Figure 3.16 - (a) schematic of a p-n junction, with qualitative indication of the electric charge, electric field, 

and electric potential established in the space charge region; (b) band bending due to the effect of the junction 

If, on the other hand, the p-n junction is inserted into an electrical circuit, it will exhibit 

different behavior depending on the polarization. When the junction is subjected to 

“direct” (“forward”) polarization, the p-side of the junction is connected to the positive 

terminal and the n-side to the negative terminal: in this case, the electrons injected into the 

n-type semiconductor are directed toward the junction, where they progressively neutralize 

the depletion layer, thus decreasing its width. 

For higher applied voltages, above a so-called “threshold voltage” (VS), the empty 

region becomes so small that most of the carriers pass through it, giving rise to a current. 

The density of this current (called precisely “direct” or “forward” as the bias that generates 

it) is defined by the Shockley equation: 

𝐽 = 𝐽଴ ൬𝑒
೜ೇ

ಲೖಳ೅ − 1൰        (3.11) 

where J0 is the inverse saturation current density, V is the voltage applied to the junction, A 

is the so-called “ideality factor” (which takes into account the difference between the real 
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junction and an ideal, perfect junction), kB is the Boltzman constant, and T is the 

temperature. 

On the other hand, when the junction is subjected to “reverse” polarization, the 

connection to the terminals is opposite: in this condition, the depletion layer increases and 

only a small current due to the diffusion of minority carriers, called "leakage current", flows 

through the junction. When a sufficiently high value of applied negative voltage (Vb) is 

reached, there is the so-called "breaking" ("break down") phenomenon of the junction and 

the passage of large currents. However, this “break down”, due to chain ionization 

phenomena or tunneling effects, is generally reversible. 

The described behavior is summarized in Figure 3.17. 

 

Figure 3.17 - I-V characteristic of a diode based on the p-n junction 

The p-n junction is the basis of several modern electronic devices. In addition to the 

diode, these include LEDs, transistors, and, particularly for our purposes, photovoltaic cells. 

3.4.2 - Electrical characteristics of a photovoltaic cell 

A “photovoltaic cell” is a device that is based on the p-n junction, capable of 

converting electromagnetic radiation into electric current through the photovoltaic effect. 

When we refer to devices optimized to convert radiation from the sun, we also generally 

refer to “solar cells”.  

In general, when a photon of energy hν = hc/λ (where h is Planck's constant, c the speed 

of light, ν and λ the frequency and wavelength, respectively) has an energy equal to or 

greater than that of the band gap of the semiconductor, it is “absorbed” creating an electron-

hole pair. The energy in excess is thermally dissipated. 
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This absorption and the related carriers generations occurs at a given depth within the 

material, which depends substantially on the absorption coefficient. The generated electron-

hole pair has an average lifetime τ, beyond which generally the carriers recombine 

(especially the minority carriers that are in an opposite sign charge surround). 

If the electron-hole pair is generated near the depletion layer of a p-n junction, it is 

subject to the electric field, that will lead to the separation of the two carriers of opposite 

sign, helping to prevent their immediate recombination (τ increases). “Diffusion length” is 

defined as the distance L that the carriers can travel before recombining and is defined by 

the relation: 

𝐿 =  √𝐷𝜏        (3.12) 

where D is the diffusivity. 

It is therefore intuitive to understand that in order to achieve efficient collection of the 

charge generated by the photon, it is important that the pair is formed near the region of 

depletion. 

Due to the illumination of the junction and the generated carriers, the current density J, 

previously seen for an unilluminated junction, is changed by this additional contribution 

(Figure 3.18). 

  

Figure 3.18 - J-V curve of a photovoltaic cell in the dark and under illumination 
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Looking at the graph, it is possible to define some particular values of this new J-V curve 

that will come in handy in the following discussion: 

- JL is the current density generated due to the effect of illumination 

- Jmp is the current density corresponding to the maximum power point of the cell 

- Vmp is the voltage corresponding to the maximum power point of the cell 

- Jsc is the short circuit current density, which is the current generated when no 

voltage is applied to the cell 

- Voc is the open circuit voltage, which is the voltage measured at the ends of the cell 

when no current is flowing. 

These quantities in real thin-film cells usually depends on how the cell was constructed 

(materials chosen, interfaces, defects, etc.). In particular, Jsc depends on the value of the 

bandgap, as does Voc, which, however, also depends on the band alignment of the various 

layers of the cell and recombination, especially at the heterojunction interface. 

Depending on these values, it is also possible to define two very useful quantities when 

it comes to photovoltaic cells: the “Fill Factor” (FF) and the cell efficiency (η): 

𝐹𝐹 =
௏೘೛ ௃೘೛

௏೚೎ ௃ೞ೎
            (3.13) 

𝜂 =  
௏೘೛ ௃೘೛

௉
=

௏೚೎ ௃ೞ೎ ிி

௉
              (3.14) 

where P is the total power incident on the cell, which is the product between the power of 

the incident radiation per unit area and the area of the cell. 

Efficiency η expresses the ratio (usually in percentage) between the electrical power 

generated and the power that radiates the cell, regardless of the area considered. On the 

other hand, the concept of Fill Factor FF is easier to understand when represented 

graphically, as the maximum theoretical power IscVoc and the rectangular area subtended by 

the maximum power that can be extracted from the ImpVmp device. The same FF value can 

be calculated if current density J is used instead of current I (Figure 3.19). 

A real cell differs from an ideal cell due to several contributions related to both the 

structure of the cell and the materials used, their defects and the defects that can be formed 

at the interfaces. However, the effect of all these contributions can be summarized by two 

quantities, which have the form of electrical resistances, and which can be placed within the 

so-called equivalent circuit of a photovoltaic cell as in Figure 3.19b. These are: 

- Rs: series resistance is defined as the derivative of the curve V(J) at the Voc point 

and is represented in the equivalent circuit as a series resistance with respect to the cell. It 

is mainly attributable to parasitic resistances due to the finite mobility of the carriers 
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through the material and the resistances established between the various components of the 

cell. In the case of thin-films also parameters such as possible crystalline anisotropy, 

thickness, width of the neutral region, and electrical compensation typical of very defective 

polycrystals, have an influence on this quantity. 

- Rsh: “shunt” resistance is defined as the derivative of the V(J) curve at the Jsc point 

and is represented in the equivalent circuit as a resistance in parallel with respect to the cell. 

It is related to all the lower resistance paths present in the cell and generally due to defects 

in the semiconductor, which locally bring the contacts at the sides of the junction to a 

reduced or even zero distance (short circuit) or create preferential percolative paths for the 

current. For example, in thin-film cells this quantity is affected by “pinholes" in the films, 

preferentially conducting grain edges, charge reversal on the defects, and some cell 

insulation techniques, such as scribing or laser patterning, not compatible with brittleness 

of polycrystalline materials. 

 

 

Figure 3.19 - Graphic representation of the real and ideal (theoretical) values of the J-V curve; (b) equivalent 

circuit of a photovoltaic cell 

Rs and Rsh are usually expressed as resistances per unit area (Ω cm2) to neglect the 

effect of device area. It is clear from their definition that the more Rs and Rsh deviate from 

the values Rs=0 Ω cm2 and Rsh=∞ Ω cm2, the more the power generated by the cell deviates 

from the maximum theoretical value JscVoc, while FF is reduced. 

Shockley's equation can be modified for real photovoltaic cells to account for all these 

factors as follows: 

𝐽 =  𝐽଴ ൬𝑒
೜(ೇష಻ ೃೞ)

ಲೖಳ೅ − 1൰ − ቀ
௏ି௃ ோೞ

ோೞ೓
ቁ − 𝐽௅            (3.15) 
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where Rs and Rsh are the quantities just defined, J0 is the inverse saturation current density, 

JL is the illumination current density, V is the applied voltage, A is the "ideality factor," kB is 

the Boltzman constant, and T is the temperature. Explicitly, therefore, it follows that for the 

contribution ((V - J Rs) / Rsh) to be minimal, Rs must ideally have the lowest possible value 

(typically less than 1 Ω cm2), while Rsh must be very high (typically greater than 1 kΩ cm2). 

When dealing with thin-film photovoltaic cells, it may also be useful to define one last 

quantity: the “sheet resistance” R□, which is the resistance that a square sample of 

uniform thickness d would have, regardless of its actual area. 

R□= ρ/d            (3.16) 

3.4.3 - Deep levels  

In semiconductors an important role is played by defects. The presence of an impurity 

usually creates a distortion in the lattice periodicity leading to the creation of additional 

energy levels inside the energy gap. 

Defects can be classified as shallow or deep. Shallow defects are usually due to very 

soluble impurities and are widely used to modify the conductivity. Deep defects on the other 

hand are very common. They are caused by vacancies, interstitial defects, antisites, etc. 

These kinds of defects often lead to a high local distortion, which means strong local wave 

functions. In other words, they tend to create traps or recombination sites which have a 

strong correlation with the carrier lifetime.  

This is clearly a problem for all the devices that require long carrier lifetime (e.g., solar 

cells) and high radiative recombination efficiencies (e.g., laser or LED). 

Deep levels are influenced by many factors, but most of them are generally related with 

the deposition/growth techniques (growth parameters and/or by the system “cleaness”).  

An important distinction has to be made between “traps” and “recombination centers” 

and for this is necessary to remember the definition of “capture velocity” for electrons (c*n) 

and holes (c*p): 

c*n= σ n<v>nn = cnn         c*p= σ p<v>p p = cpp         (3.17) 

where n and p are free electrons and holes densities respectively, <v> are the mean thermal 

velocities and σ the capture cross sections, c the capture constants. 

 An electron trap is a defect for which the velocity of electron capture c*n is much higher 

of the hole one c*p (c*n>> c*p). A recombination center, instead, is a defect for which the 

capture velocity for electrons is comparable to the hole one (c*n≈c*p). This means that a site, 
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with specific values for σ (cross section) can act as a trap or as a recombination center 

depending by the free carrier density (Figure 3.20a). 

 

Figure 3.20 – Scheme of the definition of defects (a) in a semiconductor and (b) inside the depletion layer, 

on the basis of capture or emission coefficients 

Inside the depletion layer, it is more appropriate to talk in terms of “majority carriers” 

(the carrier type that is more prevalent within the material) and “minority carriers” (the less 

abundant carrier type). In this case it is also inappropriate to define the defect properties 

using capture velocities, because they are zero. A “majority carrier trap” is hence defined 

as a specific type of defect for which the thermal emission velocity associated with the 

majority carrier is significantly greater than the corresponding emission velocity for the 

minority carriers (emaj>>emin) (Figure 3.20b). On the other hand, in this context a 

“recombination center” refers to a defect for which the emission velocity of majority 

carriers and minority carriers are relatively similar, or at least comparable in magnitude 

(en≈ep). Emission, in this case, is en=cnn* for electrons and ep=cpp* for holes, where n* and 

p* are electrons and holes concentrations at the point where Fermi level and the energy of 

the deep level E’ overlap (Figure 3.21). 

The presence of a recombination center deep level E' inside the depletion layer (Figure 

3.21) implies that it participates in the process of carrier recombination, wherein carriers 

(electrons and holes) combine and neutralize each other. This recombination process is 

crucial in determining the overall lifetime of carriers within the material. The deeper 

understanding of how E' operates as a recombination center provides insights into the 

material's behavior, especially in terms of its electrical and optoelectronic properties. 
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Figure 3.21 – Example of a  deep level E’ inside the depletion level with N’ concentration 

A generic deep level Et, that acts as a recombination center inside the depletion level, 

with Nt concentration, determines the carrier’s lifetime: 

τ = ൬
ே೎

〈௩〉೛஢೛௡బே೟
൰ 𝑒

షಶ೎షಶ೟
ೖ೅         (3.18) 

where Nc is the effective density of states in the conduction band, <v>p is again the mean 

thermal velocity of holes, σp is the capture cross section for holes, n0 is free electron 

concentration at the equilibrium, Ec is the conduction energy level. If the levels are two (Et2 

and Et2) or more, the carrier lifetime is dominated by the deepest energy level, unless the 

shallow one concentration is much higher, because: 

τଵ τଶ⁄ = ൬
஢೛మே౪మ

஢೛భே౪భ
൰ 𝑒

ಶ౪భషಶ౪మ
ೖ೅        (3.19) 

The calculation of deep level energy becomes straightforward through the analysis of en 

and ep with respect to temperature (T). Considering the dependency, where velocity exhibits 

a square root of temperature (T1/2) relationship, and the concentration (N) follows a cubic 

root of temperature (T3/2) relationship, the pre-exponential factor <v>n,pNc,v takes on a 

quadratic (T2) dependence. 

𝑒௡ = 𝑐௡𝑁஼𝑒
ಶ೎షಶᇲ

ೖ೅ =  σ௡〈𝑣〉௡𝑒
ಶ೎షಶᇲ

ೖ೅         (3.20) 

𝑒௣ = 𝑐௣𝑁௏𝑒
ಶᇲషಶೇ

ೖ೅ =  σ௣〈𝑣〉௣𝑒
ಶᇲషಶೇ

ೖ೅         (3.21) 

Hence, from the Arrhenius plot of en and ep over T2, it is possible to deduce the values of 

(EC-E’) or (E’-EV) (Figure 3.22). It is important to keep in mind that with the variation of T 
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we have a variation in the energy gap. Consequently, we have a change in the separation 

between the deep level energy and the bandwidths. 

For semiconductors there are three main techniques for investigating deep level: 

- Thermally Stimulated Capacitance (TSCAP) 

- Admittance Spectroscopy (AS) 

- Deep Level Transient Spectroscopy (DLTS) 

The first two techniques have been used during this thesis work. 

 

Figure 3.22 - Arrhenius plot of en and ep over T2 

3.4.4 - Capacitance measurements 

Investigations based on capacitance measurements involve the study of alterations in 

capacitance resulting from electric or optical stimulation within a Schottky barrier or a p-n 

junction. Indeed, the introduction of a deep level (donor) leads to an increase of the 

capacitance within the depletion layer (Figure 3.23). 

The way used for measuring this is by applying a small alternated signal ΔV=V0eiωt to a 

continuous bias V, where ω is directly correlated to the signal frequency. This signal causes 

charge variations in proximity of the depletion layer edge and in a small area around the 

intersection point between the Fermi level and the deep level. It is possible to demonstrate 

that: 

𝐶(𝜔) = 𝐶∞ +
஼బି஼ஶ

ଵା(ఠ ఠ∗⁄ )
              (3.22) 

where C0 is the junction capacitance for ω=0 so a capacitance that considers the deep level 

presence, while ω at high frequency is the capacitance without the presence of deep levels; 

ω* is the characteristic frequency of the analyzed deep level and it is related to the thermal 
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emission velocity by the relation ω*≈2en. The presence of a deep level makes the measured 

capacitance dependent on the frequency of the test signal. 

 

Figure 3.23 – Depletion layer (here between a metal and a n-type semiconductor for simplification) where 

(a) only shallow impurity levels are present and (b) also a deep donor level is present 

If there aren’t deep levels and the semiconductor is homogeneous, the C-V profile can 

be expressed as: 

𝐶 = ට
௤ɛே೏

ଶ(௏್೔ି௏)
             (3.23) 

where q is the electric charge, ε is the dielectric constant, Nd is the concentration of not-

compensated ionized donors. So if 1/C2 vs V is plotted, a linear trend is find out: the slope 

gives us a value for Nd, while the intercepts a value for the built-in potential Vbi (Figure 3.24). 

 

Figure 3.24 – Plot of 1/C2 vs V in a semiconductor without deep levels. 

In presence of deep levels the C-V profiles change. Starting with the hypothesis that 

Nd(x) and N’(x) are constant, for a test signal with high frequencies and for slow increase of 

the applied voltage ΔVr, compared to the emission velocity of the deep level (en>>ω(ΔVr)), 
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the characteristic 1/C2 is no longer linear. It can be demonstrated that the profile of free 

carriers N(x) obtained by the 1/C2 derivative is: 

𝑁(𝑥) = −
ଶ ୼஼మ

௤ఌ୼௏ೝ
        (3.24) 

with x=ɛ/C is given by: 

𝑁ௗ(𝑥) = 𝑁௧ ቀ
ଵିఒ

௫
ቁ +  𝑁ௗ       and      𝑁௔(𝑥) = 𝑁ௗ − 𝑁௧ ቀ

ఒ

௫
ቁ         (3.25) 

for donor or acceptor traps, where λ is the portion of x for which the deep level is lower than 

the Fermi level. If ω(ΔVr) >>en, (i.e. low T), the measured profiles will be: 

𝑁ௗ(𝑥) = 𝑁ௗ       and        𝑁௔(𝑥) = 𝑁ௗ − 𝑁௧       (3.26)                           

In short, confronting C vs. V plots for en>>ω(ΔVr) and for ω(ΔVr)>>en, it is possible to 

calculate Nt. 

3.4.5 - Admittance Spectroscopy  

Admittance spectroscopy is a powerful technique employed to investigate the 

electrical properties of semiconductor materials and devices. This method focuses on the 

measurement of the admittance (Y), which is the reciprocal of impedance (Z), of a 

semiconductor structure as a function of frequency or bias voltage. Admittance 

spectroscopy provides valuable insights into the density of electronic states, energy levels, 

and charge carrier dynamics within the material. 

Admittance in a junction is defined as the ratio between the increase in current δi and 

the increase δv in alternate tension signal of frequency ω, so: 

𝑌 =
ଵ

௓
=

ఋ௜

ఋ௩
= 𝐺 + i𝑆 = 𝐺 + 𝑖𝜔𝐶(𝜔)          (3.27) 

where G is the conductance, S the susceptance and C the capacitance. 

In the case of Admittance Spectroscopy the application of a sinusoidal signal δv=δv0eiωt 

produces space charge perturbations δQ(x*) near x=x* and δQ(w) near x=w (Figure 3.25). 

The signal amplitude must be small enough (a few mV), so that during the positive and 

negative half-period, only the traps close to x=x* change their occupation state. Near this 

point is also possible demonstrate that capture time τc and emission time τc are equal: 

𝜏௘ = 𝜏௖ =
ଵ

௖೙(௡(௫)ା௡∗)
=  

ଵ

ଶ௘೙
        (3.28) 
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where cn is capture cross section for electrons, n(x) is free electron density function along x, 

n* is free electron density at x=x* and en is emission velocity for electrons. So, if ω≤en 

electrons captured by traps during the positive semi-period are then emitted during the 

negative semi-period, while if f ω>>en emission and capture processes around x=x* cannot 

follow the variations of δv. 

 

Figure 3.25 – Effect on the depletion layer of the application of sinusoidal signal 

Because of the sinusoidal signal, admittance becomes: 

𝑌 =
ఋ௜

ఋ௩
=  

ౚഃ (ೣ∗)

ౚ೟
ା

ౚഃ (ೢ)

ౚ೟

ஔ௩
          (3.29) 

and by applying Gauss theorem we can then obtain: 

𝐶 =  
ஔொ

ஔ୴
= 𝜀

ఋொ(௫∗)ାఋொ(௪)

௫∗ఋொ(௫∗)ା୵ఋொ(௪)
          (3.30) 

Hence the capacitance C depends on x* value and, hence, on the energy level position, 

while it becomes the well-known expression C= ɛ/w when δQ(x*)=0. 

In practice, it is possible to measure both ΔE and Nt by using this technique. 

To measure ΔE: 

1) G(T) is measured at a given frequency and its maximum is found at T=Tm. At this 

temperature ω = ω *=2en. Hence, knowing ω, it is possible to determine en at 

T=Tm. 

2) G(T) is measured at different frequencies in order to obtain ω* (and so en) 

dependance on T (i.e. en(T)). 

3) From en(T), under the hypothesis that σn is independent from T, we can obtain 

the activation energy, from the slope of lnen/T2 vs 1/kT. 
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To measure Nt, it is possible to demonstrate that: 

஼బି஼ஶ

஼ஶ
= ቀ

ே೟

ே೏(ଵି௫∗ ௪⁄ )
ቁ  ቀ1 +

௫∗ே೟

௪ே೏
ቁൗ           (3.31) 

In this case, once C0 and C∞ are measured in C vs ω plots, the traps concentration 

Nt can be easily determined from equation 3.31.  
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Chapter 4 

2 3  
In this chapter all the growth and characterization activities regarding Sb2Se3 thin-films 

are reported. After a brief introduction on the applications and properties of this 

material, a quick resume of the results previously achieved during my Master’s Degree 

thesis work is provided as a reference, since this part of my PhD activity started just after 

that and it is the natural continuation of that research. Then all the experimental results 

are described and discussed in the following paragraphs. More in detail: 

4.1 Material applications and properties 

4.2 Previous results (as a reference) 

4.3 Sb2Se3 thin-films deposited by RF-MS 

4.4 Laser scribing and photolithography process 

4.5 Cu-doped Sb2Se3 thin-films deposited by LT-PED 

4.6 TiO2 thin-films as potential buffer- or seed-layers 

4.7 Effect of a NaF layer on Sb2Se3 thin-films 

4.8 Multilayered Sb2Se3 absorber 

4.9 TERS analysis of interfaces 
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4.1 - Material properties and applications 

4.1.1 - Sb2Se3 and the thin-film photovoltaic application 

The thin-film photovoltaic industry today is dominated by three main leading materials 

(Figure 4.1): amorphous silicon (a-Si), cadmium telluride (CdTe), and copper indium 

gallium diselenide (Cu(In,Ga)Se2 or simply “CIGS”). Cells based on a-Si have the great 

advantage of a low cost, but since a few years the photovoltaic conversion efficiency value 

achieved in worldwide laboratories is not exceeding 14% (<10% for modules). On the other 

hand, the use of CdTe-based cells, despite the excellent results achieved (record cell 

efficiency to date of 22.3% and 19.5% for modules), has been severely slowed down due to 

the hazardous nature of the cadmium they contain. CIGS-based cells have reached a record 

efficiency of 23.6% (20.3% for modules) and, although they do not suffer from the same 

problems of the previous two types, to date they still occupy a minimal percentage of the 

market. CIGS, indeed, contains indium and gallium, which are rather expensive elements 

today and more difficult to find (sufficient abundance, but concentrated in few countries). 

On the other hand, modules based on monocrystalline silicon have in several cases 

exceeded all these efficiency values, while their higher material consumption is largely 

compensated by the very low production costs. 

So thin-film photovoltaic research today is investigating alternative solutions, especially 

for specific applications (e.g. flexible and/or lightweight panels, building integration, 

bifacial panels, tandem solar cells, etc.), in order to achieve high efficiencies with more 

abundant and cheaper materials also in these fields. 

Among the various materials tested, two are the main studied families: on one hand 

perovskite materials, with their very high efficiencies, but still suffering of long-term 

stability issues (especially for hybrid perovskites) and/or often containing elements that are 

toxic or expensive; on the other hand alternative selenides and sulfides, mainly belonging 

to the families of semiconductor compounds with chalcopyrite or stibnitic type structure, 

that are more stable but today still far from the 24% efficiency of silicon. 

Among the latters, increasing interest has been recently directed toward antimony 

selenide (Sb2Se3, also referred to as "ASe"), a binary semiconductor based on relatively 

low cost elements (Figure 4.2), with a direct gap of about 1.2 eV (1.03 eV indirect), 

absorption coefficient greater than 105 cm-1 and, according to the Shockley-Queisser (S-Q) 

model, it could achieve a theoretical predicted efficiency up to 32.2%. 

 



   

4. Sb2Se3 

 

 64    

 

Figure 4.1 - Record photoelectric conversion efficiencies values for thin-film photovoltaics: (a) cells on 

laboratory scale, (b) commercial modules [source: NREL] 
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Figure 4.2 - Approximate indication of abundance in the Earth's crust (a), annual production (b) and cost (c) 

for some of the most common elements used in materials production. 

4.1.2 - Crystalline structure 

The structure of antimony selenide is of the stibnitic type, with orthorhombic 

primitive cell. In literature we can find this cell alternately described with two equivalent 

space groups, Pnma and Pbnm, which differ only by a permutation of the axes. In the first 

case the cell parameters are a=11.77 Å, b=3.962 Å, c=11.62 Å, so that the b axis is identified 

as the short axis of the cell. In the second case, instead, c is the short axis (a=11.62 Å, 

b=11.77 Å, c=3.962 Å). Since even in the literature this ambivalence has often created 

confusion and sometimes some errors, it is here better to unambiguously state that the 

Pbnm space group is always used in this thesis (Figure 4.3a). 

Sb2Se3 crystal structure is characterized by Se-Sb-Se chains that develop into columns 

(often also called "ribbons") aligned along the c-axis. More in detail, these 

columns/ribbons are formed by Sb4Se6 units stacked together to form one-dimensional 

structures, with strong chemical bonds only within them and weak Van der Waals-type Se-

Se bonds between adjacent columns (Figure 4.3b). 
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Figure 4.3 - (a) orthorhombic crystallographic cell (Pbnm) of antimony selenide; (b) stacking of some cells 

along the c-axis showing the columnar structures generally called "ribbons" 

This columnar structure underlies the strong anisotropy that characterizes many 

properties of this material, including charge transport. 

Once again, using the Pbnm space group as a reference, it is possible to see that these 

ribbons are oriented along the crystallographic direction [001]. Thus, in general, generic 

planes (00l) will be perpendicular to this [001] direction and to the ribbons, while [001] 

direction will lay on planes characterized by (hk0) index. 

In the case of a thin film: 

- if the main surface of the film is formed by a plane (00l), the ribbons will be 

aligned perpendicular to it and to the substrate surface (Figure 4.4a); 

- if the main surface of the film is formed by a plane (hk0), the ribbons will be 

aligned parallel to it, thus lying parallel to the substrate surface (Figure 4.4h); 

- if the main surface of the film is formed by a plane with generic (hkl) index, not 

falling in any of the previous two cases, the ribbons will be inclined with respect 

to the substrate surface at a variable angle (Figure 4.4b-g). 

 

Figure 4.4 - Illustration of the relative orientation of column-like “ribbons” structures (directed along [001]) 

with respect to different planes of the Sb2Se3 crystal structure 
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It is easy to see that charge transport will occur preferentially along chains, since 

hopping mechanisms must instead be exploited to move from one ribbon to another. Thus, 

in a thin-film photovoltaic cell, in which charges must move perpendicular to the substrate, 

all film grains that expose a (00l) face on the surface will participate much more efficiently 

in transport than grains that expose a (hk0) face. For grains that exposing intermediate (hkl) 

faces, instead, transport will essentially depend on the degree of ribbons inclination. 

To provide a more immediate representation of the "degree of orientation," several 

parameters have been introduced in literature. In our results, the following "texture 

coefficient" (TC) is generally reported: 

TC(ℎ𝑘𝑙) =  

಺(೓ೖ೗)

಺బ(೓ೖ೗)

∑
಺(೓ᇲೖᇲ೗ᇲ)

಺బ(೓ᇲೖᇲ೗ᇲ)೙

× 100%          (4.1) 

where "hkl" represents Miller's set of indices for a specific reflection, I(hkl) is the 

normalized intensity of the corresponding peak in the diffraction pattern, I0(hkl) stands for 

the relative intensity as documented in the literature for a standard Sb2Se3 pattern (JCPDS 

15-0681). The denominator summation is computed on the base of the ratio of these same 

values for the n major h'k'l' reflections.  

The set of 10 reflections reported in Table 4.1 has been used for the evaluation of the 

results here reported. According to the TC definition, a preferential orientation of Sb2Se3 

film grains along one of these directions is present when its TC exceeds 10.0%. 

Table 4.1 - Set of principal reflections for the range 10°<2θ<60°, selected for analysis of the degree of film 

texture and orientation. For each, the angle between the columns and the normal to the surface (hkl) and the 

EVC value are reported. 

crystallographic 
orientation 

(hkl) 

angle between [001] 
ribbons direction and (hkl) 

surface normal 

[deg] 

Effective Vertical 
Component 

(EVC) 

(002) 0 1 

(211) 37.3 0.79 

(221) 43.8 0.72 

(301) 45.7 0.70 

(041) 53.4 0.60 

(141) 54.2 0.58 

(061) 63.6 0.44 

(020) 90 0 

(120) 90 0 

(130) 90 0 
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Table 4.1 also reports the Effective Vertical Component (EVC), which corresponds to the 

cosine of the angle between the ribbons of Sb2Se3 structure and the (hkl) surface normal. 

The EVC achieves its maximum value (1) for those orientations promoting a vertical ribbons 

orientation on the substrate, and its minimum value (0) for orientations promoting ribbons 

lying parallel to the substrate. The EVC value is directly linked to how specific orientations, 

if “preferential”, can enhance charge transport within the film for photovoltaic applications. 

Finally, the product of TC and EVC, called "Ribbon Carrier Transport" (RCT=TCxEV), 

can be calculated for each reflection in an XRD spectrum, offering a quantitative assessment 

of the overall degree of "beneficial" alignment for charge transport in a given Sb2Se3 film, 

when employed in cell fabrication. 

Density Functional Theory (DFT) theoretical calculations have indeed shown that the 

electron density is concentrated within the ribbons. In addition, surfaces orthogonal to the 

(001) plane, such as (100), (010), (110) or (120), appear to be prevalent for grain 

boundaries. In fact, since the sides of the columns lack in “dangling bonds”, the formation 

of these edges is energetically favored. While the average surface potential for antimony 

selenide has been calculated to be about 9.1 mV, for other materials widely used in 

photovoltaics, such as CIGS and CZTS, it turns out to be much higher (>100 mV). This 

means that the naturally dominant faces are “benign” for photovoltaic application, because 

they are lacking in those “dangling bonds” that are generally source of charge carrier 

recombination and hence require passivation processes or doping to overcome/reduce the 

problem. 

Therefore, while the use of Sb2Se3 makes proper alignment of the film grains an 

imperative condition to achieve efficient charge transport, grain boundaries might be in this 

case just considered a second order problem. 

4.1.3 - Electronic structure 

Sb2Se3 is characterized by a direct bandgap (Eg) of 1.17 eV and an indirect bandgap of 

1.03 eV, measured experimentally at room temperature. These values are slightly higher 

than those calculated through DFT, which instead settle around 1.07 eV for the indirect 

bandgap and 0.99 eV for the direct bandgap (the discrepancy is reasonably given by the fact 

that these models are usually calculated at a temperature of 0 K). 

These values place Sb2Se3 in the most favorable area of the diagram connected to the 

Shockley-Queisser model for photovoltaic efficiency (Figure 4.5). In fact, Sb2Se3 has a 

bandgap very close to that of crystalline silicon, GaAs or CdTe.  
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Figure 4.5 - Theoretical maximum efficiency curve according to the Shockley-Queisser model as a function of 

the bandgap value of the absorber material 

This very model makes it possible to estimate for this material the achievement of a 

theoretical maximum conversion efficiency of 32.2%. Although this value only 

indicates the “potential” of this material, it is high enough to make it very attractive. 

In addition to this the density of states (DOS) is also particularly favorable, since it is 

particularly high near the top of the valence band and at the bottom of the conduction band 

(Figure 4.6). 

 

Figure 4.6 - Total and partial density states (a) and band structure (b) calculated for antimony selenide 

[source: Koc et al., 2012] 

Such a high DOS is generally related to a high value of the absorption coefficient, 

which, in the case of Sb2Se3, is indeed higher than 105 cm-1 for most of the solar spectrum. 

This is equivalent to saying that sunlight can be completely absorbed by a film much less 

than 1 μm thick. 

In particular, a very high absorption coefficient is also important when dealing with a 

material that does not possess exceptional transport properties. For Sb2Se3, in fact, the 

mobility of electrons (μe) is about 15 cm2 V-1 s-1, while that of holes (μh) is around 42 cm2 V-
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1 s-1. A value of about 1.7 μm is reported in literature for the diffusion length (Le). These 

values, although measured along the "favorable" [001] direction, are rather low when 

compared with those of other materials used in solar cells, but for films as thin as those 

needed for Sb2Se3, they should not be a particular problem. 

4.1.4 - Electrical properties 

The columnar structure of Sb2Se3 leads to significant charge transport anisotropy. 

Sb2Se3 is typically a p-type semiconductor, although there are instances of n-type 

conductivity (achieved through Te or Bi doping or substantial stoichiometric deviations in 

Sb) reported in literature. The charge density due to free carriers is relatively low, 

approximately 1013 cm-3. This value is notably lower than those typically required for 

photovoltaic applications (around 1016 cm-3). Under dark conditions, the electrical 

conductivity is only 10-8 S/m. 

Numerous studies conducted on this material have reported high activation energies. 

These high activation energy values, ranging from 0.54 to 0.66 eV, are generally consistent 

with the hypothesis that the Fermi energy is pinned within the bandgap. Such elevated 

activation energies likely indicate the presence of deep traps, which can diminish Voc values 

and consequently affect cell performance. 

These findings underscore the critical importance of conducting future systematic 

investigations into defects and potential doping strategies for Sb2Se3. In literature, three 

main types of electrically active defects have been identified. These defects have been 

studied using Admittance Spectroscopy technique and theoretical Density Functional 

Theory (DFT) calculations. They are positioned at energy levels approximately 0.3-0.4 eV 

(D1), 0.2-0.6 eV (D2), and 0.5-0.6 eV (D3) above the valence band maximum. D1 and D2 

are considered bulk defects, while D3 is categorized as an interface defect and its specific 

impact on PV cell efficiency is not yet fully understood.  

In Sb2Se3 films (as depicted in Figure 4.7), prevalent defects are VSb antimony vacancies, 

SeSb substitutional selenium, and SbSe substitutional antimony. The first two act as hole 

traps, while the third acts as an electron trap. VSb and SeSb are the primary acceptor-type 

defects and are generally responsible for intrinsic p-type doping in Sb2Se3 films. 

On the other hand, VSe selenium vacancies are highly undesirable due to their behavior 

as n-type donors, which counteracts/reduces p-type conductivity. Furthermore, they act as 

recombination centers, negatively impacting cell performance. Experimental evidence 

supports these considerations, as the best-performing Sb2Se3-based cells typically use films 
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that are slightly deviated in stoichiometry toward an excess of selenium, to discourage 

the formation of this type of defect (see Figure 4.7c). 

 

Figure 4.7 - Crystal structure of Sb2Se3 showing the positions of the atoms in the nonequivalent single site(a). 

Calculated formation energy for intrinsic defects as a function of Fermi energy above the conduction band 

maximumfor a stoichiometric composition rich in Sb (b) and rich in Se (c). The legend in the top right corner 

indicates the colors used for diverse defects. Transition levels are highlighted by dots, and charge state is 

indicated near the lines [source: Savory et al., 2019]. 

Doping this material holds promise in addressing the issue of low charge density 

through the introduction of acceptor dopants without adding intrinsic defects that may also 

act as traps. Additionally, doping can help to mitigate the impact of “harmful” active defects 

on cell performance by binding and inhibiting those defects or impurities that act as traps 

or recombination centers and are difficult to eliminate. 

The available data, unfortunately, is yet largely incomplete and not universally 

applicable. This is primarily due to variations caused by different growth and doping 

techniques employed, which can produce diverse results, especially for dopants with 

multiple possible valence states that may occupy distinct positions within the crystal 

structure. Consequently, it is evident that more extensive and systematic studies are 

imperative to establish conclusive findings in this regard. 



   

4. Sb2Se3 

 

 72    

4.1.5 - Solar cell architecture  

A solar cell is made of multiple layers, each with a specific function. Typically, the 

semiconductor materials forming the p-n junction sits between two metallic contacts. The 

layers above the junction, facing the light source, must be highly transparent to maximize 

photon penetration. 

The structure of a thin-film solar cell generally is made of the following components 

(bottom to top): 

- Substrate - This provides structural strength to the cell, compensating for its 

intrinsic thinness and brittleness. Typically composed of cost-effective materials such 

as glass, it can also be metallic, plastic, or ceramic. In the case of thin-film cells, a 

flexible substrate can be used to make flexible solar panels. The substrate material 

needs to be compatible with the cell manufacturing processes, including resistance to 

high vacuum, chemical inertness, high temperature tolerance, and a thermal 

expansion coefficient matching the film. A smooth, defect-free surface is essential to 

ensure uniform subsequent layer deposition and minimize the occurrence of "shunts." 

- Back-contact - Its role is to collect the charges generated within the junction from 

underneath. Typically metallic, it may consist of a stable element/alloy that 

withstands high temperatures and doesn't react adversely with upper cell layers. In 

"bifacial" cells, opaque metals are substituted by a transparent conductive layer to 

facilitate light absorption also from the back side. 

- Absorber layer - This is where the majority of photon pairs are generated within 

the junction. Often, in solar-cells like those studied here, the p-type “absorber” 

semiconductor has a lower doping level, compared to the heavily doped n-type 

semiconductor: this imbalance results in a highly shifted depletion region within the 

p-type part of the junction. Since it absorbs most of the photons, its band gap needs 

to be tailored to maximize absorption across the solar spectrum. 

- Emitter + Buffer layer ("Buffer") - This is the counterpart of the junction. As 

previously mentioned, it's often composed of a heavily doped n-type semiconductor 

and it is typically thinner than the absorber. Its band gap is typically chosen to be 

transparent or, at most, complementary to the one of the absorber. For this reason, 

this part of the cell, together with the upper layers, is sometimes called "window 

layer”. Due to potential lattice mismatch issues that can be present in heterojunctions 

of different materials and can introduce defects adversely affecting cell performance 

(e.g., traps, recombination centers), a "buffer" layer is often introduced between the 

absorber and the emitter. The buffer layer's role is to mitigate most of these defects. 
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Typically, it has very low doping, it is very thin, and it is chosen so that its band 

structure prevents significant potential barriers within the junction. 

- Upper contact ("Front-contact") – It is generally made of a transparent 

electrode (“TE”) and, eventually, a metal grid contact. This contact is employed 

to complete the electrical circuit within the junction. It's typically made of a 

transparent conductive oxide (known as "TCO") to allow solar radiation to 

penetrate and reach the underlying junction. The thickness and carrier concentration 

in this material are determined by the balance between keeping the layer thin enough 

to minimize radiation absorption (transparency in these materials isn't absolute) and 

ensuring adequate electrical conductivity so that series resistance is not too high. To 

mitigate the impact on series resistance, a portion of the transparent surface is often 

allocated for the deposition of a metallic grid-like contact, which enhances charge 

collection. Additionally, an anti-reflective layer may be also applied to reduce the 

proportion of reflected (and hence non-utilizable) light on the cell surface. 

In order to reduce the recombination between the two sides of the junction and their 

respective contacts, sometimes extra layers are added between them. These layers are 

generally characterized by a strong asymmetry in the transport of charge carriers, so that 

they favor the transport of electrons only or holes only. The most commonly used are the so 

called “hole-transport layers” (“HTL”), usually fitted between the p-type absorber and 

the back contact. 

To pile-up the multiple layers constituting a thin-film photovoltaic cell over the 

substrate, two opposite deposition approaches exist. More in detail, the layers can be 

applied in a sequence known as the "superstrate” configuration (Figure 4.8a), with the 

window layer deposited just above the substrate, or conversely in the reverse sequence, 

called "substrate” configuration (Figure 4.8b), where the first layer to be deposited is the 

back-contact. 

 

Figure 4.8 - Deposition sequence of cell layers on the substrate (bottom to top): (a) in “superstrate” 

configuration and (b) in “substrate” configuration. (HTL="hole transport layer"; TE="transparent electrode") 
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In superstrate configuration, light first crosses the substrate before reaching the 

absorber layer, so a transparent substrate is mandatory. In contrast, this issue is not present 

for cells in the substrate configuration. However, several considerations apply to both 

configurations and may contribute, depending on the specific circumstances, to the choice 

between the two: 

- The layers deposited earlier act as substrates for subsequent layers. This aspect is 

particularly noteworthy when discussing Sb2Se3 because the underlying film can 

influence and promote a specific orientation of columnar structures. 

- The layers that have been previously deposited must also be able to endure the growth 

conditions of the subsequent layers, including factors like temperature annealings 

and possible reactions between the layers. 

- The use of high-energy deposition methods, such as sputtering and LT-PED, 

especially when very high acceleration voltages are applied, may potentially cause 

damage or alter the properties of the underlying layers (etching, implantation, 

heating, diffusion, etc.). 
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4.2 - Previous results (as a reference) 

4.2.1 – Sb2Se3 thin-films deposited by LT-PED 

Before the beginning of this PhD Thesis, I worked on the deposition of Sb2Se3 thin-

films using LT-PED for my Master Degree Thesis. 

Sb2Se3 films were deposited in the LT-PED high-vacuum chamber, employing a 

commercial PEBS-20 Nocera source and a starting vacuum level of approximately 2.0x10-4 

Pa. The pulsed electron beam initiation occurred at a discharge voltage of 16 kV, a value 

determined as the optimal compromise between growth rate and final film morphology, 

through a systematic series of exploratory depositions. The pulsed repetition rate was set at 

9Hz. To initiate and maintain electron beam propagation, ultra-pure Argon (5.0) was 

continuously introduced into the chamber during the deposition process, maintaining a 

pressure of roughly 3.0x10-1 Pa. 

The Sb2Se3 deposition target, synthesized at IMEM-CNR from the single elements (Sb 

and Se, 99.999% purity), was a cylinder approximately 10 mm thick and 1 inch in diameter. 

The target was intentionally selenium-rich, so that a similar stoichiometry can be 

transferred to the resulting films. The distance between the target and the substrate within 

the chamber was set at 8 cm. 

The chosen substrates for the deposition were made of a 2.5×2.5cm2-wide soda-lime 

glass coated with: 

- molybdenum (Mo) 

- fluorine tin oxide (FTO) 

- cadmium sulfide on FTO (CdS/FTO) 

- undoped zinc oxide on FTO (ZnO/FTO) 

so that different options for the realization of substrate or superstrate cells were then 

available. 

Initially, the substrates were placed within a load-lock chamber for pre-vacuum and then 

they were moved into the primary chamber. Within the primary chamber, they were 

positioned above a graphite susceptor that was heated using halogen lamps. To monitor 

substrate temperature, which ranged from 200 °C to 400 °C in different experiments, both 

a type-K thermocouple and a 2.4 μm IR pyrometer (Fluke Endurance 3 M) were employed. 

The IR pyrometer was positioned behind a ZnSe-bandpass viewport at a 45° angle to the 

sample surface. 



   

4. Sb2Se3 

 

 76    

Sb2Se3 film depositions were preliminary tested on bare soda-lime glass so that the 

optimal LT-PED process parameters and film crystallization could be determined on an 

amorphous substrate. Before the deposition, the glass substrates underwent a preliminary 

cleaning procedure with a sequence of ethyl acetone, ethanol and isopropyl alcohol. This 

cleaning was necessary to eliminate any surface impurities that might have interfered with 

the film's nucleation process. 

The structural characteristics of the obtained films were initially examined via XRD 

utilizing Bragg-Brentano geometry with incident CuKα radiation. In this way it was possible 

to evaluate their crystalline quality and the potential preferential orientation of grains. 

Figure 4.9 resumes the main results for depositions on a bare glass substrate, while 

Figure 4.10 resumes the main results obtained for the depositions under identical 

conditions on Mo coated glass. 

 

Figure 4.9 - (a) XRD patterns of Sb2Se3 thin-films deposited by LT-PED on glass substrates at increasing 

temperature; a reference pattern for Sb2Se3 is shown at bottom. (b) TC values for the chosen top ten peaks; 

the orange line at 10% indicates the threshold of partial preferential orientation. 

 

Figure 4.10 - (a) XRD patterns of Sb2Se3 thin-films deposited by LT-PED on Mo coated glass substrates at 

increasing temperature; a reference pattern for Sb2Se3 is shown at bottom. (b) TC values for the chosen top ten 

peaks; the orange line at 10% indicates the threshold of partial preferential orientation; values at 400°C are 

not shown because there are no Sb2Se3 peaks in the spectrum at this temperature 
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Figure 4.9a illustrates that the crystalline properties of the film are strongly dependent 

on the deposition temperature. Films deposited below 250°C exhibit minimal to no 

crystallinity, whereas raising the temperature leads to improved crystallization. Notably, 

these temperatures are relatively low, thanks to the high energy of the plasma, and, above 

all, they are compatible with the glass substrate (i.e. lower than glass softening 

temperature). Figure 4.9b confirms a significant increase in some preferential orientation 

with rising temperature. However, it is worth noting that TCs (texture coefficients) are 

notably high for orientations associated with the development of columnar structures 

within the substrate plane. 

In the case of Sb2Se3 films on a Mo substrate, a discernible crystal structure becomes 

evident as early as 200°C, as depicted in Figure 4.10a. This early crystalline formation 

provides an initial and significant clue regarding the substrate's role in the film growth 

process. However, at 400°C, no Sb2Se3 peak is observable in the spectrum, suggesting that 

at this temperature, the energy input may be excessive, hindering compound formation. 

Unfortunately, even in this second case, the rising preferential orientation correlated with 

increasing temperature, is associated with indices (020), as illustrated in Figure 4.10b. 

Based on the obtained results obtained, a temperature of 300°C was set as standard 

for growing Sb2Se3 films on other substrates as well. 

Certain materials exhibit a lattice spacing that is somehow comparable to that of 

antimony selenide, whereas in the literature, it is mentioned that some materials have the 

capability to induce perpendicular column growth with respect to the substrate. FTO, CdS, 

and ZnO were selected for the following tests, as illustrated in Figure 4.11. 

Figure 4.11a illustrates the successful formation of Sb2Se3 films on all substrates. It's 

worth noting that the patterns for CdS and ZnO exhibit substantial peaks attributed to FTO, 

as these substrates feature a double layer on glass (CdS/FTO/glass and ZnO/FTO/glass). 

This double layer was required to eventually build complete photovoltaic cells out of these 

samples. Figure 4.11b reveals that while reflections (020), (120), and (130), which 

correspond to in-plane column orientations, are notably predominant on glass and Mo 

substrates, different preferred orientations (hkl) with l≠0 (indicating tilted or vertical 

ribbons) appear with high texture coefficient (TC) values for ZnO, CdS, and FTO. A 

particularly favorable case is observed for FTO substrate, which promoted the deposition 

of a Sb2Se3 film at 300°C featuring some “beneficial” ribbons orientations. 
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Figure 4.11 - (a) XRD patterns of Sb2Se3 thin-films deposited by LT-PED on different substrates (glass, 

Mo/glass, FTO/glass, CdS/FTO/glass, ZnO/FTO/glass) at 300°C; a reference pattern for Sb2Se3 is shown at 

bottom. (b) TC values for the chosen top ten peaks; the orange line at 10% indicates the threshold of partial 

preferential orientation. 

These measurements showed two important insights. Firstly, they highlight how grain 

preferential orientation with ribbons parallel to the substrate plane often dominate over 

orientations more favorable for charge transport. This observation sheds light on a 

significant factor that has limited the efficiency of cells utilizing this material for decades. 

Secondly, they demonstrate that even with the high energy low-temperature pulsed electron 

deposition (LT-PED) technique, the substrate plays a substantial role in 

determining the preferential orientation of the grains. 

An overview of TC and RCT values for Sb2Se3 films grown at 300°C on different 

substrates, is reported in Table 4.2 for the ten chosen reflections, as well as the summations 

ΣTC for the “good” orientations (hkl with l≠0) and the “bad” orientations (hkl with l=0). 

Table 4.2 - Summary of TC and RCT values for ten chosen reflections, calculated from the patterns of Sb2Se3 

films deposited at 300°C on different substrates; the right columns also show the sum of TCs of reflections 

with index (hkl) with l=0, the sum of TCs of reflections with with index (hkl) with l≠0, and the sum of all RCTs. 

substrate 020 120 130 211 221 022 041 141 061 301 ΣTC(l=0) ΣTC(l≠0) ΣRCT 

FTO 
TC 23.2 6.3 10.3 3.6 7.2 0.2 13.4 20.5 13.0 2.3 39.8 60.2  

RCT 0 0 0 2.9 5.2 0.2 8.0 11.9 5.7 1.6   35.5 

ZnO 
TC 31.0 11.1 19.6 4.0 4.9 4.6 8.3 6.9 7.0 2.6 61.7 38.3  

RCT 0 0 0 3.2 3.5 4.6 5.0 4.0 3.1 1.8   25.1 

CdS 
TC 35.6 9.5 16.5 2.9 4.4 0 9.5 9.8 10.6 1.2 61.6 38.4  

RCT 0 0 0 2.3 3.1 0 5.7 5.7 4.7 0.8   22.3 

glass 
TC 49.2 11.7 20.7 0.5 0.9 2.2 4.8 3.1 6.9 0 81.6 18.4  

RCT 0 0 0 0.4 0.6 2.2 2.9 1.8 3.0 0   10.9 

Mo 
TC 90.8 2.2 6.3 0.1 0.3 0 0 0 0.2 0 99.4 0.6  

RCT 0 0 0 1.5 1.2 0 0.8 0 0.6 0   4.1 
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The orientation of the ribbons in a solar cell has a significant impact on the transport 

characteristics of the Sb2Se3 absorber and, hence, on the electrical performance of the 

device. To understand the scale of this phenomenon and the effect of carrier transport on 

the J-V (current-voltage) performance of the solar device, electrical simulations were 

conducted. 

These simulations employed the wxAMPS-1D tool and replicated the architecture 

employed in CIGS-based cells (AZO/ZnO/CdS/CIGS/Mo), replacing the absorber layer 

with Sb2Se3. The physical parameters and carrier concentrations for all layers were obtained 

from existing literature sources. 

A 4 nm thick defect layer was introduced at the interface between the Sb2Se3 absorber 

and the Mo back contact to represent device interface properties. Details of all material 

parameters are provided in Table 4.3. The hole mobility of Sb2Se3 films was varied, ranging 

from 45 cm2 V-1s-1 (the highest reported mobility value in literature) to 0.69 cm2 V-1s-1 (the 

mobility value measured along the (020) direction). The simulations were performed for a 

temperature of 300 K and an AM 1.5G solar spectrum illumination, with an incident power 

density of 100 mW/cm2. 

Table 4.3 - Input parameters of solar cell layers for the numerical simulation. The surface recombination 

speed of electrons and holes is fixed at 1×107 cm/s for both front and back contact. The reflection coefficient 

on front and back surfaces is 0 and 0.9, respectively (Source: A.C. Busacca et al, 2014; Y. Cao et al, 2019) 

Parameters and units ZnO:Al ZnO CdS Sb2Se3 Sb2Se3 
interface 

Relative permittivity 9 9 10 18 18 

Band gap (eV) 3.3 3.3 2.4 1.19 1.19 

Electron affinity (eV) 4.4 4.4 4.2 4.04 4.04 

Thickness (nm) 800 100 70 1500 4 

Effective density of states of conduction 
band (cm-3) 

2.2x1018 5x1019 2.2x1018 2.2x1018 2.2x1018 

Effective density of states of valence band 
(cm-3) 

1.8x1019 1x1020 1.8x1019 1.8x1019 1.8x1019 

Mobility of electrons (cm2V-1s-1) 10 130 100 15 15 

Mobility of holes (cm2V-1s-1) 2.5 30 25 0.69-45 0.69-45 

Acceptor concentration (cm-3) 0 0 0 1x1013 1x1013 

Donor concentration (cm-3) 1x1018 1x107 1x1018 0 0 

Gaussian Defects Donor and Acceptor State 
Density (cm-3) 

0 

1x1017 

0 

5x1014 

1x1018 

1x1018 

1x1016 

1x1016 

1x1019 

1x1019 

Capture Cross Section of Donor-like 
Gaussian State for Electron and Holes (cm2) 

0 

0 

0 

0 

1x10-12 

1x10-16 

1x10-18 

1x10-17 

1x10-18 

1x10-17 

Capture Cross Section of Acceptor-like 
Gaussian State for Electron and Holes (cm2) 

1x10-12 

1x10-12 

2x10-10 

2x10-10 

1x10-16 

1x10-12 

1x10-17 

1x10-18 

1x10-17 

1x10-18 
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The results of this simulation, as depicted in Figure 4.12a, reveal that reducing the hole 

mobility of Sb2Se3 primarily impacts the short-circuit current density, Jsc, causing it to 

decrease from 20.5 to 0.5 mA/cm2. However, Voc is also affected, dropping from 489 mV to 

250 mV in the case where transport is mainly governed by the hopping phenomenon. 

Despite a different cell structure was simulated also by R.A. Lomas-Zapata et al. (Figure 

4.12b-e), similar trends in the results were obtained. 

 

Figure 4.12 – (a) Simulated J-V curve of AZO/ZnO/CdS/Sb2Se3/Mo solar cells, assuming a hole mobility of 

45 cm2 V-1s-1  (perpendicular ribbons orientation - green line) and of 0.69 cm2 V-1s-1 (parallel ribbons 

orientation - red line). (b-e) VOC, JSC, FF and efficiency values simulated by R.A. Lomas-Zapata et al. as a 

function of the degree of misorientation respect to substrate normal. 

The simulated structure was then reproduced in laboratory by depositing 60 nm of CdS 

as a buffer layer on an Sb2Se3/Mo sample. CdS was chemically deposited via a chemical bath 

deposition (CBD) technique, which is widely used for CIGS-based cells. The bi-layer window 

layer was created with 120 nm of ZnO and 500 nm of AZO, deposited by RF-Sputtering. 

Through mechanical scribing, 16 cells were obtained, each with an area of 0.15 cm2. The 

contacts were made of Ag paste, both on the front-contact and back-contact. 

The characteristic J-V curve for these cells is shown in Figure 4.13. All 

AZO/ZnO/CdS/Sb2Se3/Mo/glass cells measured showed similar behavior to that simulated 

for low mobility values, with an extremely low Jsc of only 0.3 mA/cm2. This result is in 

agreement with the fact that the Sb2Se3/Mo sample had a preferential crystallographic 

orientation with ribbons parallel to the substrate. 

To further confirm the correlation between orientation of ribbons and performance of 

the photovoltaic cell, a second photovoltaic cell was made with Sb2Se3 films deposited on 

FTO, characterized by the highest RCT value (Table 4.2). In this case, for the best values 

measured were 20.28 mA/cm2 for Jsc, 256 mV for Voc and an FF of 39.2% (Figure 4.13). 

These values correspond to a conversion efficiency of 2.1%. The obtained Jsc is very similar 
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to the one calculated in the simulation for high mobility conditions (green line in Figure 

4.12). The fact that XRD measurements of Sb2Se3/FTO samples showed a significant grain 

orientation with ribbons aligned out of the substrate plane, confirms the previously seen 

correlation between RCT values and cell performance increase. 

 

Figure 4.13- J-V characteristics of a AZO/ZnO/CdS/Sb2Se3/Mo/glass solar cell and of a 

AZO/ZnO/CdS/Sb2Se3/FTO/glass solar cell; the latter was measured both from front side and from back side, 

being a bifacial solar cell. 

Unfortunately, the measured efficiency of the AZO/ZnO/CdS/Sb2Se3/FTO/glass cell is 

rather low and far from the maximum theoretical value. Efficiency is indeed here strongly 

affected by particularly low FF and Voc values, probably due to the contact between Sb2Se3 

and FTO, which is far from being perfectly ohmic. 

4.2.2 – Preliminary results on Sb2Se3 thin-films deposition by RF-MS 

During my Master Degree research, also a very preliminary study on the deposition of 

Sb2Se3 thin-film by RF- Magnetron Sputtering (RF-MS) technique was done. More in 

detail, the initial calibration of process parameters was set for this material.  

As for the samples deposited by LT-PED, at this stage of the experimental activity the 

deposition process and the adjustment of growth parameters were exclusively carried out 

on bare soda-lime glass substrates. This approach was once again adopted to eliminate the 

additional variables that a potentially "templating" crystalline substrate may have. 

Sb2Se3 films were deposited using a 3′′ RF-MS cathode (Kenosistec) powered at 30 W, 

starting from a binary Sb2Se3 target (99.99% purity, supplied by Testbourne Ltd). The films 
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were deposited directly onto 2.5 × 2.5 cm2 wide bare soda-lime glass, previously cleaned 

with the same procedure described for LT-PED. 

A commercial target with a purity of 5N (99.999%) was utilized for the deposition 

process. The vacuum chamber was evacuated with a turbomolecular pump. The operational 

pressure was maintained by introducing Argon (Ar) into the chamber in a range between 

10-3 and 10-1 mbar. This range is the ideal one for initiating plasma, since a lower pressure 

leads to failed plasma ignition, while a higher pressure results in an inadequate plasma 

control, often causing secondary plasma ignition. 

A special sample holder was employed for the substrate sample, that thanks to the 

connection with a translational feedthrough, can be moved from the load-lock chamber, 

where a pre-vacuum of 10-4 mbar was made, to the main chamber, where high vacuum was 

kept before the deposition process begins. When the interconnection valve between the 

chambers was open, the pressure differential was equalized in a few seconds due to the 

substantial volume difference between them. The end position of the sample was set just 1 

mm away from the graphite heater and 8 cm away from the RF-MS cathode. The deposition 

temperature was varied between room temperature (RT) and 330°C, and it was monitored 

using a thermocouple positioned on the surface of the graphite heater. Under standard 

conditions, approximately 20 minutes were necessary to ensure the complete and 

homogeneous heating of the substrate, as well as surface desorption of gaseous species, 

before the deposition process. Since it was not possible to place the thermocouple directly 

in contact with the substrate, a more precise temperature monitoring was made with a 

thermal imaging camera, which measures the temperature through a ZnSe window that is 

transparent in the far-infrared spectrum. 

Once the desired substrate temperature was reached, the power and the pressure were 

progressively increased and decreased for the plasma ignition and stabilization up to the 

final operating values, through a series of preliminary steps. Finally 30W and 5x10-3 mbar 

were maintained for 5 minutes and then the shutter in front of the target plasma was open, 

initiating the deposition process. 

The duration of Sb2Se3 film deposition varied depending on the desired thickness: about 

25 minutes for 350-500 nm thin films, 100 minutes for thicker 1.5-2 μm films. At the end 

of the deposition process, the shutter was closed, and the sample was left on the heater at 

the same temperature of deposition for 25 minutes. 

The crystallinity of the film was also in this case studied by XRD measurements in 

Bragg-Brentano configuration, following the same procedure used for the samples grown 

by LT-PED. The main focus was the correlation between the growth conditions and the 

properties of the deposited Sb2Se3 film, to study which were the optimal ones to obtain a 
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crystalline film, possibly oriented in the right direction.  Figure 4.14 and Figure 4.15 show 

respectively the XRD patterns and TCs values as a function of the different temperatures 

used for the glass substrate. 

From these XRD data, it was evident to see that at a low 50 °C temperature the sample 

lacked the necessary energy for crystallization, while in a temperature ranges between 90°C 

and 190°C the XRD patterns reveal a preferential orientation mainly associated those 

reflections for which ribbons lay parallel to the substrate plane: (020), (120), (130), and 

(240), all with an hkl index where l=0. 

 

Figure 4.14 - XRD patterns of Sb2Se3 films deposited on glass by RF-MS, as a function of substrate 

temperature. Two different films are shown for deposition at 330°C: one thinner ("thin"-300 nm) and one 

thicker ("thick" 1 μm). A reference spectrum for Sb2Se3 is shown at bottom. 



   

4. Sb2Se3 

 

 84    

 

Figure 4.15 - TC values for the chosen set of ten hkl reflections of Sb2Se3 films deposited on glass by RF-MS, 

as a function of substrate temperature. 

Above 260°C, however, the intensities of reflections with l≠0 start to rise, surpassing the 

critical TC value of 10%. Above all, the samples deposited at 330°C exhibit the most 

favorable orientation for photovoltaic applications. 

For depositions carried out at 330°C, we considered two distinct Sb2Se3 films, with 

different deposition times: one designated as “thin”, with a thickness of 300 nm, and 

another one designated as “thick”, with a thickness of about 1μm. The thicker sample 

displayed significantly higher intensity for the (002) reflection, which corresponds 

to crystal grains with “good” vertical ribbons on the substrate. This intensity notably 

surpassed that of (120) and (020) reflections. 

Figure 4.16 provides a comparative analysis of the spectra between a Sb2Se3 film 

deposited on glass by LT-PED technique and a film deposited by RF-MS at the same 

temperature (330°C). This comparison clearly shows that the film deposited via LT-PED 

exhibits a distinct preferential (020) orientation, while the film deposited by RF-MS shows 

a significant increase for the intensities of most of the peaks with l≠0 and, in particular, of 

the (002) peak. 

This means that RF-MS provided better conditions for the crystallization of 

films with “good orientation” even on an amorphous glass substrate, that clearly 

cannot provide any boost of this result by lattice matching. This positive result is hence only 

related to the deposition technique. 

An additional observation is presented in Figure 4.17. This plot show a comparison 

between the XRD pattern of the sample deposited at room temperature (RT), recorded 

immediately after the growth process, and the one recorded after a 25-minute thermal 
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annealing process at 200°C in vacuum. It is evident that thermal annealing, in this case, 

does facilitate the induction of crystallization in the initially amorphous film. However, it is 

regrettable that once again, this process promotes the formation of grains with “bad” 

ribbons orientations. 

 

Figure 4.16 - XRD patterns of Sb2Se3 films deposited on glass substrates by LT-PED (top) and RF-MS 

(bottom) at the same temperature (330°C). 

 

Figure 4.17 - XRD patterns of Sb2Se3 films deposited on glass substrate by MS at room temperature, 

immediately after the deposition process (RT) and following a 25-min thermal annealing at 200°C 

(RT+annealing). 
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All samples were also characterized by micro-Raman spectroscopy. In all samples, the 

primary phase of Sb2Se3 was consistently identified through the main peak at approximately 

190 cm-1, with no significant variations noted.  

The focus of the Raman characterization, instead, soon shifted towards examining a 

noteworthy secondary aspect: the presence and origin of the 250 cm-1 peak, which was 

present only in some of the deposited samples and with different intensities, despite no 

difference could be observed in the corresponding XRD patterns. The origin of this specific 

peak unfortunately received discording interpretations in the literature, ranging from an 

unidentified Sb2Se3 feature to the potential presence of amorphous Se or even Sb2O3. 

An initial hypothesis emerged when it was observed that Sb2Se3 film samples, left 

exposed to air for extended periods, exhibited higher intensity in the 250 cm-1 peak (as 

illustrated in Figure 4.18). 

 

Figure 4.18 - Raman spectra of a freshly deposited Sb2Se3 sample (blue) and a sample exposed to air for 6 

months (red). 

This initial conjecture suggested a potential association with oxidation. To test this 

hypothesis, certain samples displaying this 250 cm-1 peak were subjected to chemical 

etching using a 3 mM ammonium sulfate solution in water. This etching method was chosen 

due to its reported effectiveness in removing Sb2O3 while being relatively gentle on Sb2Se3. 

As depicted in Figure 4.19, following the etching process, the sample no longer exhibited 

the 250 cm-1 peak. This result provided a strong initial indication that the peak could indeed 

be attributed to the presence of oxide. 
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Figure 4.19 - Raman spectra of the same sample with Sb2Se3 film characterized by the presence of the peak 

at 250 cm-1, before (green) and after (violet) the chemical etching process. 

This outcome prompted an exploration of whether the Raman spectroscopy laser itself 

could potentially induce oxidation through heating. To investigate this possibility, various 

filters were employed to diminish the incident beam's power, and consecutive 

measurements were conducted on the identical location to assess the spectrum's changes 

over time and increasing laser power. The results of one of these experiments are reported 

in Figure 4.20, where three spectra, acquired on the same sample location with increasing 

laser intensity, just after an etching treatment to ensure the removal of any surface oxide 

traces, are compared. 

 

Figure 4.20 - Raman spectra measured at the same spot on a Sb2Se3 film, after etching treatment to remove 

the oxide, with progressively higher laser powers (filters with progressively lower optical density: 1.0, 0.6, 0.3). 
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When the two filters with the higher optical density (1 and 0.6) were used, no peak was 

observed at 250 cm-1, although the spectra exhibited a higher noise-to-signal ratio due to 

reduced incident power. Repeated measurements with the same filter produced consistent 

results. However, when the filter with 0.3 optical density was used, the recorded spectrum 

featured a distinct peak at 250 cm-1, accompanied by a lower-intensity peak at 450 cm-1. 

Both peaks are documented in the literature as significant indicators of Sb2O3. In 

particular, the consistent appearance of the 450 cm-1 peak discards the alternative 

hypothesis of amorphous Se formation. Consecutive measurements at the same power and 

location revealed that the 250 cm-1 peak tends rapidly increase up to saturation. Further 

intensity increase in this peak could be observed only when the filter was completely 

removed, allowing the laser source to exert its full power on the surface. Hence also a 

maximum oxide layer thickness seems to be related to the incident laser power. 

These measurements underscore the critical importance of caution and of limiting laser 

power when analyzing Sb2Se3 films. 

One last additional observation emerged while examining different points on the same 

sample: while 1.0 and 0.6 filters never induced the presence of the 250 cm-1 peak and the 

absence of a filter always induced it, when the intermediate 0.3 filter was used, the 

appearance of this peak was not always replicable, and intensities varied significantly from 

point to point (see Figure 4.21). This observation implies that the laser's energy output with 

the 0.3 filter closely approaches a threshold value, inducing oxide formation only under 

specific concurrent conditions. 

In the context of polycrystalline samples, where individual grains may possess different 

orientations, this variation from point to point may be associated with the different 

crystalline faces exposed to the air. Given the highly anisotropic nature of Sb2Se3 structure, 

grains with distinct orientations are expected to exhibit differing properties: 

- Heat conduction occurs more efficiently along the [001] direction of the columnar 

ribbon structures, potentially leading to different heating responses to the laser, i.e. 

grains with ribbons parallel to the substrate surface may experience preferential heat 

dissipation. 

- Surfaces inclined with respect to ribbon structures feature a gradually increasing 

density of dangling bonds, reaching a maximum on the (00l) faces: this density is 

directly proportional to surface energy, potentially lowering the energy threshold 

required for oxygen bond formation. 
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Figure 4.21 - Raman spectra measured at different points of a Sb2Se3 film after etching treatment to remove 

the oxide, using the 0.3 filter. 

One or both of these conditions may explain why the 0.3-filtered laser appears to 

unluckily induce oxidation more prominently in grains with a more favorable orientation 

for photovoltaic applications. Furthermore, this hypothesis is in agreement with the 

observation that 250 cm-1 Raman peak was more frequently observed in samples with the 

highest solar cell performance.  
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4.3 - Sb2Se3 thin-films deposited by RF-MS 
The first activity during my PhD research focused on the study of the nucleation and 

seeding effects that various substrates might exert on the orientation of the Sb2Se3 films 

deposited by RF-MS. These chosen substrates, like in the previous case of films deposited 

by LT-PED, are commonly used in the layered structure of thin-film solar cells and include: 

- molybdenum (Mo) 

- fluorine doped SnO2 (FTO) 

- cadmium sulfide on FTO (CdS/FTO) 

- undoped zinc oxide (ZnO) 

Despite Sb2Se3 films depositions were obtained at different temperatures on each of 

these substrates, XRD analysis determined that those carried out at 300°C consistently 

yielded superior crystallinity and optimal orientation across all substrates (Figure 4.22). 

 

Figure 4.22 - XRD patterns of Sb2Se3 films deposited on different substrate at 300°C 

In summary, Figure 4.23a presents ΣTC(l≠0) and RCT values for Sb2Se3 film deposition 

conducted at 300°C on various substrates. A sample was also deposited on plain soda-lime 
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glass at the same temperature, although it is not directly suitable for solar cell construction, 

serving as a reference for comparison with the other results. 

 

Figure 4.23 - (a) ΣTC(l≠0) and RCT values for the Sb2Se3 films deposited at 300°C on different substrates; 

(b) XRD patterns of Sb2Se3 films deposited on Mo and CdS/FTO substrates (JPCDS 15-0681 reference for 

Sb2Se3 is reported at the bottom). 

The most favorable outcomes were achieved on CdS/FTO substrates (Figure 4.23b), 

where ΣTC(l≠0) reached 91%, and RCT stood at 74.4%. Even on ZnO substrates, the Sb2Se3 

ribbon alignment displayed a significant vertical component (ΣTC(l≠0)>80%), surpassing 

the surprisingly high alignment observed on glass substrates. Conversely, in films deposited 

on Mo, the ribbon orientation predominantly exhibited a horizontal alignment 

(ΣTC(l≠0)<35%), as previously observed also in films deposited by LT-PED. This 

observation reinforces the assumption that the “bad” orientation on Mo substrates is 

strongly influenced by Mo itself. 

The notably high RCT values on CdS (74%) and ZnO (67%) strongly suggests that 

optimal carrier transport may be achieved by constructing Sb2Se3 solar cells in a 

“superstrate” configuration, where Sb2Se3 is directly grown on the window layer. 
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An overall comparison with the LT-PED technique, where the highest achieved ΣTC(l≠0) 

value on an FTO substrate was just slightly above 60%, MS proved to be a more effective 

method for achieving the desired ribbon orientation. This outcome might be attributed to 

the lower deposition rate of adatoms in RF sputtering (approximately 2.5 Ås−1) that 

promotes the formation of thermodynamically favorable cohesive covalent bonds, 

predominantly aligning over the (002) surfaces. 

Pole figures were also constructed for specific reflections, namely the (200), (020), and 

(002), to go more in-depth with the study of preferential orientation (Figure 4.24). Data 

were collected in the 0°–75° χ range. All pole figures exhibited cylindrical symmetry, 

indicating orientation perpendicular to the substrate but a random distribution of 

crystallites within the plane. This aligns with the expected behavior for growth processes 

involving polycrystalline substrates. 

 

Figure 4.24 - Pole figures of the (200), (020) and (002) reflection of Sb2Se3/Mo (top—(a)–(c)) and 

Sb2Se3/CdS/FTO films (bottom—(d)–(f)). Intensities are on a logarithmic scale. 

The data analysis corroborates the findings previously suggested by the texture 

coefficient. Notably, when comparing the Sb2Se3/Mo and Sb2Se3/CdS samples, significant 

differences emerge. The former exhibits a slight preferential orientation along the [100] and 
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[010] directions, which seem to align more frequently with the substrate normal. 

Consequently, the [001] direction is anticipated to be at χ=90°, but due to the low intensity 

of this reflection, it registers little to no signal. Conversely, a close examination of Figure 

4.24c clearly reveals that the number of crystals with the [001] direction normal to the 

substrate is very limited, particularly when compared with the Sb2Se3/CdS sample. This 

observation is reinforced by a prominent pole in the (002) polar map shown in Figure 4.24f, 

affirming the significant influence of the choice of substrate on the growth process. 

EDS microanalysis revealed excellent composition uniformity in the samples. All 

the analyzed films exhibited a consistent 2:3 stoichiometry for the Sb:Se ratio, with a slight 

average excess of Se: 39.6% Sb and 60.4% Se. Notably, this Se excess was observed even 

without employing a selenization treatment or a Se-rich target. These measurements 

indicate that the low substrate temperatures (<350°C) and low sputtering power effectively 

prevented Se losses or significant deviations in stoichiometry across all samples, regardless 

of the substrate type. Moreover, as often reported for MS depositions, a transport from the 

target that is slightly deviated towards the more volatile element is observed and here 

“desirable” for the p-type conductivity. 

SEM characterization was conducted to gain insights into the film morphology. SEM 

images of the obtained Sb2Se3 film surfaces deposited at different temperatures (on glass) 

are reported in Figure 4.25. The surface morphology undergoes significant changes, 

transitioning from a smooth surface at lower temperatures, typical of nearly amorphous 

films, to rougher surfaces at higher temperatures, with more distinct grain shapes. 

 

Figure 4.25 - SEM images of the surface of Sb2Se3 films deposited at different temperatures on glass 

substrate 

The comparison between two samples grown at the same temperature (330°C) but with 

different thicknesses (500 nm and 1000 nm) is also interesting. While the surface of the 

thinner sample is depicted in the last (right) image of Figure 4.25, the thicker sample 
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exhibits an unexpected morphology (Figure 4.26a), where evident elongated “rod-like” 

crystals began to grow off the surface. 

 

Figure 4.26 - (a) SEM image of the surface of Sb2Se3 “thick” film deposited at 330°C on glass substrate (tilted 

view); (b) focused comparison of XRD patterns for “thin” and “thick” films deposited at 330°C on glass 

substrate, in the 35°<2θ<55° range. 

This observation, supported by the high TC(002) value and lower TC(120) and TC(020) 

values evident in its XRD pattern (Figure 4.26b), suggests a distinct growth mechanism for 

RF-sputtered Sb2Se3. During the initial layer nucleation, adatoms preferentially attach to 

the substrate using a layer-by-layer mechanism, forming (hk0) crystal surfaces with the 

lowest free energy (horizontal ribbons), as it happens in LT-PED depositions. But in films 

deposited by RF-MS, thanks to a lower deposition rate, a transition from layer-by-layer to 

island growth (isolated crystals) is possible when a certain thickness is reached, i.e. when 

covalent cohesive forces become stronger than surface adhesion forces, resulting in the 3D 

growth of vertical columnar crystals. 

Furthermore, different nucleation behaviors were observed based on the substrate type. 

Figure 4.27 illustrates that on the CdS/FTO substrate, adatom–adatom interactions appear 

to be stronger than adatom-substrate interactions, causing 3D growth to start at an earlier 
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stage, leading to the emergence of small columnar Sb2Se3 crystals in thinner films. On the 

contrary, in thicker films, grain coalescence results in a more homogeneous and continuous 

film, making it suitable for Sb2Se3-based solar cells within the 0.6–1 μm range, offering 

higher uniformity and reduced shunt probability. 

 

Figure 4.27 - SEM images of the surface of thin (500 nm) and thick (1000 nm) Sb2Se3 films deposited at 

300°C on CdS/FTO substrate. 

The variation in nucleation likely originates from the distinct substrate nature and 

morphologies. On flat glass, initial layers favor adhesion with the c-axis parallel to the 

surface, so that only weak Van Der Waals bonds face towards the a-periodic substrate lattice. 

This leads to a layer-by-layer morphology and columnar crystals appear only when cohesive 

forces outweigh surface adhesive forces. Conversely, on rough and more chemically active 

substrates, like in the case of the CdS/FTO, covalent 3D island formation initiates directly 

on the substrate surface, becoming more homogeneous and continuous only with increasing 

thickness. 

The optical characteristics of the films were assessed as a function of growth 

temperature and substrate type. The columnar growth of the film results in a rough surface, 

leading to significant light scattering from the surface. Consequently, diffuse reflectance 

spectra were gathered to evaluate the optical bandgap of the samples. 
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Kumar et al. established a proportional relationship between the Sb2Se3 absorption 

coefficient and the term ln[(Rmax – Rmin)/(R – Rmin)]2, where R, Rmax, and Rmin denote the 

diffuse reflectance at a specific frequency ν, along with the maximum and minimum values 

observed in the spectra, respectively. The direct optical bandgap value can be determined 

as the point where the tangent to the straight part of the ln[hν(Rmax – Rmin)/(R – Rmin)]2 vs. 

hν curve intersects y=0. Figure 4.28 illustrates the extrapolated bandgap values of Sb2Se3 

films grown on glass, highlighting a strong dependence on growth temperature. 

 

Figure 4.28 - Diffuse reflectance spectra of Sb2Se3 film deposited on glass at RT (black line) and at 330°C 

(red line). 

 Specifically, the bandgap value consistently decreases with increasing temperature, 

from 1.46 eV at room temperature (RT) to 1.22 eV at 330°C, which is in agreement with 

the theoretical direct bandgap value of Sb2Se3 (Table 4.4). 

 

Table 4.4 - Extrapolated values of the direct bandgap in the films grown at different temperatures. 

Growth Temperature 

[°C] 

Direct Bandgap 

[eV] 

RT 1.46 

90 1.36 

120 1.33 

190 1.31 

260 1.26 

330 1.22 
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A similar temperature-related trend and the same extreme bandgap values were 

observed in Sb2Se3 films grown on both CdS and Mo substrates, indicating that the variation 

in bandgap is not contingent upon the preferential orientation of the grains. As previously 

observed in other studies, this trend can be reasonably attributed to the quality of Sb2Se3 

crystals. Films grown at low temperatures by various techniques generally exhibits bandgap 

values significantly higher than the theoretical prediction. The common thread among these 

studies and the present one is that as the temperature rises, the bandgap quickly decreases 

toward the theoretical value of 1.22 eV. This trend is associated with improvements in 

Sb2Se3 crystal quality, including improved crystallinity, larger grain size, and a reduction in 

defect states. More in detail, the limited crystallization resulting from low growth 

temperatures appears to lead to a non-uniform spatial distribution of optical properties, 

causing broadening of the measured bandgap. In contrast, the high crystal quality achieved 

at elevated temperatures fosters more consistent optical properties throughout the films, 

resulting in a narrower optical transition and a bandgap value that converges toward the 

theoretical prediction. 

To assess the impact of ribbon orientation on the performance of these Sb2Se3 films as a 

solar cell absorber, different devices were prepared with the following configurations 

(Figure 4.29): 

- ZnO:Al/ZnO/CdS/(Sb2Se3/Mo)/Glass (#1) (substrate-configuration) 

- ZnO:Al/ZnO/CdS/(Sb2Se3/FTO)/Glass (#2) (substrate-configuration) 

- Au/(Sb2Se3/CdS)/FTO)/Glass (#3) (superstrate-configuration) 

In all these devices, 70 nm-thick CdS layers were deposited using Chemical Bath 

Deposition (CBD), while 500 nm of ZnO:Al and 120 nm of ZnO were grown via RF 

Sputtering, utilizing the same parameters previously used for solar cells from LT-PED thin-

films. 

Capacitance–Voltage measurements were the conducted to determine the net 

carrier concentration (NA) in Sb2Se3, employing the formula: 

ଵ

஼మ
=

ଶ(௏௕ି௏)

௤஺మఌ ே஺
        (4.2) 

where ε=18 represents is relative dielectric constant of Sb2Se3, A is the cell area, and Vb 

is the built-in potential of the junction. Independently on the cell structure under 

investigation, NA consistently falls within the range of 1013 cm-3, confirming a very low 

density of acceptors in unintentionally doped Sb2Se3. 
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Figure 4.29 - Schemes of the three different layered cell structure used for the PV performance tests 

Despite the consistent low levels of acceptors, the Current-Voltage characteristics 

displayed in Figure 4.30 reveal distinct electrical behaviors, tied to the structural 

characteristics of the Sb2Se3 films.  

 

Figure 4.30 - J-V characteristics of solar cells from Sb2Se3 thin-films deposited on different substrates and 

architectures. 



   

4. Sb2Se3 

 

 99    

A summary of the average performance across all types of solar cells is presented in 

Table 4.5. 

In device #1, where Sb2Se3 grown on Mo predominantly exhibits horizontal ribbon 

orientation and the associated RCT value is 22.6%, the cell performance is significantly 

affected by the short-circuit current density Jsc at 5 mA/cm². 

In device #2, where the RCT value is doubled compared to Sb2Se3/Mo films, Jsc indeed 

experiences a big boost, reaching 24.8 mA/cm². However, the poor fill factor (FF), likely 

linked to the Schottky barrier at the Sb2Se3/FTO contact, limits the power conversion 

efficiency (PCE) of the cell. 

Table 4.5 - Electrical performances of solar cells from Sb2Se3 thin-films deposited on different substrates and 

architectures. Series (RS) and shunt resistance (RSH) were measured under dark conditions. 

Cell 

Type 

Voc 

[mV] 

Jsc 

[mA/cm2] 

FF 

[%] 

Rsh 

[Ωcm2] 

Rs 

[Ωcm2] 

PCE 

[%] 

#1 128 5.11 36.5 10 3.5 0.24 

#2 200 24.83 25.7 15 2.8 1.28 

#3 266 27.06 32.7 70 1.0 2.36 

  

 

For superstrate devices #3, where the RCT value of the Sb2Se3 absorber reaches 75%, Jsc 

surpasses 27 mA/cm², confirming the importance of maximizing vertical ribbon alignment 

for achieving high Jsc values. Also the lower series resistance (Rs) values measured in device 

#3 may be attributed to the vertical ribbon alignment, enhancing charge mobility in the 

absorber layer. Nonetheless, the FF and Voc values of #3 fall short of the promising Jsc. 

As noted by other researchers, low Voc values can be primarily attributed to the 

extremely low charge-carrier density, significantly limiting cell voltage, and the suboptimal 

cell architecture design, where interface defects can act as strong recombination centers. 

Also the presence of Sb2O3 may affect defect passivation. Conversely, the low Voc observed 

in cells #1 and #2 can only be partially explained by the low Sb2Se3 acceptor level. 

SEM measurements revealed that the mechanical scribing, used to create sub-cells and 

define their area, failed to separate them completely at the cells' edges. Indeed, due to Sb2Se3 

malleability, the cutter's edge flattens and crushes the film, leaving debris and small 

particles along the edges, inevitably creating undesired cross-contacts between adjacent 

cells or between the top and back contact (Figure 4.31).  
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This directly impacts the reverse saturation current (RSH) values, consequently lowering 

both FF and Voc. To address this issue, a non-mechanical approach based on laser scribing 

has been explored as a solution. 

 

Figure 4.31 - SEM image of the effect of the mechanical scribe on some regions of a #1 type cell. 
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4.4 – Laser scribing and photolithography process 
In order to overcome and side-issue in the measurement of the cells performance, 

alternative techniques were tested to replace the mechanical scribing procedure for sub-

cells separation. Two different techniques were applied and compared: 

- laser scribing (carried out at the Engineer Department of University of Parma) 

- photolithography (carried out at IMEM) 

The first technique makes use of a pulsed laser (Innolight Helios IR with λ= 1064 nm 

and pulse duration of 530 ps, with tunable repetition rate up to 70kHz is used) to remove 

material from the 2.5x2.5cm2 cell following lines of a chosen grid (Figure 4.32 left). 

 

Figure 4.32 – Two halves of the same Sb2Se3-based solar cell, processed in different ways for sub-cells 

separation: laser-scribing (on the left) and photolithography (on the right) 

IR radiation generally helps to prevent a well-known problem of melting at the edge of 

the scribing.  The process was calibrated in terms of laser power (the laser source is used in 

combination with a rotary waveplate to control the output power and a beam expander) and 

scan rate (adjustable from a few mm/s to some m/s) so that the removal went just so deep 

that only the upper layers are removed but not the last contact on the substrate. The only 

undesired effect of laser scribing is the presence on the cell of some fragments of the 

removed layers (Figure 4.33), that in some cases are not so easy to remove ant that may 

interfere with the electrical characterization. 

Photolithography have been instead used to deposit a photo-resist mask on the cell 

before a chemical etching is used to remove material from the regions that are not covered 
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by the mask. The chemical etching was carried out using a HCl solution (HCl 37% = 12M). 

Within 40-60 s the sample was subject to an evident change in color, that indicated that the 

top layers were completely removed. The etching process wan then interrupted by placing 

the sample into water.  

 

Figure 4.33 – SEM image of a Sb2Se3-based solar cell immediately after the laser scribing procedure. In the 

brighter linear areas the back-contact is exposed. 

A comparison of the effectiveness of both procedures has been made by applying them 

on two halves of the same cell. The cell performance tests revealed that the cell processed 

by photolithography had superior performance (Table 4.6), probably because the 

fragments/residuals left by laser scribing between adjacent cells can negatively impact on 

the charge collection. The variation in Jsc can be associated with the uncertainty on the 

value of cell area and shading area of the top metal contact. 

Table 4.6 – Compared values for the same kind of Sb2Se3 cell, when processed with laser scribing and with 

photolithography 

Laser scribing  Photolitography 

17 Jsc [mA/cm2] 11 

156 Voc [mV] 191 

29 FF [%] 33 

0.8 η [%] 0.7 

2 Rs [Ωcm2] 3 

12 Rsh [Ωcm2] 21 

  



   

4. Sb2Se3 

 

 103    

4.5 - Cu-doped Sb2Se3 thin-films deposited by LT-PED 
Even in the highest-performing Sb2Se3-based cells, the observed VOC and FF values were 

typically quite low. This limitation can be attributed not only to deep defects resulting in a 

short carrier lifetime but also, as shown before, to the extremely low hole density 

(approximately 10¹³ cm⁻³) in undoped Sb2Se3. 

To address this issue, several studies in literature have explored the doping of Sb2Se3 

with various elements, both theoretically and experimentally. Enhancements in p-type 

conductivity have been observed or predicted through doping with elements like Pb, Sn, Mg, 

N, and a minor concentration of Bi. Yet, since Bi and Sb are from the same group, Bi's 

primary effect is on the Sb/Se ratio and the number of intrinsic defects. In fact, a heightened 

Bi concentration leads to n-type conductivity. Similarly, Te, being valence-matched with Se, 

impacts the Se/Sb ratio. Conversely, elements such as Fe, I, and other halides have been 

found to exclusively induce n-type conductivity. 

While Cu doping has shown potential for boosting p-type conductivity, its effective 

implementation has been challenging. Achievements so far include high trap densities that 

unfortunately reduce VOC to less than 300 mV, or post-growth surface treatments using 

CuCl2 that cause an n-type switch at grain boundaries. On the contrary, most of the research 

reporting the ad of Cu to Sb and Se were instead aimed to produce the CuSbSe2 compound. 

To the best of current knowledge, there haven't been any studies documenting the use of 

PED or LT-PED technique for the production of Cu-doped Sb2Se3 films prior to the work 

here reported. 

Cu, primarily exhibiting +1 and +2 oxidation states, was selected to enhance the p-type 

conductivity of Sb2Se3, which has an oxidation state of +3. Stable compounds for Cu and Se 

include Cu2Se and CuSe, while a CuSbSe2 phase also exists. However, since their crystal 

structures strongly differ from the one of Sb2Se3, an excessive Cu substitution could lead to 

phase segregation. 

Polycrystalline targets with different Cu contents were prepared and used for the 

deposition of Cu-doped Sb2Se3 films using LT-PED. Micro-Raman spectroscopy showed 

that films with up to 5% Cu (atomic percentage on the whole stoichiometry, 

corresponding to Sb1.75Cu0.25Se3) retained only the Sb2Se3 phase characteristics. On the 

contrary, films with higher content of Cu displayed some evidence of CuSbSe2 phase 

segregation, as visible in Figure 4.34: the defining Sb2Se3 spectrum usually displays a 

prominent peak near 190 cm⁻¹, but a peak around 212 cm⁻¹ clearly also indicates the 
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presence of CuSbSe2. For this reason, the 5% Cu target was chosen for subsequent 

experiments. 

 

Figure 4.34 - Raman spectrum collected on a local spot of a thin-film deposited by LT-PED with a 

Sb1.5Cu0.5Se3 target, where CuSbSe2 phase was also present, as revealed by the peak at ~210 cm-1 (highlighted 

with * symbol). All the other main peaks in the spectrum are typical of a Sb2Se3-like phase. 

A preliminary investigation was conducted varying LT-PED acceleration voltage, that 

already proved to significantly influence factors like film composition and crystallization. 

Cu-doped Sb2Se3 thin films were initially deposited on Mo substrates at voltages of 12 kV, 

14 kV, 16 kV, and 18 kV. All the other parameters, except for the deposition time. were kept 

fixed. Deposition time was changed accordingly to the need of obtaining films with similar 

thickness, even if the growth rate was quite different for different acceleration voltages. The 

structural properties of these films, analyzed by XRD and Raman spectroscopy, are 

presented in Figure 4.35. 

The film deposited at 12 kV was amorphous, with only substrate-related peaks visible in 

the XRD pattern. On the contrary, the 14 kV film displayed improved crystallization, with 

distinguishable peaks resembling those of pure Sb2Se3. However, the relative peak 

intensities suggest a primary growth direction of the 1D ribbons parallel to the substrate, 

with predominant hk0 indexes (l=0). Films from 16 kV and 18 kV showed even more 

pronounced hk0 peaks, especially with a high peak for the 020 reflection, consistent with 

previous results for undoped Sb2Se3 films deposited by LT-PED on Mo substrates. Some 

peaks, notably at 29.0° and 46.3°, couldn't be matched with the Sb2Se3 structure and might 

indicate Cu-rich phases, particularly at increased accelerating voltages. 

Figure 4.35b adds supplementary information. The Raman spectrum for the 12 kV film 

was very similar to that of an almost amorphous material, with weak and broad peaks 

hinting at characteristics of CuSbSe2. On the other hand, the 14 kV film's Raman spectrum 
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had a strong similarity to that of pure Sb2Se3. Films deposited at 16 kV and 18 kV yielded 

similar Raman spectra, suggesting that the prevailing structure is Sb2Se3-like. The lower 

peak around 210 cm⁻¹ can be more likely attributed to the Sb–Se vibrational mode in 

Sb2Se3, rather than CuSbSe2, because in Sb2Se3 this peak is always expected to have a much 

lower intensity than that at 190 cm-1, independently of laser polarization. 

 

Figure 4.35 - Structural characterization of Cu-doped Sb2Se3 thin-films deposited by LT-PED on Mo 

substrate with different accelerating voltages: (a) XRD patterns, with indexed reference (JCPDS 15–0681) for 

undoped Sb2Se3 at the bottom (* indicates Mo substrate); (b) Raman spectra. 

The same samples were further examined using SEM and EDS to study their 

morphology and composition. SEM images, presented in Figure 4.36, show a growth in 

grain size relative to the increased LT-PED accelerating voltage. Specifically, the 18 kV 

sample was characterized by clusters of “needle-like” or “rod-like” elongated crystals 

protruding from the surface (as shown in Figure 4.36b). 

EDS analysis indicated that the Cu concentration in the films deposited at 12 kV and 14 

kV was a mere 1-2%. However, this rises to approximately 5% (matching the target) in films 

from the 16 kV and 18 kV depositions. This difference can be probably attributed to an 

insufficient electron beam energy to achieve a full ablation of the target's surface in the first 

two cases, resulting in Cu, which has the highest melting point, not being transferred in a 

stoichiometric ratio. 
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Figure 4.36 -  SEM images of Cu-doped Sb2Se3 thin-films deposited by LT-PED on Mo substrate: (a) a 

surface morphology comparison for samples deposited with different accelerating voltages; (b) a higher 

magnification of the sample deposited at 18 kV. 

The 16 kV deposition appears to strike the best balance. Although it exhibits non-

optimal hk0 orientations, it yields films with the highest Cu concentration and shows no 

significant signs of secondary phases. Moreover, the deposition rate at this acceleration 

voltage was way more reasonable that the one obtained at 14 kV. Therefore, 16 kV 

acceleration voltage was selected for the following experiments. 

Also in the case of Cu-doped thin-films, substrates played an important role to obtain 

different preferential ribbons orientations. 

Like for undoped Sb2Se3 films deposited by LT-PED, it was found that the Mo substrate 

led to an unfavorable orientation for photovoltaic application, predominantly displaying 

grains with a preferred hk0 orientation. For Cu-doped Sb2Se3 films deposited on Mo 

substrate at 16 kV, the combined ΣTC(l≠0) value was as low as 1.2%. On the contrary, Cu-

doped Sb2Se3 films deposited on FTO substrate at the same voltage were characterized by a 

more beneficial ribbon orientation, and its ΣTC(l≠0) was definitely higher (41.3%). This 

difference is quite evident in Figure 4.37, where their XRD patterns are reported for 

comparison. 

Solar cells were then fabricated using these Cu-doped Sb2Se3 thin films, using the same 

procedure previously outlined. The complete structure for the two cell types was: 

- AZO/ZnO/CdS/(Cu:Sb2Se3/Mo)/Glass 

- AZO/ZnO/CdS/(Cu:Sb2Se3/FTO)/Glass 

 The main goal of this experiment wasn't about the optimization of the cell layers. Thus, 

even though these layer configurations might not represent the most efficient choice, they 

were chosen in order to make a direct comparison with results previously obtained for the 

undoped Sb2Se3 absorber. 
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Figure 4.37 - XRD patterns of Cu-doped Sb2Se3 thin-films deposited by LT-PED at 16 kV on Mo and FTO 

substrates; indexed reference (JCPDS 15–0681) for undoped Sb2Se3 is reported at the bottom; * indicates 

peaks from the FTO substrate. 

Figure 4.38 depicts the free-carrier profiles derived from d(1/C2)/dV at 120 K for two 

solar cells, one with an undoped Sb2Se3 layer and the other with a 5% Cu-doped Sb2Se3 layer.  

 

Figure 4.38 - Free carrier profiles obtained from the d(1/C2)/dV at 120ௗK on undoped and Cu-doped Sb2Se3 

solar cells. Test signal frequency is 1MHz and amplitude is 35 mV. 
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While the 1100 nm thick undoped Sb2Se3 layer appears to be fully depleted, the free-

carrier concentration of the Cu-doped Sb2Se3 can be roughly estimated, from the lowest 

point of the characteristic u-shaped curve, to be around 1015 cm−3, with the depletion layer 

at V=0 V being less than 900 nm. Given that Sb2Se3 is inherently almost an intrinsic 

semiconductor with an exceptionally low free carrier density (1013 cm-3), this suggests that 

Cu doping successfully increased the free-carrier concentration by approximately two 

orders of magnitude. 

Thermal Admittance Spectroscopy (TAS) measurements were instead used to determine 

the activation energy (EA) responsible for the primary capacitance shift observed in the C 

versus ω plots is found to be EA=0.505±0.015 eV for both cells, as illustrated in Figure 4.39a 

and 4.39b.  

 

Figure 4.39 - Electrical characterization of the two cells with Cu-doped Sb2Se3 on Mo (Glass/Mo/ Cu: Sb2Se3 

/CdS/ZnO/AZO) and on FTO (Glass/FTO/Cu: Sb2Se3 /CdS/ZnO/AZO) with the highest recorded Voc values: 

Arrhenius plots of  ln (ω/T2) vs 1/KT calculated from the C vs ω plots in the 250K-300K temperature range, for 

the cell on Mo (a) and on FTO (b). J-V plot for the two cells under illumination (c) and in dark (d). 

These measurements were carried out at different temperatures, where ω=2πf and f is 

the frequency of the test signal. The EA value was nearly the same for cells with different 
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back-contacts. Such a value aligns also well with findings from other TAS studies on Sb2Se3 

solar cells, which ascribe this mid-gap energy level to an unspecified defect at or near the 

Sb2Se3/CdS interface. 

The J-V characteristics for both type of cells, here reported for those exhibiting the 

highest recorded VOC values, are presented in Figure 4.39 c-d (illuminated and dark 

measurements respectively, for both the cell types).  

If compared with the results obtained for undoped Sb2Se3 films, here it is possible to see 

that the VOC raised from 315 mV to 388 mV for the cell on Mo substrate, and from 256 mV 

to an impressive 509 mV for the cell on FTO substrate. This latter value ranks among the 

top three VOC values ever documented for Sb2Se3-based solar cells. The JSC also exhibited a 

marginal rise for the cell on Mo substrate, going from a modest 0.3 mA/cm2 to 1.5 mA/cm2. 

Conversely, the JSC abruptly decreases for the cell on FTO substrate, shifting from 25.6 

mA/cm2 down to 0.3 mA/cm2. This reduction undermine the fill factor (FF) boost, which 

climbed from 39.2% to 51.9%. Calculations from the dark I-V plots for both solar cell types 

at ambient temperature typically hovered around ideality factors of 1.8–1.9. This suggests 

that the saturation current predominantly stems from SRH recombination within the space 

charge zone (as shown in Figure 4.39d). 

The electrical parameters for both cell types are listed in Table 4.7. The notably high Rsh 

values in both cell types highlight the quality of the device fabrication. 

Table 4.7 - Electrical parameters of Cu-doped Sb2Se3 solar cells on Mo and FTO substrates calculated from IV 

characteristics under dark conditions at 300K 

Substrate type Ideality factor Rs (Ωcm2) Rsh (Ωcm2) 

Mo 1.87 0.48 2.5x105 

FTO 1.81 4.64 2.5x107 

 

For the cell on FTO, a significant series resistance nearing 5 Ω cm2 was measured. This 

resistance might be caused by a non-ohmic interface between the n-type FTO conductor and 

the doped p-type Sb2Se3, which could also be the reason for the substantial decrease in 

current. Analyzing the Voc vs. T plot of these cells with Cu-doped Sb2Se3 thin-films on MO 

and FTO substrates (Figure 4.40), the T=0 K intercept implies a recombination energy 

barrier of roughly 1.02 eV. 

Given that this value closely aligns with the bandgap-energy of the Sb2Se3 absorber, it 

indicates that the primary recombination mechanism likely takes place within the 

absorber's bulk. 
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Figure 4.40 - Temperature dependence of VOC for Cu-doped Sb2Se3 tested cells. The extrapolated value of VOC 

as T→0 is indicated by the dashed line (≈1.02 V). 
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4.6 - TiO2 thin-films as potential buffer- or seed-layers 
Starting from the results just shown in chapter 4.5, a collaboration with the University 

of Genova (carried out by the group of Prof Diego Colombara) to try a different approach to 

overcome the problems raised while using pure FTO as a back contact for solar cells based 

on Cu doped Sb2Se3 and to replace the toxic CdS component.  

TiO2 samples on FTO substrate, with nominal different concentrations of oxygen 

vacancies, were produced at University of Genova by Dr. Christian Rossi through the 

following procedure. VO are the main source of intrinsic n-type conductivity in TiO2, so their 

concentration can directly control the layer conductivity and can be used to improve 

different interfaces. 

Titanium dioxide (TiO2) thin films were deposited on 1-inch square fluorine-doped SnO2 

(FTO) substrates using a sol-gel spin coating method. Initially, the FTO substrates were 

cleaned by sonication in deionized (DI) water, ethanol, and acetone for 10 minutes each, in 

that sequence and at room temperature. The sol-gel precursor solution was prepared by 

combining 325 μl of titanium ethoxide, 5 ml of ethanol, and 125 μl of DI water, resulting in 

a white precipitate. To clear the solution, several drops of 35% HCl were added until no 

precipitate remained. This precursor solution was then magnetically stirred for an hour and 

refrigerated until needed. The spin coater was pre-set to operate at 3000 rpm for 25 seconds. 

A cleaned FTO substrate was placed on it, and after 5 seconds of spinning, 200 μL of the 

prepared sol-gel solution was dynamically pipetted onto the rotating substrate. To add extra 

layers, an equal volume of the solution was statically poured onto the surface of the sample 

before being spun again at 3000 rpm for 20 seconds. Once all layers were deposited, the 

samples underwent annealing in a muffle furnace in air, initially at 115 °C and subsequently 

at 450 °C, each for 30 minutes (with a heating ramp of 20-25 °C/min). 

To achieve a certain concentration of oxygen vacancies within the TiO2 thin films, the 

samples were subjected to three distinct acidic treatments. In three separate crystallization 

dishes, deionized (DI) water and 35% HCl were combined to produce solutions with 

concentrations of 2M, 4M, and 6M. The TiO2 films were then horizontally immersed in each 

of these acidic solutions for 12.5 hours. Throughout this process, the dishes were sealed 

with parafilm to prevent contamination. Subsequently the samples were washed multiple 

times with DI water and then annealed in a muffle furnace at 500°C for 1 hour. After 

annealing, they were allowed to cool at room temperature and were then stored in an argon-

filled container. 
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A resume of the different characteristics of the 18 available TiO2 films is reported in 

Table 4.8a-b. 

Table 4.8 – List of available TiO2 film samples (identified by #number) and their preparation parameters. 

(a) TiO2 film sample numbers (standard procedure*) 

  increasing nominal film thickness     

in
cr

ea
si

n
g 

n
om

in
al

 
fi

lm
 t

h
ic

kn
es

s 

 1 coating 2 coatings 3 coatings 

No HCl #63 #60 #65 

HCl 2M #40 #56 #48 

HCl 4M #52 #51 #61 

HCl 6M #4 #54 #43 

 

(b) TiO2 film sample numbers (additional samples) 

#23 std. procedure* + 1h stirring of precursor solution 

#35 std. procedure* + 24h stirring of precursor solution 

#38 std. procedure* + 48h stirring of precursor solution 

#15 std. procedure* 

#16 std. procedure* + 4000rpm 20s 

#18 std. procedure* + 6000rpm 20s 
* standard procedure: 3000 rpm, spin casting after 5s at max speed 

 

XRD and micro-Raman measurements were performed to evaluate the TiO2 quality 

before the deposition of Sb2Se3. As shown in Figure 4.41, however, XRD were not able to 

detect signal from the TiO2 in either Rutile or Anatase phase, coating, showing only the 

peaks of the FTO substrate (probably because of the layer thinness). 

 

Figure 4.41 – XRD pattern of sample TiO2#23 as reference. 
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Raman measurements, on the other hand, were effective in detecting peaks from the 

Anatase TiO2 phase in all the samples analyzed, independently by the different treatments 

(Figure 4.42) 

 

Figure 4.42 -  Raman spectra of different TiO2 samples obtained with different precursors stirring times. 

An analysis of the possible impact of thermal treatment, mirroring the conditions of the 

Sb2Se3 deposition, was also conducted on one of the thicker samples. This assessment was 

crucial to ensure that the substrate would remain unaffected during the deposition process. 

As depicted in Figure 4.43, optical evidence of some contamination was observed. 

 

Figure 4.43 – Optical difference between the sample annealed (bottom) and the original sample (top). 
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Raman analyses, however, revealed no notable discrepancies, validating the efficacy of 

the TiO2 deposition procedure. So, the optical variation previously observed was attributed 

to a Sb2Se3 contamination from the deposition chamber degassing where the treatment was 

performed. 

SEM characterization was also carried out to gain deeper insights into the morphology 

of the different substrates. All Samples, irrespective of their thicknesses, were showing 

cracks on the surface, as shown in Figure 4.44. 

 

Figure 4.44 – SEM images of cracks in the TiO2 layer 

These cracks in the TiO2 surfaces were used to estimate the thicknesses of the coating, 

as shown in Figure 4.45. The thicknesses were estimated to be about 50 nm for the thinner 

samples and almost 200 nm for the thicker ones. 

  

Figure 4.45 – SEM image of a crack on a tilted TiO2 sample. Bottom rougher surface is that of the FTO 

substrate 
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Cu-doped Sb2Se3 depositions were then made by LT-PED on preliminary samples using 

the standard conditions mentioned before at 16 kV. Three of the four samples were 

characterized by a ΣTC(l≠0) around 20%. Only one sample, labeled as #23, had a 

ΣTC(l≠0)=32.1%. This improved orientation was further corroborated by Raman analyses, 

which indicated signs of oxidation processes triggered by the laser, as seen in Figure 4.46. 

Nonetheless, the correct Sb2Se3 phase was identified in all four samples. 

 

Figure 4.46 – XRD and Raman spectra of prelimiray samples 

Further depositions were carried out on the three distinct thickness batches reported in 

Table 4.8a. The XRD analysis for all the samples revealed minimal variations (Figure 4.47). 

Unfortunately the ribbon orientations, once again, is predominant for the l=0 directions, 

with an average ΣTC(l≠0) value below 20%. The third batch, in particular, showed an even 

more prominent l=0 preferential orientation and ΣTC(l≠0) values around 10%. These 

results were also confirmed by SEM images (an example is reported in Figure 4.48), where 

horizontal Cu-doped Sb2Se3 elongated crystals were clearly visible on the film surface 
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Figure 4.47 – XRD for the ASe films deposited on first and second batch 

 

Figure 4.48 – SEM Image of ASe thin film grown on TiO2 substrate 

Regrettably, all the solar cells produced using these absorber layers turned out to be 

shunted. The cracks in the substrate are currently believed to be the primary cause. 

Moreover, the ribbons orientation induced by these films was generally bad for the 

photovoltaic application. 

Since some research in literature indicates improved efficiencies when utilizing 

mesoporous TiO2, alternative substrate types are currently in preparation for further 

experiments. 
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4.7 - Effect of a NaF layer on Sb2Se3 thin-films 
A second attempt to overcome the problems issued with the FTO back contact, especially 

regarding the photocarrier extraction at the FTO/Sb2Se3 interface, the implementation of a 

10 nm NaF thin layer deposited by LT-PED onto the FTO/Glass surface was explored. 

This strategy was approached due to the well-known beneficial effect of a NaF layer on 

CIGS solar cells.  In this case potential benefit of Na is its ability to passivate grain 

boundaries. Various models suggest that Na helps to eliminate donor defects at grain 

boundaries, thereby reducing recombination sites and elevating carrier concentration. 

Moreover, the NaF layer has been found to induce targeted local doping at the interface, 

promoting carrier tunneling via localized defect states, a strategy previously employed for 

CIGS-based solar cells, especially at the CIGS/AZO junction. 

 In the case of Sb2Se3, the process of Na inducing p-doping in Sb2Se3 is likely due to the 

substitution of Sb by Na. Na acts as an acceptor, given the +1 oxidation state of in contrast 

to the +3 state of Sb. The band diagram of a possible Sb2Se3-based solar cells incorporating 

this NaF interlayer is illustrated in Figure 4.49. 

 

Figure 4.49 - Band diagram of a ZnO:Al/ZnO/CdS/Sb2Se3/NaF/FTO/Glass solar cell. 

Experiments were conducted by depositing the Sb2Se3 absorber both by LT-PED and 

MS.  Since the Cu-doped target was available only for LT-PED, Cu-doped Sb2Se3 films were 

deposited only with this technique. 

In the case of the sputtered Sb2Se3 layer, a 2:3 stoichiometry with a consistent Sb:Se 

ratio was obtained, as confirmed by EDS microanalysis. The photovoltaic performance of 
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the solar cells based on these undoped Sb2Se3 films is illustrated in the current density-

voltage (J-V) plot in Figure 4.50. In this plot it is evident that the addition of the NaF layer 

into the ZnO:Al/ZnO/CdS/Sb2Se3/NaF/FTO/Glass cell led to improved Jsc and Voc values, 

boosting the cell's efficiency from 1.28% to 3.2%. 

 

Figure 4.50 - Illuminated current density-voltage (J-V) plots of a solar cell based on Sb2Se3 films deposited 

by MS, with and without NaF interlayer 

A 5% Cu concentration was verified with EDS characterization in the in the Cu-doped 

Sb2Se3 films deposited by LT-PED, confirming previous results. The ratio of Sb/Se was 

determined to be approximately 40/60 at different locations on the films, maintaining the 

target's original composition. 

Solar cells where these LT-PED-grown Cu-doped Sb2Se3 films were used as p-type layer 

and structured as ZnO:Al/ZnO/CdS/Cu:Sb2Se3/FTO/Glass, exhibited a higher Voc than that 

obtained with their undoped LT-PED-grown Sb2Se3 counterparts (0.35V-0.51V versus 

0.26V). However, they also showed a significantly lower Jsc, around 0.3 mA/cm2. The 

incorporation of the NaF layer, instead, amplified the Jsc by 5-10 times for solar cells with 

Cu-doped Sb2Se3 film, as shown in Figure 4.51. 

The potential role of the NaF thin layer at the FTO/Sb2Se3 interface, inducing trap-

assisted tunneling, was further evidenced by studies examining the effect of annealing 

treatments. As shown in Figure 4.52, the Voc for the ZnO:Al/ZnO/CdS/ 

Cu:Sb2Se3/NaF/FTO/Glass cell rose after several annealing cycles at 175°C in air.  
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Figure 4.51 - Illuminated current density-voltage (J-V) plots of a solar cell based on Cu-doped Sb2Se3 films 

deposited by LT-PED, with and without NaF interlayer 

 

Figure 4.52 - Voc, Jsc and efficiency of solar cells based on Cu-doped Sb2Se3 film with NaF layer, without or 

with annealing treatments. 

On the contrary, the Jsc decreased. As previously mentioned, during the annealing 

procedure Na atoms from the NaF layer should diffuse from the interface into the Sb2Se3 

film, passivating ground boundaries and other defects. Yet, as the defect concentration 

diminishes at the interface, tunneling via localized states also drops, leading to reduced 

photocarrier extraction and consequently, a decrease in Jsc. 

While NaF boosted Jsc for solar cells made with films deposited by LT-PED, its value 

remained substantially lower than that of solar cells with sputtered Sb2Se3 films. For this 

reason, also the PCE of the cell based on Cu-doped Sb2Se3 films deposited by LT-PED is as 

low as 0.36%. Since the Cu doped Sb2Se3 have carrier concentrations that are two orders of 

magnitude higher than their undoped counterparts, there should be a barrier impeding 

photocarrier extraction, either between the FTO and Cu:Sb2Se3 film or at the CdS interface. 
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One possible reason is that Cu elevates the conduction band's minimum (given that the 

minimum conduction band of CuSbSe2 is located at -4.07 eV), thereby increasing the band 

offset with FTO. Another possible reason could be the orientation of the ribbons in these 

films. It is however worth noting that despite the diminished photocurrent, solar cells with 

Sb2Se3 films deposited by LT-PED generally exhibit higher Voc and FF, suggesting reduced 

non-radiative recombination and overall material quality. 
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4.8 - Multilayered Sb2Se3 absorber 
Since different type of Sb2Se3 films showed different properties, the hypothesis of 

creating a multilayered Sb2Se3 absorber made with films deposited by different 

techniques and/or with different doping seemed potentially more promising. 

From the previous results it is possible to summarize the following observations:  

- Cu-doped Sb2Se3 thin-films were successfully deposited by LT-PED, but while 

Cu-doping produced a considerable high VOC value, the imperfect grain orientation 

and bulk or interface defects resulted in low JSC values, even lower than for 

undoped films. 

- Undoped Sb2Se3 thin-films deposited by RF-MS on FTO and CdS were 

characterized by a very high JSC (probably also thanks to the very high ΣTC(l≠0) 

values), but only poor VOC values 

- NaF layer induced a decrease in Voc and a substantial increase in JSC when coupled 

with Cu-doped Sb2Se3 thin-films; after an additional annealing at 175°C for 150 

minutes overall cell performance were improved since a good VOC value was 

recovered in the face of a decrease not excellent JSC value, which is however much 

higher than the one achieved without NaF (Figure 4.53).  

 

Figure 4.53 – Voc, Jsc and FF for three different cells based on Cu:Sb2Se3 films, without or with NaF layer, 

without or with annealing 

To exploit all the “good” results showed by different type of films, a set of different 

Sb2Se3-based solar cells with the architectures illustrated in Figure 4.54 were produced, and 

with p-region thicknesses detailed in Table 4.9. In particular the cells A2 to A6 employ a 
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Sb2Se3 bilayer sequentially deposited via RF-MS first and then via LT-PED, resulting in a 

ZnO:Al/ZnO/CdS/Cu:Sb2Se3(PED)/Sb2Se3(MS)/NaF/ FTO/Glass cell configuration. On 

the contrary, the B2 to B4 cells were assembled with the reversed sequence (LT-PED first 

and then MS), creating a ZnO:Al/ZnO/ CdS/Sb2Se3(MS)/Cu:Sb2Se3(PED)/NaF/FTO/Glass 

cell configuration. 

 

Figure 4.54 – Solar cells architectures with single and double Sb2Se3 layer. 

 

Table 4.9 – Thickness of the layers deposited by MS and LT-PED in the different tested cells 

Sample RF-MS layer 
[nm] 

LT-PED layer 
[nm] 

A1 1200 0 

A2 1100 100 

A3 950 250 

A4 800 400 

A5 400 800 

A6 200 200 

Sample LT-PED layer 
[nm] 

RF-MS layer 
[nm] 

B1 1200 0 

B2 1000 200 

B3 200 1000 

B4 100 1100 
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All the films were characterized by XRD and a high crystalline quality was revealed, but 

with l=0 dominant orientations, especially (020), (120), (130), where the ribbons lay 

parallel to the substrate. However, for some samples with mixed RF-MS/LT-PED layers like 

A3, A4, A5, and B3, orientations with l≠0 values, especially (041), (061), and (141), were as 

pronounced as or even more than (hk0) peaks. This is generally the case of thicker layer 

grown by RF-MS, in agreement with previous results obtained with this technique. 

SEM was also used to characterize the bilayer solar cells (Figure 4.55). As depicted in 

Figures 4.55b and 4.55d, the layers formed by the PED/sputtering methods are 

indistinguishable, suggesting seamless crystalline continuity across the active cell region. 

The top-view SEM images for a typical sputtering-terminated surface (B4 cell) of a Sb2Se3 

(MS)/Sb2Se3 (PED)/NaF/FTO/Glass structure is shown in Figure 4.55a, while the image 

for a PED-terminated surface (A5) is shown in Figure 4.55c. The PED-terminated surface 

exhibits higher roughness and a needle-like texture, whereas the sputtering-terminated 

surface shows larger, more compact grains. 

  

Figure 4.55 - SEM images of: (a) B4 cell MS-terminated surface and (b) B4 cell cross section; (c) A5 cell 

PED-terminated surface and (b) A5 cell cross section. 

Figure 4.56 shows the performance of the A-series photovoltaic devices, together with 

B1 for comparison, while Figure 4.57 shows the performance of the B-series photovoltaic 

devices, together with A1 for comparison. A1 and B1, indeed, can be also seen as the two 

extremes cases, having a completely sputtered (A1) or PED-grown (B1) Sb2Se3 p-region. 
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Figure 4.56 - Photovoltaic performances of the different A-series solar cells (violet squares) compared to the 

completely PED-grown Cu:Sb2Se3 solar cell (red rhombus), B1, and the completely sputtered Sb2Se3 solar cell 

(blue circle), A1. 

For A-series devices it's evident that as the PED Cu:Sb2Se3 layers increase in thickness, 

both Voc and FF tend to rise. In fact, the Cu: Sb2Se3 layer only deposited by PED 

demonstrates the peak Voc and FF values. However, Jsc drops significantly with thicker 

PED-layers, leading to reduced overall efficiencies. 

For B-series devices, which opposite PED/MS order of depositions, the trends are 

presented in Figure 4.57. Similarly, as PED layer thickness increases, both Voc and FF rise, 

but Jsc starts to decline. Notably, the Jsc only starts diminishing for PED Cu:Sb2Se3 layers 

exceeding 100 nm in thickness. Among the cells examined, the B4 solar cell, with a 100 nm 

PED-grown Cu:Sb2Se3 layer followed by a 1 µm sputtered Sb2Se3 layer, stands out with the 

highest efficiency. 

Table 4.10 summarizes the average and peak values for all devices.  

It's clear that thicker Cu:Sb2Se3 PED-grown layers lead to more consistent data, 

particularly regarding JSC and efficiency, accompanied by higher Rsh, lower J0, and N values 

closer to 1. Significantly reduced J0 values in B-series cells, compared to A1 and A2, suggest 

a diminished carrier recombination with PED-grown Cu:Sb2Se3 layers. However, when 

these PED-grown layers exceed 100 nm, there's a noticeable drop in Jsc. This suggests that 

while the Cu:Sb2Se3 layer limits carrier recombination, it also hinders photocarrier 

extraction. 
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Figure 4.57 - Photovoltaic performances of the different B-series solar cells (violet squares) compared to the 

completely PED-grown Cu:Sb2Se3 solar cell (red rhombus), B1, and the completely sputtered Sb2Se3 solar cell 

(blue circle), A1. 

Table 4.10 - Average and record (between parentheses) device performance parameters of the different 

Sb2Se3-based solar cells. 

 

Sample V
oc

 

[mV] 

Jsc 

[mA/cm
2
] 

FF 
[%] 

PCE 
[%] 

Rs 
[Ωcm2] 

Rsh 
[Ωcm2] 

J
0
 N 

A1 30532 
(324) 

22.56.6 
(31.2) 

29.32.
2 (32.0) 

2.030.66 
(3.24) 

6.86 342.7 6.7X10
-3

 2.7 

A2 29662 
(327) 

9.157.66 
(20.95) 

37.28 
(30.4) 

0.90.6 
(2.04) 

4.17 149.2 9.5X10
-4

 3.5 

A3 34343 
(321) 

9.357.5 
(22.4) 

33.94.
5 (26.5) 

0.930.52 
(1.91) 

18.34 4566.6 6.7X10
-5

 2.4 

A4 3739 
(377) 

5.460.95 
(6.7) 

37.11.
9 (40.6) 

0.760.16 
(1.02) 

9.05 5754.4 7.4X10
-5

 1.3 

A5 34222 
(356) 

8.081.7 
(9.32) 

41.35.
4 (44.0) 

1.150.28 
(1.47) 

3.6 405.9 1.7X10
-3

 2.5 

A6 39513 
(381) 

3.671.18 
(5.58) 

35.31.
1 (34.0) 

0.510.14 
(0.73) 

4.45 26833.2 7.6X10
-6

 1.3 

B1 38519 
(355) 

0.740.2 
(1.25) 

42.63.
7 (40.6) 

0.120.02 
(0.18) 

3.75 21298.0 4.6X10
-6

 1.4 

B2 3593 
(361) 

9.070.47 
(9.05) 

41.11.
9 (43.2) 

1.350.06 
(1.41) 

2.35 3314.1 7.2X10-5 1.3 

B3 3587 
(349) 

9.892.6 
(14.58) 

45.02.
5 (44.5) 

1.580.38 
(2.27) 

4.59 1633.4 8.5X10
-5

 1.4 

B4 3477 
(344) 

14.653.3 
(26.6) 

48.83.
5 (42.2) 

2.450.39 
(3.85) 

1.808 460.2 5.4X10
-5

 1.3 
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Comparisons between PED/MS and MS/PED sequences for similar thicknesses (e.g., A6 

vs. B2, A2 vs. B4) reveal that B-series cells, where the PED-grown Cu:Sb2Se3 layer is directly 

grown on NaF/FTO, generally outperform their A-series counterparts. A potential reason is 

the superior interface quality of the sputtered Sb2Se3 with CdS and/or the slightly be VOC 

values typical of the Cu doped films. 

A final optimization of the annealing process time, that allowed Na to diffuse, together 

with an improvement in the cell contacting, produced a further enhancement of the 

performance of the cells made with this procedure. In Figure 4.58, the J-V curves of the top-

performing cells with A1 and B4 configurations, are compared. The most efficient solar cell, 

featuring a ZnO:Al/ZnO/CdS/Sb2Se3 (MS)/Cu:Sb2Se3 (PED)/NaF/FTO/Glass structure 

with a 100 nm thick Cu:Sb2Se3 PED-grown layer and a 1.1 μm sputtered Sb2Se3 layer, 

reached a PCE of 5.25%, a Voc of 343 meV, a Jsc of 31.4 mA/cm2, and an FF of 49% 

(shown by the red curve). These values surpass those of the sputtered solar cell (black 

curve), primarily due to the elevated FF and Voc, credited to the thin Cu: Sb2Se3 layer 

deposited by PED. 

 

Figure 4.58 - The current density–voltage (J–V curve) of the best Sb2Se3 cell obtained entirely by sputtering 

(black curve) and the best Sb2Se3 cell with a Sb2Se3 bilayer (red curve). 
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4.9 -TERS analysis of interfaces 
In this study and in general, in the optimization of solar cells performances, interfaces 

have been proved to play a very important role. 

In recent decades, Tip-Enhanced Raman Spectroscopy (TERS) has emerged as a 

potential analytical technique for examining a variety of materials including 2D materials, 

catalysts, polymers, and for studying surface chemical reactions at the nanoscale. As 

explained in chapter 2, in a TERS experiment a plasmonic metal scanning probe is 

positioned at the focal spot center of an excitation laser and is scanned across the sample. 

This leads to the enhancement and confinement of the electromagnetic field (EM) at the tip-

apex. This enhancement primarily relies on two phenomena: localized surface plasmon 

resonance (LSPR) and the lightning rod effect (LRE). The near-field, consequently created 

at the TERS tip, allows for surpassing the diffraction-limited spatial resolution of a 

conventional Raman microscope. Leveraging these two effects (enhancement and 

confinement of the EM) enables the detection of molecules with low Raman cross-section 

and offers nanometer-scale resolution. 

In a collaboration with ETH Zurich (Prof. Renato Zenobi group), under the supervision 

of Dr. Naresh Kumar and with the co-work of PhD student Siiri Bienz, it was proved for 

the first time how TERS can be a powerful tool to study inorganic solar cells 

interfaces, providing important information about what happens in these critical regions 

with nanometric precision.  

4.9.1 - TERS samples preparation 

The first step required to face TERS analysis of interfaces, was the preparation of 

samples for the investigation. The chosen samples for this preliminary test to demonstrate 

the feasibility of this characterization were: 

1. a AZO/ZnO/CdS/Cu:Sb2Se3/Mo/Glass cell 

2. a AZO/ZnO/CdS/Cu:Sb2Se3/FTO/Glass cell 

Since no previous work could be used as a reference, two different approaches to get thin 

cross-section samples of the cell were tried: 

- TEM-like lamella by Focused Ion Beam (FIB) processing 

- Sample cut and thinning by abrasive polishing 

In the first case a tiny cross-section slice was cut from the area of the solar cell where all 

the interfaces are present, with a final lateral dimension of 24x2 μm2, was prepared. SEM 

images of some intermediate steps of this procedure on the cell with Mo back-contact are 



   

4. Sb2Se3 

 

 128    

reported in Figure 4.59. In particular, Figure 4.59b shows the deposition of a tiny protective 

platinum layer and the following two show the carved volume from the cell around the 

lamella. The same process was applied for the preparation of a thin lamella sample from the 

cell with FTO back-contact. 

 

Figure 4.59 – SEM images of the lamella preparation procedure from the cell with Mo back-contact: (a) 

selected cell; (b) protective platinum layer deposition; (c) top-view of the carved area; (d) higher magnification 

of the carved area 

After the final cut, the result of this process is a thin cross section (Figure 4.60), despite 

the thickness was higher than the one usually required for TEM because in this case the 

electronic transparence was not required. The obtained lamellas where fixed on the side of 

a TEM metal grid and the metal grid was then fixed on a Silicon wafer, to have just Silicon 

on the background (with a ≈50 microns gap between them). 

The second procedure used to thin samples implied the cutting and abrasive polishing 

of thin slices of the solar cell. In this case both the procedure and final thickness are less 

refined but on the other hand it is a cheaper and faster sample preparation procedure, that 

also provides a much longer cross-section area for the characterization. 
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Figure 4.60 – SEM images of the lamella preparation procedure from the cell with FTO back-contact: (a) top 

view of the cutted lamella; (b) side view of the cutted lamella 

The first step was the cut of the sample with a thin diamond coated blade, after the fixing 

of a second protective glass on the top of the cell with cyanoacrylate adhesive (Figure 4.61). 

Slices with a thickness of about 640 μm were obtained. These slices were subsequently 

fixed on silicon substrates using cyanoacrylate adhesive. This process was essential to 

ensure the stability of the slices during the subsequent polishing procedure, which was 

implemented to reduce the thickness of the slices even further. 

 

Figure 4.61 – preliminar cut of thin slices from the cells 

The thinning by abrasive polishing was made in two different ways: a nearly uniform 

and flat thinning (F) of slices down to a thickness ranging between 10 and 50 microns, and 

an intentionally tilted thinning (W), aimed at producing a sample with a wedge shape. The 

thickness of the latter samples varied, increasing gradually from zero to 600 microns, so 

that the potential influence of different thickness on the characterization could be explored. 

(Figure 4.62). 
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Figure 4.62 – the 4 different samples obtained by abrasive polishing. 

After the preparation of the samples, EDS maps were made on them to have an 

elemental composition counterpart at microscopic level. Unfortunately, the resolution of 

SEM-EDS was insufficient to accurately assess the real distribution of the elements (Figure 

4.63). 

 

Figure 4.63 – EDS profile along the cross section of: (a) the cell with Mo back-contact; (b) the cell with FTO 

back-contact. 
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In this study, our attention was predominantly concentrated on the interface between 

Sb2Se3 and CdS layers. We were interested in this specific interface due to the suspect that 

it might be contributing to the observed efficiency limitations. By addressing these specifics, 

we sought to construct a more comprehensive understanding of the underlying mechanisms 

at play, which could be pivotal in devising strategies for optimization and correction, 

potentially leading to enhancements in efficiency and functionality of such interfaces in the 

future. 

4.9.2 – Results of TERS analysis  

At the moment of this thesis writing, one of the prepared samples, from the cell with 

FTO back-ground with abrasive polishing thinning, has been successfully analyzed.  

The investigation mainly revealed that the Sb2Se3 and CdS layers possess an interface 

region where interdiffusion signals from both layers were observed. For the purpose of this 

study, the extent of the interface region was determined based on specific criteria: it was 

defined at points where the signal of the Raman marker band reduced to 2/3 of its peak 

intensity, or where the ISb2Se3/ICdS ratio was between 0.6 and 4. To obtain accurate readings, 

three TERS maps with distinctly identifiable layers were analyzed, as illustrated in Figure 

4.64. The computations yielded an average interface region measurement of (270 ± 80) nm. 

 

Figure 4.64 – TERS analysis of average interface region, measured in three different maps. 
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Previous studies have already demonstrated, by means of other techniques, that in 

analogous thin-film solar cell structures, such as the most common one for Cu(In,Ga)Se2 

(CIGS), the interface between the absorber and the CdS buffer layer is more “diffuse” than 

“sharp” when the buffer layer is deposited by Chemical Bath Deposition (CBD). 

A plausible reason for the observed apparent extension of the thickness values of both 

the interface and CdS layer could be attributed to the irregular surface of the Cu:Sb2Se3 

layer. Figure 4.65 depicts the needle-like structures emerging from the surface of the 

Cu:Sb2Se3 before the deposition of CdS layer. If measurements are captured where the CdS 

layer incorporated these needle structures, a mediated thicker CdS layer could be measured. 

It’s also crucial to acknowledge that the sample preparation method (polishing) could 

potentially alter the surface structure, thereby impacting the measurements. 

 

Figure 4.65 - SEM image of the surface of a Sb2Se3 film grown on FTO substrate 

Aside areas where the CdS and Sb2Se3 layers were distinctly separated, we observed 

portions of the sample exhibiting clear indications of diffusing compounds. A TERS map 

measuring 500x20 nm, like the one reported in Figure 4.66a illustrates this point, 

delineating the Raman marker bands for CdS (in violet) and Sb2Se3 (in green). 

With increments of 10 nm, individual pixels predominantly reveal the Raman marker 

band of CdS within the Sb2Se3 layer (Figure 4.66b). This is a sign of CdS permeating into 

the Sb2Se3 layer. 

Along with the Raman bands from Sb2Se3 and CdS, a peak around 436 cm^-1 was 

discerned (Figure 4.66c). Established literature assigns this peak to ZnO. This signal at 436 

cm-1 is visible only in the pixels where a strong presence of CdS is detected. It is noteworthy 

that, due to insufficient signal-to-noise ratio, assigning the peak at 436 cm-1 was unfeasible 
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in some spectra from region A. Nevertheless, outcomes seem to indicate that ZnO infiltrated 

into the CdS layer but not into the Sb2Se3 layer. 

 

Figure 4.66 - (a) TERS images overlay map, with intensity indicated by Raman marker bands: Sb2Se3 at 190 

cm-1 in green and CdS at 300 cm-1 in violet; size: 500x20 nm, with a 10 nm step size. (b) magnification of the 

region of interest from the TERS map; size: 100x20 nm. (c) a point spectrum at the position marked the map 

showing distinct signals from CdS and ZnO, with peaks fitted with a Gauss function. (d-f) point spectra from 

different locations in the map, mainly showcasing Sb2Se3 signal at 190 cm-1, with some areas marked with “*” 

indicating insufficient signal-to-noise ratio for peak fitting. (g) intensity ratio between ISb2Se3 and ICdS, helping 

to define areas A and B, correlating to the violet and green pixels in the map. (h) normalized TERS intensities 

of CdS and Sb2Se3 along the axes in the 500x20 nm map,  helping to estimate a spatial resolution of about 20 

nm. Laser power: 263 μW; acquisition time: 5 sec. 
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In the 500–600 cm-1 spectral range, a pronounced peak is visible, enabling spectrum 

deconvolution with Gaussian function peaks. At 600 cm-1 the secondary phonon mode of 

CdS is identified and can be fitted with a Gaussian function. However, the high measured 

intensity between 510 cm-1 and 610 cm-1 isn’t accountable to CdS only. Prior research 

attributed the Peak at 576 cm-1 to the A1 (LO) mode of ZnO, and in cases where oxygen 

vacancies (Vo) exist, vibrational modes are recognized to occur at 576 cm-1. So this 

attribution is not trivial. Given that the peak at 540 cm-1 can also be related to oxygen 

vacancies, our assumption leans towards an overlap of the two vibrational modes at 576 

cm-1, contributing collectively to the observed peak. This might confirm a penetration of a 

vacancies-rich ZnO into the absorber layer. 
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Chapter 5 

2 3 
In this chapter all the characterization research made on Ga2O3 thin-films is reported. A 

meticulously devised protocol was developed specifically for analyzing thin films of this 

material with micro-Raman, so that limitations of other structural characterizations 

techniques on this kind of samples, such as XRD, were overcome. 

The films here under investigation were deposited using two distinct methods: Metal-

Organic Chemical Vapor Deposition (MOCVD) and Low-Temperature Pulsed 

Electrodeposition (LT-PED). 

Raman characterization proved to be a fundamental tool in the study of these samples. 

In one scenario, it proved instrumental in observing the development of different 

structural phases, highlighting its utility in distinguishing and identifying varied 

crystalline structures within the films. In another, it enabled the correlation of Raman 

spectra with domain size, providing valuable insights into the structural intricacies and 

alterations due to doping. 

Raman structural characterization was an important feed-back in the process of Ga2O3 

thin-films depositions, allowing the improvement of the functionalities and performance 

of devices based on this material. 

After a brief introduction on the applications and properties of this material, the different 

experimental scenarios and their results are described in the following paragraphs: 

5.1 Material properties and applications 

5.2 Ga2O3 thin-films: a difficult characterization context 

5.3 Effect of Si-doping on epitaxial Ga2O3 films deposited by MOCVD 

5.4 Ga2O3 thin-films deposited by PED 
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5.1 - Material properties and applications 
Gallium oxide (Ga2O3) has been gaining more and more interest in the past few years 

due to its intrinsic characteristics, such as its exceptionally wide bandgap (Eg=4.5 eV) and 

a high critical breakdown field, approximated at about 8 MV/cm, which surpasses those of 

other wide bandgap materials like SiC and GaN. These characteristics make gallium oxide a 

formidable contender for high-power electronics, presenting applications that 

complement those of SiC and GaN, especially today that large accumulation systems, fast 

charge apparatus and high-power production systems are more and more requested (Figure 

5.1). 

 

Figure 5.1 – Approximate application range for different materials in high-power electronics. 

Moreover, its extra-wide bandgap makes this semiconductor ideal for the creation of 

solar-blind detectors for UV-C radiation (wavelength below 280 nm). At the same time, 

doping could be the key to have a highly transparent and robust material that can be used 

in transparent electronics and for making transparent conducting oxide (TCO) layers. 

Heavy doping can be used, as well, to tune the band-gap to specific values of interest. 

However, it's essential to clarify that discussing Ga2O3 in broad terms can be ambiguous 

as this material is known to exhibit five polymorphs, with only one (β phase, monoclinic) 

being thermodynamically stable, whereas the others are metastable and typically transform 

to β upon exposure to high-temperature treatments. Studies on the polymorphism of Ga2O3 

have unveiled various novel polymorphs in addition to the known ones, contributing to a 

total of six explored polymorphs (although two of them, ε and κ have been recently attribute 

to the same crystalline structure), as shown in Figure 5.2. 
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Figure 5.2 – Different pholymorps of Ga2O3 and their crystallographic cell details 

The primary focus of researchers has been mostly on the thermodynamically stable β-

Ga2O3 phase, due to its capability to be grown both as a single crystal and as a thin epitaxial 

layer, facilitating homoepitaxy and a reduction in the density of structural defects. Alloys 

with Al or In can adjust the β-Ga2O3 band-gap, paving the way for the construction of 

heterostructures and the generation of a modulation-doped 2D electron gas (2DEG) at the 

heterojunction, fostering high-performance electronics. 

However, β phase also has apparent disadvantages, mainly due to its highly asymmetric 

monoclinic structure, leading to significant anisotropy of thermal and optical properties and 

mild anisotropy of electrical properties. Moreover, bulk β-Ga2O3 is vulnerable to cleavage, 

and homoepitaxially-grown epi-layers on certain crystal orientations have shown high 

density of twin lamellae, which can limit the n-type doping and electron mobility. These 

challenges can be addressed by selecting different substrate orientations for homoepitaxy 

or by growing on off-oriented substrates, although these solutions could make homoepitaxy 

less appealing. 
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Because of the aforementioned factors, recent research on Ga2O3 was extended to 

include phases that exhibit higher symmetry and more manageable epitaxial conditions 

than β-Ga2O3, namely α and κ (ε when the hexagonal cell is used to describe the crystal 

structure). Properties of these three main phases are reported in Table 5.1. 

Table 5.1 - Main known properties of the most common Ga2O3 polymorphs 

 β-Ga2O3 α-Ga2O3 κ-Ga2O3 

Bandgap (Eg) [eV] 4.9 5.2 4.9 

Structure Monoclinic Rombohedral 
(corundum) 

Orthorombic 

Dielectric constant 
(εr) 

10 n.r. 10 

Electron mobility 
[cm2V-1s-1] 
(theoretical) 

300 n.r. n.r. 

 
These continuous explorations and developments in the field of Ga2O3 are crucial as they 

aid in enriching our understanding of the material and its potential applications, including 

its suitability for high-power electronics and its capability to enable advancements in 

multiple technological fields. 
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5.2 - Ga2O3 thin-films: a difficult characterization context 
The required thickness for most of Ga2O3 thin-films application is generally low. This 

low thickness typically results in a low signal for most of the common structural 

characterization techniques. 

In the case of XRD, for example, the measurement is mediated over a rather substantial 

volume/area and the diffraction signal coming from the Ga2O3 thin-films is often hidden by 

the strongest peaks of the crystalline substrates. As a result, even if the main phase can 

generally be distinguished in an XRD pattern, the presence of secondary phases cannot be 

addressed. 

Also Raman spectroscopy, which often proves to be conclusive, unfortunately 

encounters some challenges in this context. Despite the peaks for each of the main phases 

have been identified (Table 5.2), the collected signal on these samples is generally quite low.  

Table 5.2 – Main Raman peaks for Ga2O3 polymorphs. The highlighted values are for the most 

intense peaks; purple values generally overlaps with water vapor peaks; orange values generally 

overlaps with sapphire peaks 

phase Raman peaks [cm-1] 

β-Ga2O3 111, 115, 145, 170, 200, 320, 347, 353, 416, 475, 630, 652, 658, 767 

α-Ga2O3 221, 289, 431, 577, 692 

κ-Ga2O3 82, 99, 105, 113, 127, 128, 141, 147, 154, 149, 162, 166, 179, 187, 189, 
209, 230, 252, 279, 301, 318, 348 

 
So, the measurement of Ga2O3 thin-films Raman spectra requires relatively long 

measurement times. Moreover, as in the case of XRD, the signal from the crystalline 

substrate significantly interferes with the signal collection of the material itself. Only some 

peaks of Ga2O3 phases indeed have sufficiently high signals and/or do not overlap with those 

of the sapphire (the most frequently used substrate in this research), the spectra from the 

air (or more precisely, from water molecules primarily present in the air in the form of 

humidity, which may differ in concentration and hence in intensity from day to day), or 

sometimes other phases of the Ga2O3 itself. 

For all these reasons, a specific protocol for analyzing Ga2O3 thin-films with Raman 

spectroscopy was developed. Before each set of measurements, the signal from the sapphire 

substrate and the “air” was collected under the same conditions (laser and time) that then 

was intended to be used for the sample studies. The signal from the air, in particular, proved 

to be fundamental because, even though the instrument's environment was always 

maintained at controlled temperature (about 21°C), relative humidity wasn’t and could be 
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subject to huge daily variations. Only once these two spectra were available (Figure 5.3), an 

accurate subtraction of the background signal could be executed, thus obtaining enhanced 

spectra for the study of various phases of Ga2O3. 

 

Figure 5.3 – Raman Spectra of Air (water vapor in air) and Sapphire substrate 

A fundamental study to validate this protocol was conducted on a particularly 

challenging Ga2O3 sample, grown using Metal Organic Chemical Vapor Deposition 

(MOCVD) on a large sapphire wafer. In this instance, the surface morphology exhibited 

noticeable variations across three distinct zones of the sample, directly correlated with the 

flow direction and concentration of the precursors (Figure 5.4).  

 

Figure 5.4 – schematic wafer image with morphological images 

The use of such a large substrate was intentional, for a preliminary exploration of the 

effect of different growth parameters, such as metal organic precursors flows, 
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concentrations and substrate temperatures, all at once by exploiting the gradients generated 

inside the reactor and the different resulting conditions in different part of the wafer. 

On this kind of sample XRD was only able to clearly uncover the main Ga2O3 phase, i.e. 

β, which was present on all the analyzed areas, and secondary phases in a few cases. Instead, 

Raman spectra of the three different zones shown in Figure 5.4, after the aforementioned 

meticulous subtraction of “background signal”, more clearly revealed the presence of 

secondary phases (Figure 5.5).  In the “inlet” part of the wafer, the clear presence of three 

distinct phases was highlighted: the stable β and the two metastable phases α and ε/κ. α 

phase disappeared in the “central” part, while it then reappeared in the “outlet” part of the 

sample, even if in a different ratio. 

 

Figure 5.5 – Raman spectra collected in different areas of the wafer. Main peaks are identified accordingly 

with the color code shown on the right. 

This result also proved that Raman spectroscopy can be used to make detailed maps of 

the sample composition.  

  



   

5. Ga2O3 

 

 142    

5.3 - Effect of Si-doping on epitaxial Ga2O3 films deposited 

by MOCVD  
As anticipated in the previous paragraphs, κ-Ga2O3 (also known as ε-Ga2O3 when the 

hexagonal cell is used to describe the crystal structure) and α-Ga2O3 are studied as potential 

rivals to β-Ga2O3 in the domain of high-power electronic applications. These polymorphs 

exhibit a higher unit cell symmetry compared to the monoclinic one, which makes them 

more compatible with relatively economical crystalline substrates like sapphire. 

Additionally, for these metastable polymorphs, a comparatively broad range of synthesis 

parameters has been determined for various epitaxial deposition techniques of both 

physical and chemical vapor phases (PVD and CVD, respectively), facilitating their single-

phase stabilization. 

Remarkably, orthorhombic κ-Ga2O3 displays a unique spontaneous polarization along 

the (001) direction, estimated to exceed that of GaN (23–26 μCcm−2). This property is 

predicted to allow the confinement of high mobility 2D electron gases (2DEGs) at κ-

Ga2O3/AlxGa2-xO3 heterointerfaces, showcasing higher carrier densities (n≈1014 cm−2) 

compared to what is achievable in β-based heterostructures, potentially without the 

requirement for modulation doping. The exploration of these polymorphs’ properties and 

synthesis parameters can lead to refined understandings and advancements in the 

technological applications of gallium oxide. 

Doping of Ga2O3 films can be obtained “ex-situ”, like in the case, for example, of 

thermally-induced diffusion of Sn. But when Ga2O3 thin-films are deposited through CVD, 

and more precisely through metal-organic vapor phase epitaxy (MOCVD), they can be also 

directly doped during the deposition process. Si-doping, for example, have been successfully 

obtained by using a flow of silane (SiH4). Si doping was expected to partly dissolve into κ-

Ga2O3, predominantly occurring as SiGa substitutional in the tetrahedral Ga3 lattice sites 

and consequently creating a shallow donor state. 

Epitaxial (001)-oriented κ-Ga2O3 thin-films on sapphire substrate are characterized by 

a peculiar columnar structure, induced by the presence of 120°-rotated domains. The 

width of these domains is usually in the range of 5-10 nm. They usually have a detrimental 

role in the in-plane electronic transport and in the possibility to obtain conductive doped 

films. 

In this part of the work, it is reported that the conventional rotational domain size in 

electrically conductive Si-doped κ-Ga2O3 layers deposited on c-plane sapphire 

substrates, has the potential to enlarge from approximately 10 to around 300 nm. More in 
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detail, this phenomenon proved to be deeply connected to the incorporation of silane 

throughout the MOCDV deposition process. This incorporation can either increase the 

mobility of the adsorbed species during the growth phase or reduce the initial nuclei density, 

leading to the formation of larger domains. 

Both undoped and doped κ-Ga2O3 thin-films were deposited by MOCVD at IMEM-CNR. 

Increasing Si-doping in the sample was obtained by increasing the silane flow (ΦSiH4=5-

10-15-17.5 sccm). These samples were then studied by confocal Raman spectroscopy, using 

back-scattering geometry for both the sample surface and cross-section. Cross-section 

measurements were carried out in collaboration with Paul Drude Institute (PDI) in Berlin 

by Dr. Markus Wagner group. Surface back-scattering evaluations were conducted on all 

samples that were also previously investigated by Transmission Electron Microscopy (TEM) 

and Atomic Probe Tomography (APT), in order to have a reference. The latter analyses, in 

particular, brought to light that the domain size in Si-doped samples increased with 

increasing ΦSiH4. 

 

Figure 5.6 – Planar confocal and cross-section Raman measurements of doped and undoped κ-Ga2O3 thin 

films. The Si-doping is expected to be proportional to the silane flow (ΦSiH4) here reported. Symbols on specific 

peaks are used as a quick reference for plots in Figure 5.7. Main peaks are identified accordingly with the color 

code shown on the right 
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The Raman spectra were measured using two distinct laser wavelengths (633 and 532 

nm). Both wavelengths produced analogous results. Cross-section measurements were 

performed on the same samples utilizing a 532 nm laser wavelength parallelly polarized to 

the c-plane. All the collected spectra ranged between 50–800 cm−1. The daily recorded “air” 

spectrum was subtracted from all the recorded spectra and then they were normalized on 

the most intense peak from the sapphire substrate (Figure 5.6). 

The analysis identified only modes of the orthorhombic κ polymorph of Ga2O3, in 

agreement with the findings from XRD and TEM investigations. Despite varying analysis 

setups, both surface and cross-section spectra parallelly underscored analogous differences 

amongst undoped and doped films. 

More specifically, the peak-fitting analysis of selected peaks in both setups indicates that 

the introduction of the Si dopant during deposition influences the intensity ratio among 

several Raman modes (Figure 5.6). 

In particular, as the domain size of samples increased with larger SiH4 flows, a 

substantial decrease in the Raman peaks’ FWHM was observed (Figure 5.7). This evidence 

is more pronounced in cross-sectional spectra, where the substrate contribution is 

minimized, and κ-Ga2O3 peaks are more discernable. Furthermore, the most substantial 

reduction of the peak width of all phonon modes was observed between the undoped and 5 

sccm sample. 

 

Figure 5.7 – Inversion of intensity for two different peaks at about 82 and 114 cm-1in undoped (a) and doped 

(b) samples. Decrease of FWHM value for two sets of main Raman peaks, (c) and (d), as a function on Si-

doping. Peaks symbols are referred to those reported in Figure 5.6. 
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This meticulous study in both configurations revealed the complex impact of doping, 

contributing significantly to the understanding of the structural properties of κ-Ga2O3 

layers. Moreover, these results provided a few keys to distinguish between the Raman 

spectra of undoped and doped layers, offering a much easier and nondestructive way to 

quantify the increment in average domain size.  

The uniform trend in the narrowing of Raman peaks, emphasized in both confocal and 

cross-sectional configurations, could generally be associated with the alteration in phonon 

lifetimes due to varying domain sizes of the samples examined. To elaborate, in samples 

with the smallest domains around 5–20 nm (i.e., no SiH4), phonons are notably influenced 

by boundary scattering at the domain wall. This leads to a reduction in both the phonon 

mean free path and phonon lifetimes, causing substantial broadening of the Raman modes' 

peak width. 

The inclusion of silane, on the contrary, resulted to increase the domain size, which in 

turn reduces the impact of domain boundary scattering, leading to a noticeable and 

proportional reduction in the Raman peak width. This effect, however, becomes 

progressively less significant for the largest domains, over 100 nm (i.e., ΦSiH4>5 sccm), when 

their size is large enough to have negligible influence phonon lifetimes or wavelength. 

Raman also exhibited significant potential for exploring the role of the dopant in this 

material system, for instance, the alteration in intensity of specific peaks. The unraveling of 

this result, however, needs dedicated research, for a more detailed understanding of the 

implications of dopant roles and their interaction with the matrix material. 
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5.4 - Ga2O3 thin-films deposited by LT-PED 
Ga2O3 thin films have been also deposited, for the first time, by LT-PED technique. 

Samples were studied by varying the deposition parameters in order to assess whether the 

PED technique was suitable for the production of Ga2O3 films or not. The characterizations 

mainly focused on the following aspects: XRD measurements were used to determine which 

phases were predominant in the sample and to what degree of crystallinity they exist; 

Raman measurements were used to gain deeper insights into the phase of the sample and 

the possible presence of secondary phases. 

As in the case of depositions of Sb2Se3 thin-films described in Chapter 4, the deposition 

of Ga2O3 by LT-PED was studied starting from the variation of deposition parameters, in 

order to identify the optimal deposition conditions for different substrates. 

Four kinds of experiments were designed to answer as many research questions: 

1) Amorphous substrate – The first inquiry was whether Ga2O3 can crystallize 

effectively even on an amorphous substrate, thanks to the high energy typical of LT-

PED. This would require a detailed exploration of the interaction dynamics between 

the substrate and the depositing material, analyzing how the lack of a crystalline 

structure in the substrate impacts the crystallization of Ga2O3. 

2) Sapphire substrate - Given the crystalline nature of sapphire and the previous 

positive results obtained with MOCVD, another significant question was whether 

Ga2O3 can be effectively deposited on it. The affinity between the crystalline 

structure of sapphire and the Ga2O3 could potentially facilitate the effective 

crystallization and stabilization of specific phases, despite the higher energy of LT-

PED may lead to different results. 

3) Polymorphic variations - The exploration of the deposition parameters also aims 

to uncover if different polymorphs of Ga2O3 can be obtained under different 

conditions. Understanding if this option is available would be of paramount 

importance to define which are the possible applications. 

4) Influence of doping - Doping elements like Sn and Ge can potentially modulate 

the crystalline structure of the Ga2O3, so the study was intended to understand 

whether the incorporation of these elements can favor the formation of specific 

polymorphs or not. Identifying how these dopants influence the structural attributes 

and stability of the different Ga2O3 polymorphs can provide crucial insights into the 

possibility to tune material's properties. 
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For the aims of the first part of this study, an undoped target was prepared by pressing 

and sintering 50 g of Ga2O3 powder, featuring a purity of 99.999% (5N), at 200 bar and then 

up to 1000°C. Proper pressure and temperature ramp were used to reduce as much as 

possible inner stress in the target.  

The first substrate investigated for the PED growth was soda-lime glass. This substrate 

was particularly advantageous due to its significantly low cost. The substrate was 1”x1” in 

size.  

As in the case of other oxide thin-films deposited by LT-PED, an inert working gas 

generally leads to losses of the extremely volatile oxygen. So, oxygen is usually introduced 

in the LT-PED chamber for the plasma generation. 

As a first step, it was essential to determine which oxygen flow was sufficient to support 

the generation and maintenance of a stable and well-localized plasma plume. The distance 

between the target and the substrate was fixed at 6 cm, and the distance between the target 

and the electron gun was set to 2-3 mm. In this condition, it was thereby assessed that 35 

sccm of O2 flow can produce a good plasma plume.  

The initial depositions were conducted at room temperature (RT) while the acceleration 

voltage of the electron gun was varied. Despite after the growth the substrate was still 

completely transparent, colored interference fringes were clearly visible as a function of the 

illumination angle, indicating that material was deposited. Unfortunately both Raman 

spectroscopy and XRD showed that only amorphous films were deposited. Evidences of 

crystalline Ga2O3 began to manifest only when the substrate temperature was increased up 

to 400°C. The corresponding XRD pattern and Raman spectrum are reported in Figure 5.8.  

  

Figure 5.8 – (a) Raman spectrum and (b) XRD patter of the Ga2O3 thin-film deposited on glass by LT-PED at 

400°C. 
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Even at this higher substrate temperature, Ga2O3 films appeared to exhibit a mixture of 

amorphous and crystalline phases. The main peaks in Figure 5.8, however, are typical of the 

β phase. 

The second series of experiments was made on sapphire substrate: specifically, a c-

oriented (0001) crystalline sapphire sample, chosen to leverage the lattice compatibility 

between the substrate and the β-phase of Ga2O3. 

LT-PED depositions were done at different substrate temperature. At T>530°C, XRD 

showed three reflection peaks that could be solely attributed to the β-phase of Ga2O3 

(2θ=18.9°, 38.4°, 59.2°), without indications of the presence of secondary phases. Also 

Raman spectroscopy confirmed the presence of just the β-phase, independently on the 

substrate temperature, as shown in Figure 5.9a. 

Also the impact of different acceleration voltages was studied, yielding the outcomes 

depicted in Figure 5.9b, where it is clear that a good crystallization of β-Ga2O3 was obtained 

also at 14 KV (even if a low deposition rate is achieved).  

 

Figure 5.9 – Raman Spectra of Ga2O3 thin films grown on sapphire by LT-PED: (a) at different substrate 

temperatures; (b) with different accelerating voltage. Main peaks are identified accordingly with the color code 

shown on the right 

The incorporation of a dopant within a semiconductor has consistently proven to be a 

meticulous and sometimes notably challenging procedure. The significance of this process 
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is paramount for device fabrication since the inclusion of dopants enables the ability to 

tailor a semiconductor conductivity. Various studies concerning gallium oxide have 

concluded that p-type doping is generally not possible, while numerous attempts have been 

successfully made towards n-type doping. 

Sn, has emerged as a particularly effective donor element. This element has been 

utilized to attain conductive Ga2O3 films through various techniques such as Pulsed Laser 

Deposition (PLD), Molecular Beam Epitaxy (MBE), and Chemical Vapor Deposition (CVD), 

but never with the Pulsed Electron Deposition (PED) technique. Preliminary results 

obtained in the growth and characterization of Sn-doped Ga2O3 films are here shown. 

First of all, Ga2O3 targets containing 10% atomic Sn, were fabricated. To verify the 

quality of the prepared targets, several EDX measurements were conducted to determine 

the dopant distribution within the material. The recorded concentrations clearly indicate 

that the tin distribution within the target was not as anticipated — 10% atomic — but 

substantially lower in most of the measured points: 0.5%-1%. On the contrary, 

stoichiometry was correct only in a limited number of examined points. As revealed by SEM 

images, the target surface indeed appeared notably heterogeneous and rough (Figure 5.10), 

characterized by peculiar prismatic structures which are present almost over the entire 

surface of the target. 

 

Figure 5.10 – SEM image of the surface of a Sn-doped Ga2O3 target 

EDX measurements further highlighted that those prismatic crystals are predominantly 

composed of gallium oxide, around which aggregates tin oxide. Throughout the rest of the 

target, a varying dopant concentration between 1.2% and 1.8% was be observed. The dopant 

distribution is markedly non-uniform because of the separation of its two components 

(Ga2O3 and SnO2). 
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The deposition of Sn-doped Ga2O3 films on quartz substrate were carried out with 

the accelerating voltage set at 16 kV, while the substrate temperature was varied from 480 

°C to 615 °C. An EDX map was employed to visually highlight the distribution of various 

elements within the deposited film. The images reaffirmed that also the Sn distribution 

within the film is definitely non-uniform, primarily segregating near the Ga2O3 larger 

crystals (Figure 5.11). 

 

Figure 5.11 –EDX map of Sn distribution in a Sn-doped Ga2O3 thin film deposited by LT-PED 

Raman spectroscopy was then utilized to better explore the phases present in the doped 

film and to detect any formation of aggregates containing secondary compounds, such as 

tin oxides for instance. The Raman measurements in this case were conducted using a 532 

nm laser, for 60x10 seconds. The subtraction of the background related to the substrate 

signal and the “air” enabled the identification of two distinct Ga2O3 phases, β and ε. 

However, traces of other compounds were not detected (Figure 5.12). 

 

Figure 5.12 – Raman spectrum of a Sn-doped Ga2O3 thin film deposited by LT-PED 
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The fact that mixed Ga2O3 phases are often obtained in Sn-doped films, even at high 

temperature, has been reported in literature and attributed to the surfactant effect of Sn.  

Ge doping was then studied, being this element just above Sn in the periodic table and 

having the same oxidation states but different ionic size. Ga2O3 targets with 1% of Ge doping 

were sintered and preliminary LT-PED deposition carried out. 

Raman spectroscopy was employed one again to study polymorphism in these thin films. 

However, in the case of Ge-doped Ga2O3 thin-films only β phase was detected (Figure 

5.13). 

 

Figure 5.13 - Raman Spectra of Ge-doped Ga2O3 thin film 

These preliminary results are opening the way for further experiments on doped Ga2O3 

thin films with single phase, fundamental characteristic for devices applications. 
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Chapter 6 

2 4 
In this chapter the characterization research made on BaFe2O4 powders and thin-films 

is reported. This material, in its γ phase, demonstrated to be an extremely rare 

composite showing multiferroic properties at room temperature. The structural 

characterization here reported, mainly performed by micro-Raman and XRD, 

significantly contributed to the identification and isolation of the right phase during the 

synthesis processes and hence to obtain pure samples, in which ordering at room 

temperature was observed for the first time. 

After a brief introduction on the multiferroic materials and the properties of this ferrite, 

the results of the two main stages of the structural characterization are described in the 

following paragraphs, highlighting once more the fundamental contribution of Raman 

spectroscopy in otherwise uncertain research scenarios: 

6.1 Material properties and applications 

6.2 Identification of γ-phase Raman spectrum 

6.3 BaFe2O4 thin-films deposited by PED 
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6.1 - Material properties and applications 
Multiferroics, materials that exhibit two or more primary ferroic orderings like 

ferroelectricity and ferri/ferro-magnetism (Figure 6.1), have gained substantial attention, 

particularly magneto-electric materials, due to their potential to revolutionize logic-

memory devices by reducing energy consumption or enhancing information density, 

leveraging both electric and magnetic domains. 

 

Figure 6.1 - General classification of multiferroic materials 

The early 2000s' observation that antiferromagnetic domains in 600-nm-thick BiFeO3 

films could be controlled with an electric field, further atttracted interest in this field. 

Beyond the concurrent control of ferroelectricity and ferromagnetism, the coexistence of 

various ferroic orders in a single device paves the way for new possible applications, such as 

electric field-controlled spintronic devices, tunnel magnetoresistance sensors, and spin 

valves, among others. 

Notably, antiferromagnetic ferroelectrics have become particularly enticing in recent 

years as magnetoelectric coupling can be accomplished through exchange bias in a 

ferromagnetic/antiferromagnetic magnetoelectric composite. Additionally, 

antiferromagnets, with their lower switching energy, facilitate power conservation and 

inherent reduced volatility, making them suitable for developing next-gen magnetoelectric 

spin field-effect transistors or magnetoelectric random access memories. 

Attaining specific goals in magnetoelectric materials necessitates stability in electric and 

magnetic orderings under ambient conditions, substantial magnetoelectric coupling, 
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compatibility with current silicon-based architectures, and, as more and more compelling 

is in most of technological fields, environmental friendliness. Achieving these in a single-

phase material is challenging due to issues like sub-room temperature transition 

temperatures and weak couplings found in most of the candidates. BiFeO3 has been a 

preferred choice in this arena, meeting various prerequisites and being widely used for 

magnetoelectric device development. However, the exploration of new magnetoelectric 

multiferroics, each offering unique features per application, is crucial for the field's 

evolution. 

The room temperature ferroelectric and magnetic attributes of γ-BaFe2O4 were 

explored, demonstrating its improper ferroelectricity and room-temperature 

antiferromagnetism, without involving health-adverse elements like Pb and Bi, and 

maintaining robustness in both ambient conditions and thin film form. Preliminary results 

indicate easy deposition of γ-BaFe2O4 on silicon substrates, positioning it as a promising 

new multiferroic material candidate. Additionally, during this work also the idea that the 

stuffed tridymite class of materials, with varied chemical substitutions at the A and B sites, 

could serve as a yet unexplored reservoir for multiferroic properties at room temperature. 

Barium monoferrite comes in 4 different polymorphs (Figure 6.2), showing different 

crystalline structures and different stability range. γ-BaFe2O4 is the only one stable at room 

temperature.  

 

Figure 6.2 – Different BaFe2O4 polymorphs 
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 The new γ phase has been identified and synthetized for the first time during this 

research and it has been studied in-depth through various techniques. Firstly, single-crystal 

diffraction highlighted its structure, assigning the correct cell parameters (Table 6.1) and 

allowing the Curie Temperature calculation, which resulted in an impressive TCurie>1038K 

value. Neutron diffraction, on the other hand, was used to study its magnetic structure, 

assigning the magnetic space group and clarifying the role of Fe3+ (Figure 6.3), showing that 

each Fe3+ moment lies along the b-axis and is coupled antiferromagnetically with the 

nearest neighbor ones. 

 

Figure 6.3 – (a) Contour plot of the neutron data collected on WISH on the back scattering detector bank 

with average 2θ=152.7 degrees. The data shows the development of extra reflection below TNéel=890 K. (b) 

Rietveld plots of the WISH time of fight data collected on the detector banks with average 2θ of 152.7 at 300K 

and 1038K. (c) Magnetic structure of γ-BaFe2O4 with the G-type arrangement of the Fe3+ moments in the 

UUUUUD pattern of tetrahedra. This unit is coupled antiferromagnetically with the first neighbor ones.  

Electrical measurements such as Positive Negative (PN) electric polarization and Piezo-

response Force Microscopy (PFM) showed the hysteresis loop, allowing the calculation of 

the coercive field and residual polarization (Figure 6.4). Finally, magnetic measurements of 

SQUID vibrating sample magnetometry enabled the calculation of the Neel temperature 
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(TNéel= 890K) and revealed the role of impurities in the magnetic behavior. In this case Fe-

containing impurities are responsible for the observed magnetic behavior. 

 

Figure 6.4 - PN electric polarization loop measured at 100ௗHz with a triangular pulse of amplitude 1000ௗV 

(the inset shows the corresponding integrated current as a function of the applied voltage). γ-BaFe2O4 

displays a hard-like hysteresis loop: coercive field Ec=12 kVcm−1, remanent polarization Pr=0.18 μCcm−2. 

All of this characterization and the following deposition work were carried out between 

different facilities: Parma University, ISIS Neutron and Muon Source, CENIDE (Center for 

Nanointegration Duisburg-Essen), Shanghai University, CNR (IMEM and SPIN institutes). 
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6.2 - Identification of γ-phase Raman spectrum 
In such a complex context, with different possible phases that may be obtained during 

the synthesis process, the study of the Raman spectrum proved to be fundamental not only 

for identifying the correct phase, but also to find the growth conditions that allowed to have 

a pure material, assessing when contaminants or undesired compounds were present. 

The first step was to study the spectrum of powders obtained through a solid-state 

reaction. Powders were obtained by conventional solid-state reaction, by mixing and 

grinding BaCO3 and Fe2O3 in equimolar amounts. The mixture was then heated at 1300 *C 

for 12 h in air, allowing the following reaction to take place: 

BaCO3 + Fe2O3 → BaFe2O4 + CO2        (6.1) 

Thanks to the correlation with XRD analysis (Figure 6.5), Raman measurements of the 

obtained powders allowed the identify for the first time the characteristic Raman spectra of 

the new γ phase as shown in Figure 6.6. 

 

Figure 6.5 - Experimental XRD patterns of γ-BaFe2O4 and β’-BaFe2O4 polymorphs.  
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Figure 6.6 – Identified Raman spectra of two different samples, characterized by γ-BaFe2O4 and β’-BaFe2O4 

polymorphs respectively. 

Being this phase completely new, a theoretical study of the Raman spectra is necessary 

to assign specific vibrational modes to the measured spectra. In order to do so First-

principles DFT simulations were performed using the Vienna Ab initio Simulation Package 

(VASP), but phonon calculations are still in progress. The challenge of these calculations 

lies in the complexity of the unit cell, which has a substantial number of atoms, hence 

leading to extended simulation time. A further point of concern is the choice of the 

structural model: the structure experimentally derived from XRD measurements, indeed, 

exhibits some differences from the one predicted theoretically. Such variations might not be 

of great concern when looking at ferroelectric properties, but they become potentially 

critical when considering phonon behavior. 
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6.3 - BaFe2O4 thin-films deposited by LT-PED 
As highlighted in previous chapters, the LT-PED deposition technique offers several 

advantages and is a straightforward method for obtaining high-quality thin films with good 

stoichiometry. Thin-film samples are the initial step to study and exploit this material in the 

fabrication and investigation of devices. 

The first necessary step was the fabrication of a BaFe2O4 target, which was crucial for 

generating the plasma plume. The target was prepared by compressing BaFe2O4 powders 

into a pellet with a diameter of 2.5 cm. This pellet was then subjected to a high-temperature 

sintering process at 1573 K for 6 hours. This sintering process was essential to achieve a 

dense and robust target that could withstand the intense conditions of the electron beam 

hits and plasma environment. 

The resulting high-density target was then employed for the investigation of the plasma 

plume's characteristics. During the study, the plasma plume was investigated to identify its 

constituent elements and their spatial distribution but also to detect the presence of any 

secondary products, which are byproducts of the plasma plume formation. 

In addition, the influence of various operating parameters on the PED process was 

explored. These parameters include electron-beam energy, pulse duration, and target-to-

substrate distance. The optimal conditions for achieving the desired material properties 

were established by systematically adjusting these parameters. 

For this preliminary investigation, the following deposition conditions were tested to 

obtain γ-BaFe2O4 in our LT-PED apparatus. Different substrates were tested: quartz, 

platinum, (100)-Silicon, SiO2 glass. The accelerating voltage was set between 14 kV and 16 

kV. The frequency of the pulses was maintained at 6 Hz, and the working temperature was 

set at a nominal value in the range 600–800°C. The pressure within the working chamber 

was kept between 7x10-3 and 1x10-2 mbar and target-to-substrate distance was set between 

5 cm and 7 cm. The whole deposition process took between 3x104 and 1x105 electron pulses 

to obtain the desired thickness. The obtained samples then underwent a post-deposition 

annealing at the operating temperature for 20 minutes, under a pressure of 2 mbar.  

The Raman spectra shown in Figure 6.7 shows that the stoichiometric transfer from the 

target to the thin-film was successful and, in the right conditions, the γ phase is obtained 

(in this case on a Si substrate). 

Raman measurements were also widely employed in the study of the PED plume by 

evaluating the angular-dependency of the resulting deposition (Figure 6.8). 
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Figure 6.7 – Raman spectra of BaFe2O4 thin film deposited by LT-PED on (001)-Si substrate and of the 

powders used to synthetize the target. Both exibits the typical peaks of γ-BaFe2O4 polymorph. 

 

Figure 6.8 – (a) BaFe2O4 thin film deposites on a wide 3”x1” SiO2 glass substrate to study the deposition 

homogeneity; the 6 point marked on the image are the one studied by Raman spectroscopy. (b) Raman spectra 

measured in the 6 different points compared with the spectrum of γ-BaFe2O4 powders. (c) Maginifcation of the 

Raman spectra in the range 30-140 cm-1. 
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Luckily, the deposited films showed excellent compositional uniformity, especially near 

the center of the plume deposition. The only exception was related to a peak at about 60 

cm-1, present only in the peripheral area of the plume (points 1 and 2 in Figure 6.8), that 

cannot be attributed to the monoferrite phase and defining the limits of the available 

deposition area. These results are in complete agreement with the XRD measurements 

taken at the same points (Figure 6.9), showing also extra peaks for point1 and point2, 

tentatively ascribed to a Ba-rich Ba2Fe2O5 compound. 

 

Figure 6.9 – XRD patterns of the 6 different points shown in Figure 6.8a. Indexed peaks are referred to γ-

BaFe2O4. The yellow markers indicate possible peaks from Ba2Fe2O5. 

The ideal operation conditions for the deposition of γ-BaFe2O4 thin-films were hence 

determined: accelerating tension = 16 kV; frequency pulse = 6 Hz, substrate working 

temperature = 700 °C, working chamber pressure = 1.2x10-3 mbar, number of pulses = 105, 

target-to-substrate distance = 7 cm. 

After optimizing the deposition parameters, a different challenge was addressed: the 

deposition of a very thin-film to characterize almost 2D properties. Unfortunately, in the 

case very thin films, XRD signal is extremely low because of the really low amount of 

material, so XRD was not a resolutive characterization technique for a film thinner than 200 

nm. 

Despite the measured signal was very low also in Raman spectra Figure 6.10a, a careful 

measurement and data analysis allowed a significant enhancement of the signal-to-noise 
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ratio. The use of 532 nm laser line, closing as much as possible the pin hole, and a careful 

subtraction of the substrate signal, allowed to achieve the best result, shown in Figure 6.10b. 

In this case was possible to confirm once more that the γ-BaFe2O4 signal was present. 

 

Figure 6.10 – (a) Raman spectrum of a ~180nm thin-film of BaFe2O4 deposited by LT-PED, compared with 

the one of the substrate and the one of γ-BaFe2O4 powders. (b) Raman spectrum of the same thin-film after the 

correction by background substraction compared with the one of reference γ-BaFe2O4 powders. 
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Chapter 7 

In this PhD thesis I wanted to highlight the importance of a multidisciplinary approach 

to applied research, like in the case of the production of thin-films for the realization of 

different devices. In the study of innovative materials, the optimization of the growth 

process is always a fundamental step, both for characterizing correctly the material 

properties and for evaluating the feasibility of a technological transfer of the discovered 

potential to working devices and their possible industrial production. Cross-linking 

characterization results are very important to resolve uncertainties due to instrumental 

limits at the nanoscale and to build up a more complete picture of the materials properties. 

The materials I have chosen to present in this thesis are three, even though my research 

work actually included a larger number of them. Antimony selenide (Sb2Se3), gallium oxide 

(Ga2O3) and barium monoferrite (BaFe2O4) are the three materials that, in form of thin- 

films, I mainly dealt with. Despite the are quite different materials, they are all promising 

materials for devices realization, and they were deposited in form of thin-films by similar 

techniques. The systematic feed-back information from their characterization was 

fundamental to tune and define the optimal deposition conditions. 

Multiple techniques have been used to study the crystalline structure, composition, 

morphology, optical and electrical properties of deposited thin-films and devices: X-ray 

diffraction (XRD), Raman spectroscopy, Scanning Electron Microscope (SEM), Energy 

Dispersive X-Ray Spectroscopy (EDS/EDX), current-voltage measurements in dark and 

under Solar Simulator illumination, capacitance measurements and admittance 

spectroscopy. 
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In all the samples characterization, Raman spectroscopy turned out to be a fundamental 

complementary tool to finalize the structural characterization provided by XRD 

measurements and to reach the goal of depositing thin-films with the correct 

crystallographic phase or properties. Moreover, for the first time a preliminary study is 

presented on the application of Tip Enhanced Raman Spectroscopy (TERS) in the 

characterization of interfaces at the nanoscale. 

A quick overall view on all the presented results, indeed, clearly shows that as we venture 

deeper into the microscopic and nanoscopic realms of material exploration, tools like the 

ones here described can be a guiding beacon, illuminating pathways and helping to settle 

scientific questions that were previously unresolved. 

The main results achieved during my PhD research are here resumed, grouped for each 

material.  

7.1 – Main results for Sb2Se3 thin-films 
Sb2Se3 thin-films suitable for photovoltaic applications can be proficiently fabricated 

using the LT-PED technique, achieving high crystal quality and optimal chemical 

composition for substrate temperatures just between 200°C–350°C. The structural 

anisotropy of Sb2Se3 leads to variations in physical properties, mainly in electrical 

conductivity, depending on the orientation of the 1D (Sb4Se6)n ribbons. 

The obtained Sb2Se3 films had consistent compositional and morphological properties 

across various substrates but differed in grain orientations. A good alignment for 

photovoltaic application (i.e. with most of the ribbons not laying parallel to the substrates) 

was obtained on FTO, whereas on Mo the worst alignment was found. Micro-Raman spectra 

and EDX analysis confirmed the presence of a single chemical phase with a slight excess of 

Se, while optical characterizations indicate a variable direct optical band-gap based on the 

used templating substrate. 

Solar cells constructed on FTO/glass resulted in a JSC vale of 20.28 mA/cm² and 29.60 

mA/cm² upon front and bifacial illumination respectively, corresponding to conversion 

efficiencies of 2.1% and 3.1%. These low values are due to a rather low VOC value for all the 

tested cells. In contrast, the solar cells made on a Mo/glass substrate confirmed the poor 

performances predicted by theoretical simulations, showing a maximum JSC as low as 0.3 

mA/cm². This research highlighted the critical role of ribbon alignment in Sb2Se3-based 

solar cells current collection and the impact of the substrate on the crystallographic 

orientation and transport properties of highly anisotropic films. 
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Crystalline and stoichiometric Sb2Se3 thin-films have been also successfully deposited 

using the magnetron RF sputtering (RF-MS) technique at temperatures below 350°C. In 

MS both the crystal structure and the (Sb4Se6)n ribbon orientation were significantly 

influenced by the deposition temperature and the substrate type (glass, Mo, FTO, CdS, and 

ZnO). The best ribbon alignment was achieved at 300°C on thick Sb2Se3 samples grown on 

CdS and ZnO. 

SEM revealed an island grain nucleation mechanism, leading to the formation of three-

dimensional Sb2Se3 isolated and elongate crystals, with almost vertical orientation above 

(or within) the film. EDS analysis confirmed the presence of a stoichiometric phase, 

irrespective of the substrate, eliminating the need for additional selenization steps. 

However, Micro-Raman spectra showed the high films susceptibility to oxidation, which 

cause the formation of antimony oxide on their surface after long time exposure to air or 

because of any sufficient heating (like the one from Raman laser) in air. 

Optical characterization displayed a broad direct optical band-gap at lower growth 

temperatures, becoming 1.22 eV above 300°C. Sb2Se3-based solar cells exhibited a common 

narrow VOC<300 mV, influenced by the low Sb2Se3 acceptor level <1014 cm−3, with variations 

in the Jsc of the cells depending on the type of substrate used and the resulting preferential 

ribbons orientations. 

All these results confirmed the effectiveness of the RF-MS technique in producing 

stoichiometric films with good ribbons alignment at relatively low temperatures, enhancing 

the transport properties in such a strongly anisotropic material. Nonetheless, both LT-PED 

and RF-MS resulted in the production of Sb2Se3-based solar cells with low efficiency, with 

the main limitations coming from the cell engineering. Improvements were researched by 

exploring appropriate extrinsic dopings for Sb2Se3, a better engineering of the cell structure, 

an optimization of inter-layers interfaces and a better sub-cell isolation. 

Polycrystalline targets with different Cu content were synthesized and examined for the 

development of Cu-doped Sb2Se3 films, deposited by LT-PED. Due to CuSbSe2 phase 

segregation over a Cu concentration threshold limit, targets with a maximum of 5% Cu were 

utilized. 

An initial study was conducted utilizing various LT-PED accelerating voltages, with 

optimal crystallinity, morphology, and composition results emerging at 14 kV and 16 kV. 

The substrate’s role was studied once again, pinpointing FTO substrate as yielding the best 

ribbons orientation and Mo as yielding the worst ribbons orientation (as in the case of 

undoped films). Photovoltaic cells were also made with these Cu-doped Sb2Se3 thin-films 

deposited on Mo and FTO to verify the performances of films with very different anisotropy. 

A comparison with undoped films revealed an increase in VOC from 315 mV to 388 mV with 
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the Mo substrate and a notable rise from 256 mV to 509 mV with the FTO substrate. JSC 

experienced a minor increase for the cell with Mo substrate, from 0.3 mA/cm² to 1.5 

mA/cm², and it regrettably decreased for the cell with FTO substrate from 25.6 mA/cm² to 

a very low value of 0.3 mA/cm², despite the enhancement in the FF from 39.2% to 51.9%. 

Given that Sb2Se3 is inherently a nearly intrinsic semiconductor with extremely low free 

carrier density, the Cu doping effectively increased the free carrier concentration by 

approximately two orders of magnitude. 

Conversely, the significantly low JSC values measured in the cell developed on FTO 

revealed the inefficiency of the used layer architecture for Cu-doped Sb2Se3. This cell design, 

adapted from the one of a typical CIGS-based solar cells, is suboptimal for this alternative 

material, underscoring the requirement for distinct adaptations. 

The use of a TiO2 layer as templating substrate and interlayer for improving the 

FTO/Sb2Se3 interface was regrettably ineffective, mainly due to the extremely high ΣTC(l=0) 

observed for the Sb2Se3 films deposited on this kind of layer. This critical issue could make 

meaningless the further optimization of the TiO2 deposition process to reduce the presence 

of undesired cracks. 

Another attempt to address the aforementioned challenges was made by adding a thin 

NaF layer on FTO prior to the deposition of Sb2Se3. Na, migrating from the NaF layer with 

the proper annealing treatments, was not only capable of passivating grain boundaries but 

also of introducing a calibrated interface doping, improving the carrier extraction through 

tunneling mechanisms. This addition was fundamental to increase the JSC value by 5-10 

times in solar cells with Cu:Sb2Se3 films deposited by LT-PED. Additionally, the 

incorporation of a NaF layer in a structured configuration, specifically ZnO:Al/ZnO/CdS/ 

Sb2Se3/NaF/FTO/Glass, resulted in a clear improvement in efficiency from 1.28% to 3.2%. 

A final attempt to combine the best achieved result on different Sb2Se3 films was made 

by depositing a Sb2Se3 bilayer absorber over the NaF/FTO/glass substrate. The best result 

was measured on a cell where a 100 nm thin layer of Cu doped Sb2Se3 deposited by LT-PED 

was followed by a 1100nm film of Sb2Se3 deposited by RF-MS. This cell structure exploited 

the good VOC values obtained with Cu doped Sb2Se3 films, the NaF improvements at the 

Cu:Sb2Se3/FTO interface, the better free-charge collection through the bulkier part of the 

film of Sb2Se3 sputtered film, and the smoother face of this latter film for a more 

homogeneous deposition of CdS layer. This Al:ZnO/ZnO/CdS/Sb2Se3(MS)/ 

Cu:Sb2Se3(PED)/NaF/FTO/glass cell produced the highest measure efficiency: 5.25%. 

Despite this value is still far from the maximum potential efficiency of Sb2Se3, it has been 

proved that the reasoned combination of different solutions to the intrinsic problems of this 

material leaded to a huge performance improvement. Clearly, further actions will be 
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required in the future to improve even more the still-not-optimal ribbons orientation in the 

Sb2Se3 film, the low free-carriers density, the complete cell structure layers engineering, and 

the barriers/defects at the interfaces. 

Tip-Enhanced Raman Spectroscopy (TERS) was finally tested for the first time to see if 

it was capable to provide better insights of the possible problems at the interfaces of solar 

cells layers. A preliminary experiment was made for the Sb2Se3/CdS interface of a cell cross-

section. The measurement fully demonstrated its high potentialities, providing Raman 

spectral analysis with a spatial resolution of just 20 nm, marking a pivotal advancement and 

potentially positioning TERS as an auxiliary methodology for probing the interfaces of thin-

film solar cells. Several TERS maps, in particular, evidenced the partial interpenetration of 

CdS layer into the Sb2Se3 film, a phenomenon possibly resultant from the Chemical Bath 

Deposition (CBD) process of CdS on the Sb2Se3 surface. Other important Raman peaks 

around 436 cm⁻¹ and between 540-570 cm⁻¹ also revealed the presence and penetration of 

highly defective ZnO into CdS, providing first empirical evidence of undesired ZnO at the 

CdS/Sb2Se3 interface. 

The findings from this study unequivocally revealed heterogeneity at the interface 

between the absorber and buffer layers, warranting further examination. Further 

developments of a Sb2Se3 thin-film solar cell will be attempted in the future, experimenting 

the deposition of Cu doped Sb2Se3 films with MS (a customized commercial target is 

required), the use of different layers for the buffer and window layer of the cells, and a 

careful study of all the interfaces that are present in the cell. 

As a final comment, I’d like to highlight how a systematic study of the deposition 

processes and characterization of the obtained samples leaded to unravel their 

strengths and the weaknesses, to understand which of the measured 

properties were affected by problems that could undermine the device 

properties (crystalline orientation, defect, conductivity, interfaces, etc.) and to 

solve them. The overall result of all the advances in the knowledge of this 

material and its photovoltaic cell architecture, is testified by the significant 

increase in the efficiency of Sb2Se3-based cells, from a starting 2.1% value up 

to 5.25%, paving the way for further improvements in a relatively short time. 

7.2 – Main results for Ga2O3 thin-films 
A specific measurement protocol for analyzing Ga2O3 thin-films with Raman 

spectroscopy was defined, marking a significant advancement in the detection of secondary 
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phases that otherwise are often hidden by a complex and strong background signal. 

Of paramount importance in this research was the study of polymorphism in Ga2O3 

films. Structural characterization has been a fundamental reference during all the 

optimization of deposition processes. Renowned for its capacity to distinguish and identify 

different crystalline structures, also on a very small scale, micro-Raman measurements were 

central to the analytical pursuits of this investigation. In particular, the presence of 

secondary phases, often hidden in the XRD patterns, was brought to light in some of the 

studied films only thanks to this characterization. 

An in-depth characterization of the deposited films also helped to elucidate the 

structural transformations induced by dopants or different deposition parameters. A 

comparison between Transmission Electron Microscopy (TEM) results and other 

characterization techniques was very important to unveil the intricate relationship between 

the introduction of dopants and the ensuing formation and growth of specific crystalline 

domains within the κ-Ga2O3 structure. In particular, the direct association of the 

variations in the Raman spectra induced by Si-doping allowed the study of these domains 

in a much easier and nondestructive way (TEM sample need a complex and destructive 

preparation). 

In a pioneering series of experiments, both doped and undoped Ga2O3 thin-films were 

also successfully deposited for the first time by LT-PED. This deposition technique allowed 

for a finer control over film characteristics, presenting a novel approach to understand their 

intrinsic properties and potential applications. Thin-films doped with Sn and Ge were 

preliminary deposited to explore the possibility to dope the obtained films and hence change 

their properties. Both growth conditions and doping resulted to affect the presence of one 

or more Ga2O3 polymorphs in the obtained samples. 

Such insights have not only deepened the understanding of Ga2O3's versatile properties 

but also paved the way for optimizing its functional capabilities for a range of different 

applications. 

In brief, the rich picture provided by the characterization of these samples 

concretely helped to tune the deposition process in order to have Ga2O3 thin-

films with more controlled crystalline phases and properties. The doping of 

this material is crucial in the development of Ga2O3-based devices, from solar-

blind UV sensors to high-power electronics applications, and the studies here 

presented are contributing to the huge research in this field. 
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7.3 – Main results for BaFe2O4 thin-films 
Samples of γ-BaFe2O4 in form of powder and then in form of thin-films have been 

obtained for the first time. This phase, that is the only stable one at room temperature within 

different polymorphs, was characterized both from a crystallographic and magnetic point of 

view and growth processes were optimized to isolate samples such pure and single structure. 

Powder samples have been obtained with a solid-state reaction. The same powders 

obtained in this way were then pressed and sintered into pellets to obtain a solid target for 

the deposition of BaFe2O4 thin-films. These films were deposited exploiting once more the 

peculiarities of LT-PED technique, such as the easy stoichiometric transfer from the target 

material to the substrate. Different deposition conditions and substrates have been tested 

in order to find out the optimal ones. The γ phase was successfully identified in the obtained 

thin-films. 

Thanks to the correlation of different characterization techniques, also the Raman 

spectrum of the compound γ-BaFe2O4 has been successfully measured and identified for 

the first time, adding a significant milestone in the study of this material. The use of Raman 

spectroscopy, indeed, also in this case has emerged as a pivotal tool in the accurate 

identification of phases present in the samples, each characterized by different fingerprints 

on the measured spectra. Moreover, the high sensitivity and precision of this technique, 

together with an accurate data analysis procedure, made it possible to detect and 

differentiate phases even in extremely thin films, with a thickness lower than 200 nm, for 

which XRD was unable to collect a sufficient and resolutive signal.  

Accordingly, the structural characterization performed on the powder and 

thin-film samples was very important to determine the optimal growth and 

deposition conditions to obtain and isolate this material in samples with a 

single and specific crystalline phase: γ-BaFe2O4. The availability of these pure 

sample was crucial to demonstrate the multiferroic behavior of this material 

at room temperature and to proof the feasibility of a possible thin-film-based 

device production. 
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