
  
 

 
 
 
 

 
 
 
 
 
 

Advanced Characterization of Interfaces  
of the Chalcogenide-Based Absorbers for the 

Thin Film Photovoltaic Technologies 
 

Robert Fonoll i Rubio 
 
 
 
 
 
 
 
 

 
 

 
 
 
Aquesta tesi doctoral està subjecta a la llicència Reconeixement- NoComercial 4.0. Espanya de 
Creative Commons. 
 
Esta tesis doctoral está sujeta a la licencia  Reconocimiento - NoComercial 4.0.  España de 
Creative Commons. 
 
This doctoral thesis is licensed under the Creative Commons Attribution-NonCommercial 4.0. 
Spain License.  
 



 

 

 

PhD Thesis 

Advanced Characterization 

of Interfaces of the 

Chalcogenide-Based 

Absorbers for the Thin 

Film Photovoltaic 

Technologies 
 

Robert Fonoll i Rubio 

 

 

 

  



 

 

 

Advanced Characterization 

of Interfaces of the 

Chalcogenide-Based 

Absorbers for the Thin 

Film Photovoltaic 

Technologies 
Programa de doctorat en Física 

Autor: Robert Fonoll i Rubio 

 Directors: Dr. Víctor Izquierdo Roca, Dr. Maxim Guc 

Tutor: Prof. Dr. Blas Garrido Fernández 

 

Lloc on s’ha dut a terme la tesi: Institut de Recerca en 

Energia de Catalunya (IREC), Universitat de Barcelona 

(UB) 

  



 

 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A la Jhoy, els meus pares i els meus germans 

  



 

 

  



 

 

Table of Contents 

Acknowledgments ............................................................................................................. i 

List of acronyms, abbreviations and physical quantities .................................................. v 

Table of Figures ............................................................................................................... xi 

Preface: Publications and summary of the thesis ........................................................... xv 

Prefaci: Publicacions i resum de la tesi ....................................................................... xxiii 

Contribution of the author to the thesis publications ................................................... xxix 

Chapter 1: Introduction ..................................................................................................... 1 

1.1. Primary energy sources .......................................................................................... 1 

1.2. Photovoltaic technologies ...................................................................................... 2 

1.2.1. Fundamentals of solar cells ............................................................................. 3 

1.2.2. Existing photovoltaic technologies ............................................................... 10 

1.2.3. Details on thin film solar cells ...................................................................... 11 

1.3. Techniques for characterizing interfaces of thin film solar cells ......................... 16 

1.3.1. Raman spectroscopy...................................................................................... 18 

1.3.2. Additional techniques.................................................................................... 28 

1.4. Objectives of the thesis ........................................................................................ 34 

Chapter 2: Methodology ................................................................................................. 37 

2.1. Solar cells fabrication .......................................................................................... 37 

2.2. J–V characteristics ............................................................................................... 38 

2.3. Raman spectroscopy ............................................................................................ 38 

2.4. PL spectroscopy ................................................................................................... 41 

2.5. Transmittance and reflectance spectroscopy ....................................................... 41 

2.6. XRF spectroscopy ................................................................................................ 41 

2.7. Impedance and capacitance spectroscopy ............................................................ 42 

2.8. Electron microscopy ............................................................................................ 42 



 

 

Chapter 3: Publications ................................................................................................... 45 

3.1. Introduction to publications, summary of the results, and general discussion .... 47 

3.2. Article 1: Insights into interface and bulk defects in a high efficiency kesterite-

based device ................................................................................................................ 53 

3.3. Article 2: Defect depth-profiling in kesterite absorber by means of chemical 

etching and surface analysis ........................................................................................ 75 

3.4. Article 3: Rear interface engineering of kesterite Cu2ZnSnSe4 solar cells by adding 

CuGaSe2 thin layers .................................................................................................... 87 

3.5. Article 4: Controlling the Anionic Ratio and Gradient in Kesterite Technology

 ................................................................................................................................... 101 

3.6. Article 5: Insights into the Effects of RbF-Post-Deposition Treatments on the 

Absorber Surface of High Efficiency Cu(In,Ga)Se2 Solar Cells and Development of 

Analytical and Machine Learning Process Monitoring Methodologies Based on 

Combinatorial Analysis ............................................................................................ 117 

3.7. Article 6: Characterization of the Stability of Indium Tin Oxide and Functional 

Layers for Semitransparent Back-Contact Applications on Cu(In,Ga)Se2 Solar Cells

 ................................................................................................................................... 141 

Chapter 4: Conclusions and outlook ............................................................................. 155 

Bibliography ................................................................................................................. 159 

 



Acknowledgments R. Fonoll 

i 

 

Acknowledgments 

It has been four years since I started this stage of my life, a period full of experiences 

and shared with wonderful people. This thesis has one author, but it was possible thanks 

to the work and support of many people that I would like to acknowledge. 

First of all, I thank Víctor for opening the doors of IREC to me, for giving me the 

opportunity of developing this PhD, for your confidence along the years, and for your 

guidance. I value that even if you had no time, you did not disengage from being my 

director and that you found moments for supervising and discussing my work, and for 

teaching me how to be a researcher. 

I thank Max for your infinite patience, for your dedication as my director, and for 

teaching me all I know about Raman measurements. I knew nothing when I first met you, 

you took me to the lab, and you have stayed at my side since then guiding me. You 

answered every question I asked and reviewed all the work I presented without losing 

time, including the hundreds of pages of this thesis. You did not start officially as my 

director, but it is the right thing that at the end you are, since you were a de facto director 

of this work from the beginning. 

Alejandro, you showed us that being a good group leader is compatible with being 

a kind person. I thank you for all your support and advices, but especially for the ones 

involving the MasterPV experiments that resulted in one of the pillars of this thesis and 

for the final revision of this manuscript. 

Alex H., you treated me as a friend from the first second and made me feel a part 

of the group from the beginning. There was an IREC with you and another completely 

different without you, which means that you make a difference. 

Alex L., you are a great guy and I always enjoy your company. I remember with 

joy being teammates at foosball and billiards in Les Houches and IREC parties, thanking 

your patience for my lack of skills at those games. You are also a great researcher that 

had to work in new and difficult materials, I am glad that I could collaborate with the 

characterization of some of your samples. 

Angélica, you always included me in the group plans and opened the doors of your 

home to me, which I really value, and I always had a good time there. I had fun when we 



Acknowledgments R. Fonoll 

ii 

 

did calisthenics and you were a constant at lunch time, where I liked talking with you. 

You are an amazing person, IREC is not the same without you. 

Diouldé, you always greet me with a smile and treat me with tenderness. Even if 

you are busy, you have helped me every time I asked you. The Fridays are not Fridays 

without our “¡Buen fin de semana!”. 

Enric, you expanded the abilities of IREC and it was great working together, this 

thesis has been improved thanks to your work. Your company was charming and I save 

the good moments, like the ones in Les Houches. 

Fabien, you are a fun guy and many times you broke the monotony of the working 

day. It is pleasant talking with you and I thank you for every time you invited me to climb; 

when I went, I always had a great time. 

Jacob, we had a strong collaboration during my first years at IREC and, without 

you, this thesis would have less value. You are a great researcher and a better person; I 

always like talking with you, specially when we do it in Catalan. 

Laia, I was supposed to teach you about Raman and solar cells stuff, but at the end 

it was I who learned from you. My colleague and partner in crime during the last year of 

this thesis, you are everything a researcher should be and, frankly, we are the best work 

team that IREC has seen. 

Marcel, you started as my thesis director and you were a good one. You gave me 

your support and you were crucial in many works included in this thesis. And, more 

important, you are a kind person and it is always nice seeing you. 

Mohamed, you were always in a good mood and working together characterizing 

your samples was a nice and successful experience, I was happy to see you achieving the 

PhD title. 

Nacho, you also taught me how to move in the lab and you helped me in many 

experiments, articles, and presentations. You feel like a third, unofficial director to me. I 

liked our conversations during lunch time, specially the ones in Catalan, your departure 

to Austria left a void in IREC. 

Pedro, you are a wonderful guy to whom I can always talk. I find it funny when you 

ask me about C(V) because it was you who taught me how the system worked. Thank 



Acknowledgments R. Fonoll 

iii 

 

you for the good moments, remembering particularly the ones in Uppsala and Les 

Houches, and also for your help with the writing and administrative questions of this 

thesis. 

Rafael, it is impressive what you built in the lab, which makes our jobs easier. It is 

good every time we coincide at IREC because the conversations with you are pleasing 

and interesting. 

Thanos, your time at IREC was short but it left a mark. You always had interesting 

topics for conversation and it was really funny see your Žižek imitations. 

Yude, you were always full of joy and had a smile for me. Every time I went to the 

synthesis lab, where I was lost, you helped me. And, of course, a have the good memories 

of being tourist in Nice together, you made my first IREC travel easier. 

David, Gustavo, Victoria; being the last incorporations to IREC means that we did 

not share so many moments, but I hope we do in the future. And Fernando, a last 

incorporation too, but you were one of my best friends at school, I am glad to see you 

again. 

Edgardo, you always had nice words for me and I always felt valued by you. I enjoy 

talking with you and I thank you for the good moments in Nice, Les Houches, and 

Philadelphia; those travels would have been less funny without you. In addition, my 

wardrobe is grateful for the visit to the outlet. 

Kunal, Sergio, and Zach; we shared good conversations during the coffee breaks 

when you were at IREC. It was nice working with you and I thank you for your help and 

guidance in the experiments that improved this thesis. 

Alejandro, Alex J., Axel, Ivan, and Maykel; I shared few moments with you, but 

those ones were good and fun. Every one of you have been kind to me and it would have 

been nice to spend more time together. 

A thought for the people that made an internship at IREC, specially Esteban, Ikram, 

Nada, and Roberto, which are the ones to whom I collaborated the most. 

To my friends of elementary and high school: time and my lack of social skills have 

distanced us, but I remember you and I thank you for all the good moments. And thanks 

to my physicist friends, specially to the ones that are also my callisthenic friends: Bonet, 



Acknowledgments R. Fonoll 

iv 

 

Carlos, David, Isaac, Oscar, and, of course, El Dragón; we grew together both personally 

and physically. 

I would like to thank all my family, with a special mention to Carmen, Empar, 

Jeroni, Joan, Pau, and Rafel. And thanks mom, dad, Josep, Xavier, and Víctor; you are 

the nucleus of my life and you gave me everything, growing up in our home was a dream. 

And last, but not least, my thanks to Jhoy: you were there before I started the thesis and 

you are here after I finish it. As times goes by, it’s becoming harder to think about my 

life without thinking about you. Or, in other words, from now on, when someone says 

“This man is having a stroke! Is there some doctor in the room?” and I say “Yes, I am”, 

you will be the one saying “My darling, you are a doctor in Physics”.  



List of acronyms, abbreviations and physical quantities R. Fonoll 

v 

 

List of acronyms, abbreviations and physical quantities 

A  Diode quality factor or solar cell area 

AC  Alternating current 

AES  Auger electron spectroscopy 

AFM  Atomic force microscopy 

ALD  Atomic layer deposition 

ARC  Anti-reflective coating 

a-Si  Amorphous silicon 

AVT  Average visible transmittance 

AZO  Aluminum-doped zinc oxide 

B  Susceptance 

BF  Bright-field 

BIPV  Building-integrated photovoltaics 

c  Speed of light in vacuum 

C  Capacitance 

CB  Conduction band 

CBD  Chemical bath deposition 

CCD  Charge-coupled device 

CIGSe  CuIn1-xGaxSe2 

CIS  CuInS2 

CISe  CuInSe2 

CGS  CuGaS2 

CGSe  CuGaSe2 

CZTS  Cu2ZnSnS4 



List of acronyms, abbreviations and physical quantities R. Fonoll 

vi 

 

CZTSe  Cu2ZnSnSe4 

CZTSSe Cu2ZnSn(S1-xSex)4 

DC  Direct current 

DF  Dark-field 

E⃗⃗   Electric field vector 

Ebi  Built-in electric field 

EDX  Energy dispersive X-ray spectroscopy 

EELS  Electron energy-loss spectroscopy 

Eg  Band gap 

EHP  Electron-hole pairs 

f  Frequency 

FIB  Focused ion beam 

FF  Fill factor 

FTO  Fluorine-doped tin oxide 

G  Carriers generation rate 

h  Planck constant 

HAADF High-angle annular dark-field 

HRTEM High-resolution transmission electron microscopy 

i  Imaginary unit 

I  Intensity 

ISS  Ion scattering spectroscopy 

ITO  Indium tin oxide 

J  Current density 

J0  Reverse saturation current 



List of acronyms, abbreviations and physical quantities R. Fonoll 

vii 

 

Jmpp  Current density at the maximum power point 

Jph  Photocurrent 

JSC  Short-circuit current density 

k⃗   Wavevector 

kB  Boltzmann’s constant 

LN  Electron diffusion length 

LP  Hole diffusion length 

MBE  Molecular bean epitaxy 

ML  Machine learning 

n  Concentration of electrons 

N  Number of atoms in the crystal base 

NA  Numerical aperture 

NA  Acceptor doping concentration 

NCV  Apparent doping concentration from capacitance–voltage profiling 

ND  Donor doping concentration 

NIR  Near-infrared 

OVC  Ordered vacancy compound 

p  Concentration of holes 

P⃗⃗   Polarization density vector 

PCE  Power conversion efficiency 

PDT  Post-deposition treatment 

Pin  Incident power on the solar cell 

PL  Photoluminescence 

Pmax  Maximum power generated by a solar cell 



List of acronyms, abbreviations and physical quantities R. Fonoll 

viii 

 

PR  Photonic response 

Ptheo  Maximum theoretical power that a solar cell can produce 

PV  Photovoltaics 

q  Electric charge 

q⃗   Wavevector of the atomic oscillations 

Q⃗⃗   Atomic oscillations vector 

qe  Elementary charge 

QY  Quantum yield 

r   Position vector 

R  Resistance 

Rp  Parallel resistance 

Rs  Series resistance 

Rsh  Shunt resistance 

S  Solar photon flux 

SCR  Space charge region 

SEM  Scanning electron microscopy 

SIMS  Secondary ion mass spectroscopy 

SLG  Soda-lime glass 

SPM  Scanning probe microscopy 

STEM  Scanning transmission electron microcopy 

t  Time 

T  Temperature 

TCO  Transparent conductive oxide 

TEM  Transmission electron microscopy 



List of acronyms, abbreviations and physical quantities R. Fonoll 

ix 

 

TOF-SIMS Time-of-flight secondary ion mass spectroscopy 

Topt  Optical transmittance 

V  Voltage 

VB  Valence band 

Vbi  Built-in voltage 

VIPV  Vehicles-integrated photovoltaics 

Vmpp  Voltage at the maximum power point 

VOC  Open-circuit voltage 

WSCR  Width of the space charge region 

X  Electrical reactance 

XPS  X-ray photoelectron spectroscopy 

XRD  X-ray diffraction 

XRF  X-ray fluorescence 

Z  Atomic number or impedance 

ε0  Vacuum permittivity 

εs  Semiconductor dielectric constant 

η  Energy conversion efficiency 

θ  Angle 

λ  Wavelength 

φ  Phase difference 

χ  Electrical susceptibility 

ω  Angular frequency or Raman shift



List of acronyms, abbreviations and physical quantities R. Fonoll 

x 

 

  



Table of Figures R. Fonoll 

xi 

 

Table of Figures 

Figure 1. World energy consumption by fuel during 2020.2 ................................. 2 

Figure 2. (a) Permitted energy levels of a single atom and a crystal. In the case of 

the crystal, absorption of photons with energies higher than the band gap is represented 

using the energy band model for semiconductors. Blue-filled circles represent electrons, 

while red-dashed circles represent holes. EC, EV, and Eg are the energy values of the 

conduction band minimum, the valence band maximum, and the band gap of the material, 

respectively. h is the Planck constant and ν is the frequency of the incident photon. (b) 

Schematic representation of the photovoltaic effect in a two-dimensional crystal lattice. 

Valence electrons correspond to the electrons in the EV energy level in (a), while the free 

electron corresponds to the electron in the conduction band............................................ 5 

Figure 3. (a) Schematic representation of a p–n junction. Blue-filled circles 

represent free electrons, while red-dashed circles represent holes. Black circles with – 

symbol represent negative ions from filled holes, while black circles with + symbol 

represent positive ions from removed electrons. Neutral regions, space charge regions 

(SCR), and direction of the built-in electric field (Ebi) are indicated. (b) Energy band 

diagram of a p–n junction. EC and EV are the energy values of the conduction band 

minimum and the valence band maximum, respectively, while EF is the Fermi energy 

level. Q is the electric charge and Vbi is the built-in potential. ........................................ 7 

Figure 4. Schematic representation of a typical p–n heterojunction thin film solar 

cell structure with substrate configuration. Blue-filled circles represent free electrons, 

while red-dashed circles represent holes. ......................................................................... 8 

Figure 5. Typical structure of a chalcogenide thin film solar cell. Absorber 

interfaces and their main limitations influencing the device performance (left), and the 

possible materials for the different layers (right) are indicated. ..................................... 14 

Figure 6. Typical analysis depths for common materials characterization 

techniques: atomic force microscopy (AFM), scanning probe microscopy (SPM), time-

of-flight secondary ion mass spectroscopy (TOF-SIMS), ion scattering spectroscopy 

(ISS), Auger electron spectroscopy (AES), X-ray photoelectron spectroscopy (XPS), 

scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDX), 

Raman spectroscopy, X-ray diffraction (XRD), X-ray fluorescence (XRF), and SIMS.17 



Table of Figures R. Fonoll 

xii 

 

Figure 7. Example of Raman spectra indicating the different contributions: the 

Rayleigh one corresponds to elastic scattering with the same frequency as the excitation 

light (ωexc); the anti-Stokes and Stokes ones correspond to inelastic scattering with 

increase and decrease of frequency, respectively, equal to the vibration frequency of the 

atoms in the crystal (ωphon). This frequency shift is known as Raman shift (ω). ........... 21 

Figure 8. Schematic representation of the Raman scattering according to the 

classical theory. ωexc is the frequency of the incident photon, while ωphon is the vibrational 

frequency of the atom. Photons with lower (ωexc - ωphon) and higher (ωexc + ωphon) 

frequencies are produced by Stokes and anti-Stokes scattering, respectively. ............... 22 

Figure 9. Schematic representation of the Raman scattering according to the 

quantum theory. All vibrational energy levels have the same frequency (ωphon), but 

different vibrational quantum number (v). h is the Planck constant, ωexc is the frequency 

of the incident photon, and ωexc,2 is the frequency of an incident photon with enough 

energy for promoting an electron to excited electronic states. ....................................... 24 

Figure 10. Example of a current density–voltage curve. Short-circuit current 

density (JSC), open-circuit voltage (VOC), and current density and voltage at the maximum 

power point (Jmpp and Vmpp, respectively) are indicated. ................................................ 29 

Figure 11. Radiative transitions observable in photoluminescence measurements: 

free exciton transition (FX), bound exciton transitions (BX), donor–acceptor pair 

transition (DA), free-to-bound transitions (FB), and band–band transition (BB). Blue-

filled circles represent electrons, while red-dashed circles represent holes. EC and EV are 

the energy values of the conduction band minimum and the valence band maximum, 

respectively; ED and EA are the energy values of donor and acceptor states, respectively. 

h is the Planck constant and ωt is the frequency of the photon resulting from the previous 

transition. ........................................................................................................................ 30 

Figure 12. Schematic representation of the reflection and transmission of light by 

a sample. Solid lines represent specular reflection and transmission, while dashed lines 

represent diffuse reflection and transmission. θi, θr, and θt are the angles of the incident, 

specular reflected, and specular transmitted beams, respectively, with respect to an axis 

perpendicular to the sample surface. .............................................................................. 31 

Figure 13. (a) Schematic diagram of the setup of the Raman spectroscopy system 

at IREC. (b) Schematic diagram of an optical probe manufactured at IREC for Raman 

spectroscopy measurements. .......................................................................................... 39 



Table of Figures R. Fonoll 

xiii 

 

Figure 14. Example of a Raman spectrum from a CuIn1-xGaxSe2 sample (a) before 

and (b) after the data processing. .................................................................................... 40 

Figure 15. Diagram indicating the topics covered by each article. ...................... 46 

 



Table of Figures R. Fonoll 

xiv 

 

  



Preface: Publications and summary of the thesis R. Fonoll 

xv 

 

Preface: Publications and summary of the thesis 

The work presented in this thesis has been carried out at the Catalonia Institute for 

Energy Research (IREC) in the Solar Energy Materials and Systems (SEMS) research 

group, located in Sant Adrià de Besòs (Spain), during the period 2018-2022 in the 

framework of the MasterPV (PCI 2018-092945) and In4CIS (PCI 2019-111837-2) 

projects. The main goal of this thesis is the identification of the main physicochemical 

mechanisms that occur at the interfaces (back and front) of the chalcogenide absorber 

layers characteristic of the thin film solar cell architecture. These interfaces have a 

relevant impact on the device performance, which justifies the strong interest in the 

development of methodologies suitable for their deep analysis. The comprehensive 

approach in the interfaces analysis, that is also complemented with the analysis of the 

bulk properties of the layers, has also resulted in the development of new methodologies 

for the non-destructive characterization of the thin film solar cells based on optical 

techniques and compatible with in-line industrial process monitoring. 

This thesis is based on the following six articles that are published in high impact 

factor peer-reviewed journals from the first quartile (Q1), which satisfies the main 

requirement for the conferment of the title of Doctor of Philosophy in Physics at the 

University of Barcelona. The articles are presented in chronological order of appearance: 

 R. Fonoll-Rubio, J. Andrade-Arvizu, J. Blanco-Portals, I. Becerril-

Romero, M. Guc, E. Saucedo, F. Peiró, L. Calvo-Barrio, M. Ritzer, C. S. 

Schnohr, M. Placidi, S. Estradé, V. Izquierdo-Roca, A. Pérez-Rodríguez. 

“Insights into interface and bulk defects in a high efficiency kesterite-based 

device”. Energy Environ. Sci., vol. 14, no. 1, p. 507, January 2021, DOI: 

10.1039/D0EE02004D. IMPACT FACTOR (IF): 39.714 (Q1). 

 K. J. Tiwari, R. Fonoll Rubio, S. Giraldo, L. Calvo-Barrio, V. Izquierdo-

Roca, M. Placidi, Y. Sanchez, A. Pérez-Rodríguez, E. Saucedo, Z. Jehl Li-

Kao. “Defect depth-profiling in kesterite absorber by means of chemical 

etching and surface analysis”. Appl. Surf. Sci., vol. 540, no. 2, p. 148342, 

February 2021, DOI: 10.1016/j.apsusc.2020.148342. IMPACT FACTOR 

(IF): 7.392 (Q1). 
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 S. Giraldo, R. Fonoll-Rubio, Z. Jehl Li-Kao, Y. Sánchez, L. Calvo-Barrio, 

V. Izquierdo-Roca, A. Pérez-Rodríguez, E. Saucedo. “Rear interface 

engineering of kesterite Cu2ZnSnSe4 solar cells by adding CuGaSe2 thin 

layers”. Prog Photovolt Res Appl., vol. 29, no. 3, p. 334, March 2021, 

DOI: 10.1002/pip.3366. IMPACT FACTOR (IF): 8.490 (Q1). 

 J. Andrade-Arvizu, R. Fonoll Rubio, V. Izquierdo-Roca, I. Becerril-

Romero, D. Sylla, P. Vidal-Fuentes, Z. Jehl Li-Kao, A. Thomere, S. 

Giraldo, K. Tiwari, S. Resalati, M. Guc, M. Placidi. “Controlling the 

Anionic Ratio and Gradient in Kesterite Technology”. ACS Appl. Mater. 

Interfaces, vol. 14, no. 1, p. 1177, January 2022, DOI: 

10.1021/acsami.1c21507. IMPACT FACTOR (IF): 10.383 (Q1). 

 R. Fonoll-Rubio, S. Paetel, E. Grau-Luque, I. Becerril-Romero, R. Mayer, 

A. Pérez-Rodríguez, M. Guc, V. Izquierdo-Roca. “Insights into the Effects 

of RbF-Post-Deposition Treatments on the Absorber Surface of High 

Efficiency Cu(In,Ga)Se2 Solar Cells and Development of Analytical and 

Machine Learning Process Monitoring Methodologies Based on 

Combinatorial Analysis”. Adv. Energy Mater., vol. 12, no. 8, p. 2103163, 

February 2022, DOI: 10.1002/aenm.202103163. IMPACT FACTOR (IF): 

29.698 (Q1). 

 R. Fonoll-Rubio, M. Placidi, T. Hoelscher, A. Thomere, Z. Jehl Li-Kao, 

M. Guc, V. Izquierdo-Roca, R. Scheer, A. Pérez-Rodríguez. 

“Characterization of the Stability of Indium Tin Oxide and Functional 

Layers for Semitransparent Back-Contact Applications on Cu(In,Ga)Se2 

Solar Cells”. Sol. RRL, vol. 6, no. 7, p. 2101071, July 2022, DOI: 

10.1002/solr.202101071. IMPACT FACTOR (IF): 9.173 (Q1). 

This thesis is divided into four chapters: introduction, methodology, results, and 

conclusions. 

The first chapter provides an introduction into photovoltaics. It starts with a 

presentation of the main primary energy sources and an explanation of the problems 

associated with fossil fuels, which illustrates the need for the further development of 

renewable energy sources such as photovoltaics. Then, the fundamental processes that 

undergo in a solar cell and their main parameters are described, including the photovoltaic 

effect, the electronic band structure of semiconductor materials, the p–n junction effect, 
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the typical structure of a p–n solar cell, and the basic parameters that characterize a 

functional photovoltaic device. The different generations of solar cells are briefly 

presented with a main focus on high efficiency chalcopyrite and emerging sustainable 

kesterite-based technologies, since these are the technologies that have been studied in 

the present thesis. After this, the main principles of the different characterization 

techniques suitable for analyzing the interfaces of solar cells are explained. A special 

emphasis is made on Raman spectroscopy, since it is the main characterization technique 

employed in this thesis due to several advantages explained in the corresponding section. 

Finally, the first chapter concludes with the presentation of the main objectives of the 

present thesis. 

The second chapter describes the details about the samples preparation, with a short 

description of the processes used for the fabrication of the solar cells, and the techniques 

and characterization methodologies employed during the development of this thesis are 

also reviewed. First, a brief description of the manufacturing processes of the solar cells 

is given. Then, a detailed description of the equipment and the experimental conditions 

selected for the different characterization techniques used in the experiments involved in 

this thesis is presented. 

The third chapter describes and reviews the main results obtained in the thesis.. A 

general introduction is provided to give the general context of the performed experiments. 

This is followed by a summary of the obtained results and a general discussion. Then, the 

six scientific articles of the thesis are presented. The first article, Insights into interface 

and bulk defects in a high efficiency kesterite-based device, presents a detailed analysis 

of a high efficiency Cu2ZnSnSe4 device using a combination of advanced electron 

microscopy and spectroscopy techniques, so a full picture of the different defects present 

at the interfaces of the device and in the bulk of the absorber is achieved. The second 

article, Defect depth-profiling in kesterite absorber by means of chemical etching and 

surface analysis, describes a method to probe the depth morphology, defect profile, and 

possible secondary phases in Cu2ZnSnSe4 absorbers based on a controlled Methanol-Br2 

chemical etching and the employment of different characterization techniques such as 

scanning electron microscopy, 3D optical profilometry, X-ray photoelectron 

spectroscopy, and Raman spectroscopy. The third article, Rear interface engineering of 

kesterite Cu2ZnSnSe4 solar cells by adding CuGaSe2 thin layers, focuses on an innovative 

approach using ultrathin CuGa layers at the rear interface to promote the formation of 
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wide-bandgap CuGaSe2, and on the detailed analysis of the changes induced by this layer 

at the back interface of the kesterite absorber. The fourth article, Controlling the Anionic 

Ratio and Gradient in Kesterite Technology, presents a simple and reliable technique that 

allows to achieve anionic compositional profiles and gradients for Cu2ZnSn(S1-xSex)4 and 

Cu2ZnGe(S1-xSex)4 kesterite absorbers, and proposes a fast and robust methodology for 

the assessment of chemical compositional at the front and back interfaces. The fifth 

article, Insights into the Effects of RbF-Post-Deposition Treatments on the Absorber 

Surface of High Efficiency Cu(In,Ga)Se2 Solar Cells and Development of Analytical and 

Machine Learning Process Monitoring Methodologies Based on Combinatorial Analysis, 

performs a high statistics analysis on high efficiency CuIn1-xGaxSe2 solar cells submitted 

to different RbF post-deposition treatments conditions, revealing the impact of the PDT 

processes in the absorber surface region, which in turn has a relevant impact on 

optoelectronic parameters such as the open-circuit voltage. Additionally, an industry-

compatible methodology for the assessment of the RbF processes and the non-destructive 

prediction of the open-circuit voltage of the final devices is proposed. The sixth article, 

Characterization of the Stability of Indium Tin Oxide and Functional Layers for 

Semitransparent Back-Contact Applications on Cu(In,Ga)Se2 Solar Cells, presents a 

detailed study of the stability of different indium tin oxide-based back contacts under the 

co-evaporation processes developed for the synthesis of high-efficiency semi-transparent 

CuIn1-xGaxSe2 solar cells, showing that the application of functional layers such as MoSe2 

and MoS2 on the surface of indium tin oxide is required to avoid a degradation of the 

optical transparency and of the device performance at high co-evaporation process 

temperatures. 

The fourth and final chapter of this thesis presents the conclusions and outlook of 

the work. 

Finally, the following articles, which are co-authored by Robert Fonoll i Rubio, 

contributed to the preparation of this thesis, but are not included as the main results of the 

author: 

 J. Andrade-Arvizu, V. Izquierdo-Roca, I. Becerril-Romero, P. Vidal-

Fuentes, R. Fonoll-Rubio, Y. Sánchez, M. Placidi, L. Calvo-Barrio, O. 

Vigil-Galán, E. Saucedo. “Is It Possible To Develop Complex S–Se Graded 

Band Gap Profiles in Kesterite-Based Solar Cells?”. ACS Appl. Mater. 
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Interfaces, vol. 11, no. 36, p. 32945, September 2019, DOI: 

10.1021/acsami.9b09813. IMPACT FACTOR (IF): 8.758 (Q1). 

 N. Benhaddou, S. Aazou, R. Fonoll-Rubio, Y. Sánchez, S. Giraldo, M. 

Guc, L. Calvo-Barrio, V. Izquierdo-Roca, M. Abd-Lefdil, Z. Sekkat, E. 

Saucedo. “Uncovering details behind the formation mechanisms of 

Cu2ZnGeSe4 photovoltaic absorbers”. J. Mater. Chem. C, vol. 8, no. 12, p. 

4003, March 2020, DOI: 10.1039/C9TC06728K. IMPACT FACTOR (IF): 

7.393 (Q1). 

 E. Ojeda-Durán, K. Monfil-Leyva, J. Andrade-Arvizu, I. Becerril-Romero, 

Y. Sánchez, R. Fonoll-Rubio, M. Guc, Z. Jehl, J.A. Luna-López, A.L. 

Muñoz-Zurita, J.A.D. Hernández-de la Luz, V. Izquierdo-Roca, M. Placidi, 

E. Saucedo. “CZTS solar cells and the possibility of increasing VOC using 

evaporated Al2O3 at the CZTS/CdS interface”. Sol. Energy, vol. 198, p. 

696, March 2020, DOI: 10.1016/j.solener.2020.02.009. IMPACT FACTOR 

(IF): 5.742 (Q2). 

 A.J. Lopez-Garcia, A. Bauer, R. Fonoll Rubio, D. Payno, Z. Jehl Li-Kao, 

S. Kazim, D. Hariskos, V. Izquierdo-Roca, E. Saucedo, A. Pérez-

Rodríguez. “UV-Selective Optically Transparent Zn(O,S)-Based Solar 

Cells”. Sol. RRL, vol. 4, no. 11, p. 2000470, November 2020, DOI: 

10.1002/solr.202000470. IMPACT FACTOR (IF): 8.582 (Q1). 

 M.O. Salem, R. Fonoll, S. Giraldo, Y. Sanchez, M. Placidi, V. Izquierdo-

Roca, C. Malerba, M. Valentini, D. Sylla, A. Thomere, D.O. Ahmedou, E. 

Saucedo, A. Pérez-Rodríguez, Z. Jehl Li-Kao. “Over 10% Efficient Wide 

Bandgap CIGSe Solar Cells on Transparent Substrate with Na 

Predeposition Treatment”. Sol. RRL, vol. 4, no. 11, p. 2000284, November 

2020, DOI: 10.1002/solr.202000284. IMPACT FACTOR (IF): 8.582 (Q1). 

 J. Andrade-Arvizu, R. Fonoll-Rubio, Y. Sánchez, I. Becerril-Romero, C. 

Malerba, M. Valentini, L. Calvo-Barrio, V. Izquierdo-Roca, M. Placidi, O. 

Vigil-Galán, A. Pérez-Rodríguez, E. Saucedo, Z. Jehl Li-Kao. “Rear Band 

gap Grading Strategies on Sn–Ge-Alloyed Kesterite Solar Cells”. ACS 

Appl. Energy Mater., vol. 3, no. 11, p. 10362, November 2020, DOI: 

10.1021/acsaem.0c01146. IMPACT FACTOR (IF): 6.024 (Q2). 
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 E. Ojeda-Durán, K. Monfil-Leyva, J. Andrade-Arvizu, I. Becerril-Romero, 

Y. Sánchez, R. Fonoll-Rubio, M. Guc, Z. Jehl Li-Kao, J.A. Luna-López, 

E. Saucedo. “High efficiency Cu2ZnSnS4 solar cells over FTO substrates 

and their CZTS/CdS interface passivation via thermal evaporation of 

Al2O3”. J. Mater. Chem. C, vol. 9, no. 16, p. 5356, April 2021, DOI: 

10.1039/D1TC00880C. IMPACT FACTOR (IF): 8.067 (Q1). 

 E. Grau-Luque, I. Anefnaf, N. Benhaddou, R. Fonoll-Rubio, I. Becerril-

Romero, S. Aazou, E. Saucedo, Z. Sekkat, A. Perez-Rodriguez, V. 

Izquierdo-Roca, M. Guc. “Combinatorial and machine learning approaches 

for the analysis of Cu2ZnGeSe4: influence of the off-stoichiometry on defect 

formation and solar cell performance”. J. Mater. Chem. A, vol. 9, no. 16, 

p. 10466, April 2021, DOI: 10.1039/D1TA01299A. IMPACT FACTOR 

(IF): 14.511 (Q1). 

 I. Anefnaf, S. Aazou, Y. Sánchez, P. Vidal-Fuentes, R. Fonoll-Rubio, K.J. 

Tiwari, S. Giraldo, Z. Jehl Li-Kao, J. Andrade-Arvizu, M. Guc, E. Saucedo, 

Z. Sekkat. “Insights on the limiting factors of Cu2ZnGeSe4 based solar 

cells”. Sol. Energy Mater. Sol. Cells, vol. 227, p. 111106, August 2021, 

DOI: 10.1016/j.solmat.2021.111106. IMPACT FACTOR (IF): 7.305 (Q1). 

 M. Guc, E. Bailo, R. Fonoll-Rubio, F. Atlan, M. Placidi, P. Jackson, D. 

Hariskos, X. Alcobe, P. Pistor, I. Becerril-Romero, A. Perez-Rodriguez, F. 

Ramos, V. Izquierdo-Roca. “Evaluation of defect formation in chalcopyrite 

compounds under Cu-poor conditions by advanced structural and 

vibrational analyses”. Acta Mater., vol. 223, p. 117507 January 2022, DOI: 

10.1016/j.actamat.2021.117507. IMPACT FACTOR (IF): 9.209 (Q1). 

 R. Fonoll-Rubio, I. Becerril-Romero, P. Vidal-Fuentes, E. Grau-Luque, F. 

Atlan, A. Perez-Rodriguez, V. Izquierdo-Roca, M. Guc. “Combinatorial 

Analysis Methodologies for Accelerated Research: The Case of 

Chalcogenide Thin-Film Photovoltaic Technologies”, Sol. RRL, p. 

2200235, 2022. DOI: 10.1002/solr.202200235. IMPACT FACTOR (IF): 

9.173 (Q1). 

A a final remark, the results obtained during this thesis have contributed to the 

development and successful achievement of the goals of several national and European 

projects such as In4CIS, MasterPV, INFINITE-CELL, IGNITE, CELL2WIN, and 
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WINCOST. Moreover, new national and European projects were successfully submitted 

allowing to continue both Advanced characterization and Process monitoring lines of the 

SEMS group. The articles included in this thesis accumulate 32 citations (according to 

SCOPUS database on October 2022) in high impact factor journals, which indicates the 

interest and value of the performed research for the scientific community. In addition, the 

work carried out during this thesis was presented in several international conferences such 

as E-MRS, EU PVSEC and IEEE PVSC, and widened or deepened collaboration of 

SEMS group of IREC with different research groups from the worldwide leading 

institutes, as Zentrum für Sonnenenergie- und Wasserstoff-Forschung Baden-

Württemberg (ZSW), Martin Luther University (MLU), University of Barcelona (UB), 

and Friedrich Schiller University (FSU). Finally, this thesis contributed to the 

development of a process monitoring system based on Raman and PL spectroscopy for 

evaluating the VOC of CIGSe-based solar cells treated by RbF-PDT at the early production 

stages, which was installed at pilot production line of ZSW. 



Preface: Publications and summary of the thesis R. Fonoll 

xxii 

 

  



Prefaci: Publicacions i resum de la tesi R. Fonoll 

xxiii 

 

Prefaci: Publicacions i resum de la tesi 

El treball presentat en aquesta tesi s’ha realitzat a l’Institut de Recerca en Energia 

de Catalunya (IREC) a l’equip d’investigació de Materials i Sistemes per a l’Energia Solar 

(SEMS), situat a Sant Adrià de Besòs (Espanya), durant el període 2018-2022 en el marc 

dels projectes MasterPV (PCI 2018-092945) i In4CIS (PCI 2019-111837-2). El principal 

objectiu d’aquesta tesi és identificar els principals mecanismes fisicoquímics que ocorren 

a les interfícies (anterior i posterior) de les capes absorbidores calcogenures 

característiques de l’arquitectura de cèl·lules solars de capa prima. Aquestes interfícies 

tenen un impacte rellevant en el rendiment del dispositiu, fet que justifica el gran interès 

en el desenvolupament de metodologies adients per a aquesta profunda anàlisi. 

L’enfocament integral en l’anàlisi d’interfícies, que també es complementa amb l’anàlisi 

del cos de l’absorbidor, també produeixen el desenvolupament de noves metodologies 

per a la caracterització no-destructiva de cèl·lules solars de capa fina basades en tècniques 

òptiques i compatibles amb processos de monitoratge industrial en línia. 

Aquesta tesi està basada en els sis articles següents que han estat publicats en 

revistes d’alt factor d’impacte del primer quartil (Q1), fet que satisfà el principal requisit 

per a la concessió del títol de Doctor de Filosofia en Física a la Universitat de Barcelona. 

Els articles es presenten en ordre cronològic d’aparició: 

 R. Fonoll-Rubio, J. Andrade-Arvizu, J. Blanco-Portals, I. Becerril-

Romero, M. Guc, E. Saucedo, F. Peiró, L. Calvo-Barrio, M. Ritzer, C. S. 

Schnohr, M. Placidi, S. Estradé, V. Izquierdo-Roca, A. Pérez-Rodríguez. 

“Insights into interface and bulk defects in a high efficiency kesterite-based 

device”. Energy Environ. Sci., vol. 14, no. 1, p. 507, January 2021, DOI: 

10.1039/D0EE02004D. IMPACT FACTOR (IF): 39.714 (Q1). 

 K. J. Tiwari, R. Fonoll Rubio, S. Giraldo, L. Calvo-Barrio, V. Izquierdo-

Roca, M. Placidi, Y. Sanchez, A. Pérez-Rodríguez, E. Saucedo, Z. Jehl Li-

Kao. “Defect depth-profiling in kesterite absorber by means of chemical 

etching and surface analysis”. Appl. Surf. Sci., vol. 540, no. 2, p. 148342, 

February 2021, DOI: 10.1016/j.apsusc.2020.148342. IMPACT FACTOR 

(IF): 7.392 (Q1). 
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 S. Giraldo, R. Fonoll-Rubio, Z. Jehl Li-Kao, Y. Sánchez, L. Calvo-Barrio, 

V. Izquierdo-Roca, A. Pérez-Rodríguez, E. Saucedo. “Rear interface 

engineering of kesterite Cu2ZnSnSe4 solar cells by adding CuGaSe2 thin 

layers”. Prog Photovolt Res Appl., vol. 29, no. 3, p. 334, March 2021, 

DOI: 10.1002/pip.3366. IMPACT FACTOR (IF): 8.490 (Q1). 

 J. Andrade-Arvizu, R. Fonoll Rubio, V. Izquierdo-Roca, I. Becerril-

Romero, D. Sylla, P. Vidal-Fuentes, Z. Jehl Li-Kao, A. Thomere, S. 

Giraldo, K. Tiwari, S. Resalati, M. Guc, M. Placidi. “Controlling the 

Anionic Ratio and Gradient in Kesterite Technology”. ACS Appl. Mater. 

Interfaces, vol. 14, no. 1, p. 1177, January 2022, DOI: 

10.1021/acsami.1c21507. IMPACT FACTOR (IF): 10.383 (Q1). 

 R. Fonoll-Rubio, S. Paetel, E. Grau-Luque, I. Becerril-Romero, R. Mayer, 

A. Pérez-Rodríguez, M. Guc, V. Izquierdo-Roca. “Insights into the Effects 

of RbF-Post-Deposition Treatments on the Absorber Surface of High 

Efficiency Cu(In,Ga)Se2 Solar Cells and Development of Analytical and 

Machine Learning Process Monitoring Methodologies Based on 

Combinatorial Analysis”. Adv. Energy Mater., vol. 12, no. 8, p. 2103163, 

February 2022, DOI: 10.1002/aenm.202103163. IMPACT FACTOR (IF): 

29.698 (Q1). 

 R. Fonoll-Rubio, M. Placidi, T. Hoelscher, A. Thomere, Z. Jehl Li-Kao, 

M. Guc, V. Izquierdo-Roca, R. Scheer, A. Pérez-Rodríguez. 

“Characterization of the Stability of Indium Tin Oxide and Functional 

Layers for Semitransparent Back-Contact Applications on Cu(In,Ga)Se2 

Solar Cells”. Sol. RRL, vol. 6, no. 7, p. 2101071, July 2022, DOI: 

10.1002/solr.202101071. IMPACT FACTOR (IF): 9.173 (Q1). 

Aquesta tesi es divideix en quatre capítols: introducció, metodologia, resultats i 

conclusions. 

El primer capítol proporciona una introducció a la fotovoltaica. Comença amb la 

presentació de les principals fonts d'energia primàries i una explicació dels problemes 

associats amb els combustibles fòssils, fet que demostra la necessitat de desenvolupar les 

fonts d'energia renovable com la fotovoltaica. Després, es descriuen els processos 

fonamentals que succeeixen en una cèl·lula solar i els seus paràmetres principals, 

incloent-hi l'efecte fotovoltaic, l'estructura de bandes electròniques de materials 



Prefaci: Publicacions i resum de la tesi R. Fonoll 

xxv 

 

semiconductors, l'efecte de la junció p–n, l'estructura típica d'una cèl·lula solar p–n, i els 

paràmetres bàsics que caracteritzen un dispositiu fotovoltaic funcional. Les diferents 

generacions de cèl·lules solars es presenten breument amb un enfocament en les cèl·lules 

solars basades en calcopirites d’alta eficiència i en kesterites sostenibles, ja que aquestes 

tecnologies són les estudiades en aquesta tesi. A continuació, s'explica el principi bàsic 

de diferents tècniques de caracterització adients per a l'anàlisi d'interfícies de cèl·lules 

solars. Es posa un èmfasi especial en l'espectroscòpia Raman, ja que aquesta és la tècnica 

de caracterització principal emprada en aquesta tesi a causa de diversos avantatges 

detallats en la secció corresponent. Finalment, el primer capítol conclou amb la 

presentació dels principals objectius de la present tesi. 

El segon capítol descriu els detalls sobre la preparació de mostres, amb una breu 

descripció dels processos de fabricació de les cèl·lules solars, i les tècniques i les 

metodologies de caracterització emprades durant el desenvolupament d'aquesta tesi 

també són explicades. Primer, es proporciona una breu descripció del procés de fabricació 

de les cèl·lules solars. Després, s'ofereix una descripció detallada dels equips i condicions 

experimentals seleccionades per a les diferents tècniques de caracterització utilitzades en 

els experiments implicats en aquesta tesi. 

El tercer capítol descriu i examina els resultats principals obtinguts durant la 

preparació de la tesi. S'ofereix una introducció general per a contextualitzar els 

experiments duts a terme, seguits per un resum dels resultats aconseguits i una discussió 

general. A continuació, es presenten els sis articles científics de la tesi. El primer article, 

Insights into interface and bulk defects in a high efficiency kesterite-based device, 

presenta una anàlisi detallada d'un dispositiu Cu2ZnSnSe4 d'alta eficiència utilitzant una 

combinació de tècniques avançades d'espectroscòpia i de microscòpia electrònica, així 

que s'aconsegueix una imatge completa dels diferents defectes presents a les interfícies 

del dispositiu i al cos de l'absorbidor. El segon article, Defect depth-profiling in kesterite 

absorber by means of chemical etching and surface analysis, descriu un mètode per a 

analitzar la morfologia en profunditat, el perfil de defectes i les possibles fases 

secundàries en absorbidors Cu2ZnSnSe4 basat en un gravat químic controlat de metanol-

Br2 i en l'ús de diferents tècniques de caracterització com microscòpia electrònica 

d'escaneig, perfilometria òptica 3D, espectroscòpia fotoelectrònica de raigs X i 

espectroscòpia Raman. El tercer article, Rear interface engineering of kesterite 

Cu2ZnSnSe4 solar cells by adding CuGaSe2 thin layers, se centra en un enfocament 
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innovador utilitzant capes ultrafines de CuGa a la interfície posterior per a fomentar la 

formació de CuGaSe2 de banda prohibida ampla, la qual actua com a un reflector 

d'electrons eficient i com una capa intermèdia efectiva que millora la cristal·linitat de la 

kesterita a la interfície posterior. El quart article, Controlling the Anionic Ratio and 

Gradient in Kesterite Technology, presenta una tècnica simple i segura que permet 

aconseguir perfils composicionals aniònics i gradients per als absorbidors de 

kesteritaCu2ZnSn(S1-xSex)4 and Cu2ZnGe(S1-xSex)4. El cinquè article, Insights into the 

Effects of RbF-Post-Deposition Treatments on the Absorber Surface of High Efficiency 

Cu(In,Ga)Se2 Solar Cells and Development of Analytical and Machine Learning Process 

Monitoring Methodologies Based on Combinatorial Analysis, du a terme una anàlisi d'alta 

estadística sobre cèl·lules solars CuIn1-xGaxSe2 d'alta eficiència sotmeses a diferents 

condicions de tractaments de postdeposició de RbF, el qual revela l’impacte dels 

processos PDT en la regió superficial de l’absorbidor, que al seu torn té un gran impacte 

en els paràmetres optoelectrònics com el voltatge de circuit obert. Addicionalment, es 

desenvolupa una metodologia compatibles amb la indústria per a l'avaluació del procés 

de RbF i la predicció no-destructiva del voltatge de circuit obert dels dispositius finals. 

El sisè article, Characterization of the Stability of Indium Tin Oxide and Functional 

Layers for Semitransparent Back-Contact Applications on Cu(In,Ga)Se2 Solar Cells, 

presenta un estudi detallat de l'estabilitat de diferents contactes posteriors basats en òxid 

d'estany i indi sota els processos de coevaporació desenvolupats per a la síntesi de 

cèl·lules solars semitransparents CuIn1-xGaxSe2 d'alta eficiència, el qual mostra que es 

requereix l'aplicació de capes funcionals com MoSe2 i MoS2 a la superfície de l'òxid 

d'estany i indi per a evitar la degradació de la transparència òptica i del rendiment del 

dispositiu a temperatures altes del procés de coevaporació. 

El quart i últim capítol d'aquesta tesi presenta les conclusions i els pronòstics del 

treball. 

Finalment, els articles següents, dels quals Robert Fonoll i Rubio és coautor, han 

contribuït a la preparació d'aquesta tesi, però no s'hi inclouen com a resultats principals 

de l'autor: 

 J. Andrade-Arvizu, V. Izquierdo-Roca, I. Becerril-Romero, P. Vidal-

Fuentes, R. Fonoll-Rubio, Y. Sánchez, M. Placidi, L. Calvo-Barrio, O. 

Vigil-Galán, E. Saucedo. “Is It Possible To Develop Complex S–Se Graded 
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Band Gap Profiles in Kesterite-Based Solar Cells?”. ACS Appl. Mater. 

Interfaces, vol. 11, no. 36, p. 32945, September 2019, DOI: 

10.1021/acsami.9b09813. IMPACT FACTOR (IF): 8.758 (Q1). 

 N. Benhaddou, S. Aazou, R. Fonoll-Rubio, Y. Sánchez, S. Giraldo, M. 

Guc, L. Calvo-Barrio, V. Izquierdo-Roca, M. Abd-Lefdil, Z. Sekkat, E. 

Saucedo. “Uncovering details behind the formation mechanisms of 

Cu2ZnGeSe4 photovoltaic absorbers”. J. Mater. Chem. C, vol. 8, no. 12, p. 

4003, March 2020, DOI: 10.1039/C9TC06728K. IMPACT FACTOR (IF): 

7.393 (Q1). 

 E. Ojeda-Durán, K. Monfil-Leyva, J. Andrade-Arvizu, I. Becerril-Romero, 

Y. Sánchez, R. Fonoll-Rubio, M. Guc, Z. Jehl, J.A. Luna-López, A.L. 

Muñoz-Zurita, J.A.D. Hernández-de la Luz, V. Izquierdo-Roca, M. Placidi, 

E. Saucedo. “CZTS solar cells and the possibility of increasing VOC using 

evaporated Al2O3 at the CZTS/CdS interface”. Sol. Energy, vol. 198, p. 

696, March 2020, DOI: 10.1016/j.solener.2020.02.009. IMPACT FACTOR 

(IF): 5.742 (Q2). 

 A.J. Lopez-Garcia, A. Bauer, R. Fonoll Rubio, D. Payno, Z. Jehl Li-Kao, 

S. Kazim, D. Hariskos, V. Izquierdo-Roca, E. Saucedo, A. Pérez-

Rodríguez. “UV-Selective Optically Transparent Zn(O,S)-Based Solar 

Cells”. Sol. RRL, vol. 4, no. 11, p. 2000470, November 2020, DOI: 

10.1002/solr.202000470. IMPACT FACTOR (IF): 8.582 (Q1). 

 M.O. Salem, R. Fonoll, S. Giraldo, Y. Sanchez, M. Placidi, V. Izquierdo-

Roca, C. Malerba, M. Valentini, D. Sylla, A. Thomere, D.O. Ahmedou, E. 

Saucedo, A. Pérez-Rodríguez, Z. Jehl Li-Kao. “Over 10% Efficient Wide 

Bandgap CIGSe Solar Cells on Transparent Substrate with Na 

Predeposition Treatment”. Sol. RRL, vol. 4, no. 11, p. 2000284, November 

2020, DOI: 10.1002/solr.202000284. IMPACT FACTOR (IF): 8.582 (Q1). 

 J. Andrade-Arvizu, R. Fonoll-Rubio, Y. Sánchez, I. Becerril-Romero, C. 

Malerba, M. Valentini, L. Calvo-Barrio, V. Izquierdo-Roca, M. Placidi, O. 

Vigil-Galán, A. Pérez-Rodríguez, E. Saucedo, Z. Jehl Li-Kao. “Rear Band 

gap Grading Strategies on Sn–Ge-Alloyed Kesterite Solar Cells”. ACS 

Appl. Energy Mater., vol. 3, no. 11, p. 10362, November 2020, DOI: 

10.1021/acsaem.0c01146. IMPACT FACTOR (IF): 6.024 (Q2). 
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E. Saucedo. “High efficiency Cu2ZnSnS4 solar cells over FTO substrates 

and their CZTS/CdS interface passivation via thermal evaporation of 

Al2O3”. J. Mater. Chem. C, vol. 9, no. 16, p. 5356, April 2021, DOI: 

10.1039/D1TC00880C. IMPACT FACTOR (IF): 8.067 (Q1). 

 E. Grau-Luque, I. Anefnaf, N. Benhaddou, R. Fonoll-Rubio, I. Becerril-

Romero, S. Aazou, E. Saucedo, Z. Sekkat, A. Perez-Rodriguez, V. 

Izquierdo-Roca, M. Guc. “Combinatorial and machine learning approaches 

for the analysis of Cu2ZnGeSe4: influence of the off-stoichiometry on defect 

formation and solar cell performance”. J. Mater. Chem. A, vol. 9, no. 16, 

p. 10466, April 2021, DOI: 10.1039/D1TA01299A. IMPACT FACTOR 

(IF): 14.511 (Q1). 
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Z. Sekkat. “Insights on the limiting factors of Cu2ZnGeSe4 based solar 
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Chapter 1: Introduction 

1.1. Primary energy sources 

World population has been growing during centuries and different projections 

predict that this growth will not stop until the end of the current century,1 which means 

that the energy demand to sustain the significantly growing population will also increase 

in the next decades. Combustion of fossil fuels such as oil, coal, and natural gas is the 

traditional process that our society employs to obtain energy and, in the year 2020, this 

represented 83.1% of the global energy consumption, as shown in Figure 1.2 However, 

fossil fuels have several critical problems that compromise their use as primary energy 

sources. First, they are limited resources and they will be exhausted at some time. At the 

current consumption rate, the depletion of the proven oil and gas reserves will occur in 

less than 50 years, while the coal reserves depletion will occur in approximately 100 

years.3 Second, the extraction of fossil fuels becomes more difficult as readily accessible 

reserves are consumed, which increases the cost of their extraction both in terms of money 

and energy. Therefore, even before the complete depletion of these reserves, there will be 

a point where the energy invested in extracting fossil fuels will be higher than the energy 

obtained from those fuels. This will lead to an unsustainable discrepancy between the 

prices that companies need to cover their extraction costs and the fuel prices that society 

can afford to pay.4 Third, inhomogeneous distribution of the fossil fuels in the Earth crust 

leads to a possibility of local governments to use them as means of influence against the 

other territories. Finally, combustion of fossil fuels emits large amounts of CO2, a 

greenhouse gas that accumulates in the atmosphere and traps heat. The energy balance of 

the Earth is maintained between the incoming shortwave radiation from the Sun and the 

outgoing longwave radiation from the Earth. CO2 accumulated in the atmosphere absorbs 

a portion of the outgoing infrared radiation emitted by the Earth and, then, it reemits the 

absorbed radiation in all directions, some of which returns to the terrestrial surface as 

heat.5 Thus, fossil fuels contribute to the global warming and climate change, which will 

produce catastrophic consequences in ecosystems, freshwater supplies, and human 

health.6 In addition to CO2, other gases such as NOx, SO2, and CO are also released when 

burning fossil fuels, and they are gaseous pollutants that cause adverse effects on human 

health.7 Taking into account the presented disadvantages, it is necessary a transition from 

fossil fuels to cleaner, decentralized, and efficient energy systems. 



Chapter 1: Introduction R. Fonoll 

2 

 

4.3%

5.7%

6.9%

24.7%

27.2%

31.2%

 Oil

 Coal

 Natural gas

 Hydroelectricity

 Renewables

 Nuclear energy

 

Figure 1. World energy consumption by fuel during 2020.2 

Nuclear fission is an energy source that does not generate greenhouse gases or air 

pollutants; however, it is also a limited resource and it produces a radioactive waste that 

has to be isolated from the environment for thousands of years to avoid endangering 

human life.8 Then, nuclear fusion promises the same benefits than fission while producing 

a higher amount of energy and a considerably lower radioactive waste, but the technical 

challenges that it entails prevent its commercial viability for the moment.9 

An alternative to fossil fuels and nuclear energy are renewable energies, which 

include solar power, wind, hydroelectricity, bioenergy, and geothermal energy. These 

sources are virtually inexhaustible, and most of them do not emit greenhouse gases. 

Despite these clear advantages, renewable energies have not replaced fossil fuels yet due 

to current limitations such as a high dependency on the geographic location and on the 

weather, and a higher economic cost with respect to fossil fuel and/or the need for high 

initial investments.10 Nevertheless, the contribution of renewables to the world energy 

consumption has increased over the years and, as shown in Figure 1, it surpassed that of 

nuclear energy in 2020 even when excluding hydroelectricity.2 This indicates that 

renewable energies are becoming the main alternative to fossil fuels and that their 

development has to continue to guarantee a sustainable society and to reverse, or at least 

to slow down, climate change. 

1.2. Photovoltaic technologies 

Among all renewable energy sources, sunlight is the most abundant one; each day, 

the sun provides 10000 times the energy needed on the planet,10,11 which makes solar 

energy the renewable source with the greatest potential to satisfy the existing and future 

energy demand.12 Thus, research on photovoltaic (PV) technologies, which convert light 

into electricity, is fundamental to substitute fossil fuels by a clean and inexhaustible 
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resource. This research has to overcome real-life limitations that counter the potential of 

PV. First, solar irradiance has an unequal global distribution, so PV depends on the 

latitude and the climate.13 Then, it is an intermittent source due to day-night cycles and 

variable weather.10 These limitations could be solved by efficient electrical grids to 

transport the energy and by efficient energy storage systems, but currently there exists a 

lack of economically viable large-scale storage and grid technologies.14 It is also worth 

to note that the extraction of raw materials for solar panels and their manufacturing 

depend on fossil fuels, so developing PV technologies contributes to the depletion of such 

sources. Finally, abundance and properties of the materials that constitute the solar panels 

has also to be taken into account. A material with optimal properties has a limited 

applicability if it is scarce, and an abundant one cannot be employed in PV if it lacks the 

optimal properties. This last limitation can be solved by studying and optimizing the 

materials and compounds that constitute the solar cells, which is the aim of the present 

thesis. 

1.2.1. Fundamentals of solar cells 

The main working principle of a solar cell is based on the PV effect, which occurs 

when a photon hits a material and generates an electron-hole pair that can be further 

separated to obtain a potential difference or a voltage. In most cases, a semiconductor 

material is used in solar cells for absorbing the photons. Generally, semiconductors are 

crystalline materials, which means that their atoms are arranged following a periodic 

order. Due to its positively charged nucleus, each atom of a crystal generates a potential 

well that attracts the electrons and that depends on the distance between the electron and 

the atomic nucleus; this contrasts with the case of a free electron, which is one that does 

not interact with the environment, so it moves in a region where the potential is constant. 

While a free electron can take any energy value in a continuous manner, an electron that 

is attracted by a single atom can only occupy discrete energy levels determined by the 

geometry of the potential wells. When multiple atoms approach to a form of crystal, 

however, their atomic orbitals overlap and different electrons try to occupy the same level. 

So, due to the Pauli exclusion principle that states that only two electrons of opposite spin 

can occupy the same level, there is a splitting of each discrete energy level into different 

levels that are very close, but with different energies, as shown in Figure 2a. The higher 

the number of atoms present in the crystal, the higher the number of levels into which 

each discrete energy level splits. In practice, the energy difference between the levels 
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resulting from the splitting process is so small that it can be considered that they form a 

quasi-continuum of permitted levels, which are called energy bands. Inside each of these 

bands, the behavior of electrons resembles that of a free electron, but between the 

different bands there are forbidden regions with no electronic states for them to occupy. 

The bands with the highest energy values, which are the ones farther from the atomic 

nucleus, contain no electrons at T = 0 K. The bands with the lowest energy values, which 

are the ones closest to the atomic nucleus, contain core electrons that are tightly bounded 

to the nucleus and do not participate in the bonding with other atoms. Then, the last band 

that contains electrons is called valence band (VB) and its electrons form the bonds 

between different atoms, as shown in Figure 2b. The permitted energy band directly above 

the VB is called conduction band (CB), and the energy difference between the top of the 

VB and the bottom of the CB is the band gap (Eg). If an amount of energy equal or higher 

to Eg is transferred to an electron, it jumps from the VB to the CB, where the electron is 

no longer attracted by the atom and it can move freely throughout the crystal, which 

produces an electric current. Thus, PV effect is based on the optical absorption of photons 

with energy higher than Eg that excite valence electrons to the CB, a process that breaks 

the bond between the different atoms and leaves a free electron in the CB and a hole in 

the VB, as shown in Figure 2. This hole corresponds to an empty electronic state (i.e. is 

a lack of an electron), so it is quasiparticle that is associated to a positive charge that 

moves in the crystal to fill the empty space left by an electron.15–17 
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Figure 2. (a) Permitted energy levels of a single atom and a crystal. In the case of the 

crystal, absorption of photons with energies higher than the band gap is represented 

using the energy band model for semiconductors. Blue-filled circles represent electrons, 

while red-dashed circles represent holes. EC, EV, and Eg are the energy values of the 

conduction band minimum, the valence band maximum, and the band gap of the material, 

respectively. h is the Planck constant and ν is the frequency of the incident photon. (b) 

Schematic representation of the photovoltaic effect in a two-dimensional crystal lattice. 

Valence electrons correspond to the electrons in the EV energy level in (a), while the free 

electron corresponds to the electron in the conduction band. 

The electron-hole pairs (EHP) generated by photons act as charge carriers that 

conduct the electric current; but if they are not separated and extracted, the electron and 

the hole recombine after some time and loss the energy acquired from the incident photon, 

which is released as a new photon (radiative recombination) or as phonons that increase 

the temperature of the crystal (non-radiative recombination). Thus, a p–n junction is used 

in solar cells to create a built-in electric field that separates the EHP before recombination. 

The p–n junction is the interface between an n-type and a p-type semiconductor that are 

in contact. In an intrinsic semiconductor, the concentration of electrons in the CB (n) is 

equal to the concentration of holes in the VB (p), and these carriers are mainly generated 
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by thermal energy; in this case, the Fermi level, which is the level that has a 50% 

probability of being filled with electrons if an available energy state is present, is close to 

the middle of the band gap. In extrinsic semiconductors, carriers are mainly generated by 

impurities or dopants, which are atoms of another element that replace crystal atoms. 

Thus, a n-type semiconductor contains donor impurities that introduce extra electrons in 

the crystal lattice, which results in a higher n than p (electrons are the majority carriers 

and holes are the minority carriers) and a Fermi level is located in the band gap closer to 

the CB; a p-type semiconductor contains acceptor impurities that generate extra holes in 

the crystal lattice, which results in a higher p than n (holes are the majority carriers and 

electrons are the minority ones) and the Fermi level is located in the band gap closer to 

the VB. 

When n-type and p-type semiconductors are first put together to form the p–n 

junction, the carrier concentration gradient generates a diffusion force that moves holes 

of the p-type semiconductor into the n-type one, while electrons of the n-type 

semiconductor diffuse into the p-type one. Diffused holes leave ionized impurity atoms 

with a negative charge in the p-type region and diffused electrons leave ionized impurity 

atoms with a positive charge in the n-type one, which generates an electric field from the 

n-type side to the p-type one; this built-in electric field produces a drift force that moves 

holes back to the p-type semiconductor and electrons back to the n-type one. Eventually, 

the diffusion and drift forces reach an equilibrium where the Fermi levels of the p-type 

and n-type semiconductors are equal. This process, shown in Figure 3, results in a region 

free of mobile carriers around the p–n interface, which is called depletion region or space 

charge region (SCR); this region is charged by the ionized donor and acceptor ions, while 

the region beyond the SCR is electrically neutral. Thus, in a solar cell, photons generate 

EHP and, if they are generated within a distance smaller than the diffusion length from 

the edge of the SCR, they are able to reach the SCR, where they are separated by the drift 

force produced by the built-in electric field, which results in an electric 

photocurrent.15,16,18 
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Figure 3. (a) Schematic representation of a p–n junction. Blue-filled circles represent 

free electrons, while red-dashed circles represent holes. Black circles with – symbol 

represent negative ions from filled holes, while black circles with + symbol represent 

positive ions from removed electrons. Neutral regions, space charge regions (SCR), and 

direction of the built-in electric field (Ebi) are indicated. (b) Energy band diagram of a 

p–n junction. EC and EV are the energy values of the conduction band minimum and the 

valence band maximum, respectively, while EF is the Fermi energy level. Q is the electric 

charge and Vbi is the built-in potential. 

Once EHP are generated and separated, they have to be collected and extracted 

from the solar cell to generate power. This is achieved by means of the different layers 

that constitute the structure of a solar cell. Figure 4 shows the typical structured of a p–n 

heterojunction thin film solar cell using a substrate configuration. First, the absorber is 

the photoactive layer that absorbs most of the light and generates most of the carriers. 

Then, the buffer layer is a highly-doped semiconductor of opposite type than that of the 

absorber to form the p–n junction, and it should have a high band gap so it does not absorb 

the sunlight that has to reach the absorber. On top of the absorber a window layer is 

deposited. This layer acts as front contact to extract the charge, and it is usually a 

transparent conductive oxide (TCO) that can collect carriers without shading the absorber 

layer. For the back contact, usually metal contacts are used due to their high conductivity, 

but they must have an appropriate work function to avoid the formation of a resistive 

barrier. Finally, the substrate provides mechanical and thermal stability. In addition to 

these layers, a metal grid can be deposited on top of the front contact to compensate the 

high sheet resistance of the TCO and to improve the current collection for large-area cells, 
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and the front contact can also be coated by anti-reflective coatings to reduce reflection 

losses.18,19 

 

Figure 4. Schematic representation of a typical p–n heterojunction thin film solar cell 

structure with substrate configuration. Blue-filled circles represent free electrons, while 

red-dashed circles represent holes. 

Since the absorber layer is central to the energy conversion process, it has to be 

carefully selected according to its properties. For a proper light absorption and carrier 

generation, it should have a direct band gap, a high absorption coefficient (> 104 cm-1), a 

high carrier mobility, and low recombination rates. Focusing on the band gap, an absorber 

with a small Eg allows to maximize the number of absorbed photons, but the generated 

EHPs will relax quickly to empty states to EC and EV, and the excess energy will be lost 

as heat. An absorber with a high Eg allows to maximize the available energy per absorbed 

photon, but it will not absorb photons with smaller energies. In addition, it has to be taken 

into account the photon flux and the spectral irradiance of the Sun; which is composed by 

about 5% of UV light, 43% of visible light, and 52% of IR light. Thus, there exists an 

optimal Eg that leads to a maximum photovoltaic conversion efficiency, which is given 

by the Shockley–Queisser limit. This optimal Eg range is between 1.1 and 1.4 eV with 

maximum theoretical conversion efficiencies around 33%.18,19 

In order to understand the concept of the photovoltaic conversion efficiency, some 

parameters that characterize a functional solar device must be introduced. First, the 

current density–voltage (J–V) characteristics indicate the net current flowing through the 

device and, in real conditions, it is defined by:20 
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𝐽(𝑉) =  𝐽0 · [𝑒𝑥𝑝 (
𝑞𝑒 · 𝑉 − 𝑞𝑒 · 𝐽 · 𝑅𝑆

𝐴 · 𝑘𝐵 · 𝑇
) − 1] + 

𝑉 − 𝐽 · 𝑅𝑆

𝑅𝑠ℎ
− 𝐽𝑝ℎ (1) 

where V is the voltage across the output terminals, J0 is the reverse saturation current of 

the PN junction, qe is the elementary charge, kB is Boltzmann’s constant, T is the 

temperature, and Jph is the photocurrent. Rs is the series resistance that models all resistive 

losses due to the electrical resistance of the different layers and the contacts, and Rsh is 

the shunt resistance that models losses determined by alternative current paths or shunts 

in the device. Finally, A is the diode quality factor. 

The maximum current density that can provide the solar cell is the short-circuit 

current density (JSC), corresponding to the current achieved with short circuited terminals 

(V = 0). In the case of an ideal diode (no losses due to resistances or non-radiative 

recombination), it is equal to the photocurrent. The critical material parameter that 

determine JSC is the diffusion length of the minority carriers, which is the average distance 

that minority carriers can travel before they recombine. The photocurrent, and thus the 

JSC of an ideal solar cell, is given by:21 

𝐽𝑝ℎ = 𝑞𝑒 · 𝐺 · (𝐿𝑁 + 𝑊𝑆𝐶𝑅 + 𝐿𝑃) (2) 

where G is the carriers generation rate, LN and LP are the minority carriers diffusion 

lengths, and WSCR is the width of the SCR. 

The open-circuit voltage (VOC) is the maximum voltage that can provide the solar 

cell, and corresponds to the voltage obtained when the device terminals are in open circuit 

(J = 0). In the case of an ideal device without resistive losses, the open circuit voltage is 

given by:16 

𝑉𝑂𝐶 =
𝐴 · 𝑘𝐵 · 𝑇

𝑞𝑒
· 𝑙𝑛 (

𝐽𝑝ℎ

𝐽0
+ 1) (3) 

The fill factor (FF) is the ratio between the maximum power that can be generated 

by the solar cell (Pmax) and the maximum theoretical power (Ptheo) defined by the product 

of the maximum current (JSC) and the maximum voltage (VOC):16 

𝐹𝐹 =
𝑃𝑚𝑎𝑥

𝑃𝑡ℎ𝑒𝑜
=

𝐽𝑚𝑝𝑝 · 𝑉𝑚𝑝𝑝

𝐽𝑆𝐶 · 𝑉𝑂𝐶

(4) 

where Jmpp and Vmpp are the current density and the voltage corresponding to the optimal 

operation point with maximum power Pmax. 
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Finally, the photovoltaic conversion efficiency (PCE) or energy conversion 

efficiency (η) is defined as the ratio between the maximum power generated by the solar 

cell and the incident illumination power (Pin). It indicates the performance of the solar 

cell, so it is the main parameter used for comparing different PV devices and for 

evaluating their quality as power generators. It can be expressed as:16 

𝜂 =
𝑃𝑚𝑎𝑥

𝑃𝑖𝑛
=

𝐽𝑆𝐶 · 𝑉𝑂𝐶 · 𝐹𝐹

𝑃𝑖𝑛

(5) 

In standard measuring conditions, Pin corresponds to the power extracted from the 

integration of the solar spectrum AM1.5G (1000 W/m2). 

1.2.2. Existing photovoltaic technologies 

Among the different PV technologies, the one based on crystalline silicon wafers 

dominates the market, and it is known as the first generation of solar cells.22,23 In this 

technology, p–n homojunctions are usually formed by diffusing phosphorus (donor 

impurity) into the surface of a silicon wafer doped with boron (acceptor impurity), or vice 

versa. Silicon can be monocrystalline, which has a higher crystalline quality but it is more 

expensive, or multicrystalline, which is cheaper but it has a higher density of defects that 

reduce the performance.23 The advantages of the crystalline silicon technology are its high 

energy conversion efficiencies (current record is 26.7%)24, ease of fabrication, 

environmentally friendly traits, longevity, and resistance to rough ambient conditions.22 

However, silicon has an indirect band gap, which means that its VB top and its CB bottom 

have a different momentum value, and this leads to a low absorption coefficient; in 

consequence, thick absorber layers about 150-300 μm are required, which increases the 

fabrication costs due to the high amount of material employed and, in addition, increases 

the weight of the PV modules, something that makes it unsuitable for certain applications 

requiring low weight, mechanical flexibility and ability for adaptation to specific 

customized designs as required in advanced PV integration applications.22,23 

These limitations of crystalline silicon technology promoted the development of 

thin film PV technology, also known as second generation PV technology, which is based 

on materials with direct band gap such as CdTe, amorphous silicon (a-Si), CuIn1-xGaxSe2 

(CIGSe), and Cu2ZnSn(S1-xSex)4 (CZTSSe).11,22,23 Thanks to their high absorption 

coefficient, the thickness of the absorber layer can be reduced to less than 5 μm, which 

reduces the material consumption and, thus, the manufacturing costs. In addition, thin 
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film PV allows to employ a wide range of absorber materials, substrates, and deposition 

techniques, which opens the way for innovative applications requiring a higher degree of 

technological flexibility such as building-integrated PV (BIPV), vehicles-integrated PV 

(VIPV), space flight, wearables, or Internet of things, among others.11,23,25 In the case of 

chalcogenide technologies, CIGSe and CdTe are already at industrial production stages 

and have achieved high efficiency record values at cell level (23.35% for CIGS, 22.1% 

for CdTe) which are comparable to the values achieved with Si technologies.11,22–24 The 

current disadvantages of these technologies are related to the existence of a relatively high 

gap between the efficiencies achieved at cell and module level,26 and the use of scarce 

and/or toxic elements as In, Ga, Cd, Te. Emerging kesterite technologies as those based 

on CZTSSe compounds have been proposed as a more sustainable alternative to CIGSe 

and CdTe as they avoid the use of critical raw materials, but they are in a less matures 

level of development, with a record efficiency value of 13.6%.24 The potential of these 

technologies for the development of high efficiency devices with lower fabrication costs 

and a high technological flexibility justifies the strong interest in their research. 

The will for increasing the efficiency of solar cells and reducing the cost per Watt 

resulted in a third generation of PV technology based on novel concepts, materials and 

device architectures, such as tandem and multi-junction solar cells, quantum dots, 

concentrator systems, hot carrier cells, and perovskite-based cells, among others. Tandem 

and multijunction technologies have the potential to achieve energy conversion 

efficiencies that exceed the single junction Shockley–Queisser limit, even up to 66%, but 

current technologies are based on the use of very expensive molecular bean epitaxy 

(MBE) processes and the combination of thin film low cost processes with tandem/multi-

junction device concepts is still in an immature stage of development.27,28 

1.2.3. Details on thin film solar cells 

This thesis is focused on thin film chalcogenide PV technologies due to their 

potential advantages with respect to the traditional crystalline silicon technologies and 

because the further improvement of these technologies and the full exploitation of their 

efficiency and low cost potential can only be achieved with an intensive and systematic 

research on the current main limitations of the device performance. 

The typical structure of a chalcogenide thin film solar cells is represented in Figure 

5. Usually, soda-lime glass (SLG) of 3–4 mm thickness is employed as substrate, as it is 
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thermally stable, chemically inert, has a similar thermal expansion coefficient as the 

absorber, a smooth surface, and insulating properties suitable for monolithic 

interconnection. It can also supply alkali doping elements to the absorber, something 

required for achieving high efficiencies.25 SLG is a rigid substrate, but flexible substrates 

can also be employed such as metal foils or polymer films.22,25 Then, molybdenum layer 

is the mostly used back contact, which is normally partially selenized during the absorber 

synthesis and originates an intermediate Mo(Se/S/S,Se)2 layer. Thus, metallic Mo acts as 

a reflector of most unabsorbed light, while chalcogenided part serves as a quasi-ohmic 

contact with the absorber.22,25 Alternatively, TCOs such as fluorine-doped tin oxide 

(FTO), or indium tin oxide (ITO) can be employed as transparent back contacts for 

specific applications such as BIPV, bifacial solar cells, or tandem solar cells.29 Regarding 

the absorber, the main materials employed for thin film PV devices are chalcopyrites 

(such as CIGSe), CdTe, kesterites (such as CZTSSe), and Sb2Se3; and there are various 

physical or chemical methods to grow them.11,22 Afterwards, the buffer layer is typically 

deposited by chemical bath deposition (CBD) or atomic layer deposition (ALD). The 

mostly used buffer layer is CdS (with the typical thickness of ∼50 nm), since it offers a 

suitable conduction band alignment to the most of absorbers used in thin film solar cells, 

but its relatively narrow band gap (∼2.4 eV) produces JSC losses due to parasitic 

absorption of the light, and it employs toxic Cd and thiourea (CH4N2S) for some 

deposition processes.22,25 Consequently, Cd-free alternatives such as Zn(S,O,OH)x, 

Zn1-xMgxO, In2S3, Zn1-xSnxO, ZnO, ZnS, ZnO1-xSx, and Zn1-xCdxS have been studied.25,29 

In fact, the current efficiency record for thin film chalcogenide solar cells was achieved 

by means of a double buffer layer of Zn(O,S,OH)x (∼50 nm) deposited by CBD and 

Zn0.75Mg0.25O (∼50 nm) deposited by atomic layer deposition (ALD).30 Finally, the front 

contact usually consists of an intrinsic ZnO layer covered by a transparent conductive 

oxide layer (Al-doped ZnO (AZO), ITO, etc.), which are commonly deposited by 

sputtering.22,25,29 The role of the intrinsic ZnO layer consists in avoiding possible shunt 

paths in the solar cell that would produce power losses. If the absorber surface is not 

smooth, there might be regions where the CdS does not cover the absorber properly. In 

this case, the TCO layer directly deposited on the CdS would result in regions with a 

direct contact between the absorber and the front contact, which would result in a large 

band gap discontinuity and VOC losses. Thanks to the high resistance of intrinsic ZnO, its 

deposition prevents the circulation of the electric current from the absorber directly to the 

TCO layer, and this mitigates the VOC losses. In addition, intrinsic ZnO also protects the 
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CdS layer during the TCO sputtering deposition.31,32 Regarding the TCO layers, it acts as 

front contact for conducting the current to the external circuit. One of the most used TCOs 

is AZO, but it has relatively low mobility (<30 cm2V-1s-1), so it has to be heavily doped 

to achieve the necessary conductivity, which originates optical losses in the visible and 

near-infrared (NIR) by free carrier absorption.25 Alternative front contacts are boron-

doped ZnO (which is the one employed in the solar cell with the current efficiency record 

for thin film chalcogenides), hydrogenated indium oxide, indium zinc oxide, FTO, and 

ITO.22,25,29,30 Additionally, a metallic electrode such as Al and an anti-reflective coating 

(ARC) such as MgF2 can be applied on top of the solar cells, which improves the charge 

extraction efficiency and reduces the light loss due to reflections, respectively.22,29 

Taking into account the structure of a thin film solar cell, carriers generated in the 

absorber must cross the interfaces between the different layers before they are extracted 

and power is generated, so the properties of such interfaces play a critical role in the 

performance of the devices. Specifically, the absorber interfaces determine the separation, 

transport, extraction, and recombination of the carriers, which are controlled by interface 

properties such as the band alignment, the position of the VB maximum and the CB 

minimum, the elemental intermixing, and the presence of secondary phases, among 

others.33,34 The front interface between the absorber and the buffer layer acts as the p–n 

junction that separates the carriers to prevent their recombination. The main limitations 

that affect the device performance located at this interface are non-optimum band 

alignment,35–39 Fermi level pinning due to antisite point defects,40 incomplete buffer layer 

coverage,41–43 high density of interface defects,44,45 as well as secondary phase 

formation.46 Then, the back interface between the absorber and the back contact is 

responsible for extracting the charge carriers to the back contact. The main limitations at 

this interface are related to a defective coupling with the back contact,47,48 chemical 

instability,49,50 as well as an unfavorable back band alignment.51–53 In thin film solar cells, 

the density of interface defect states at the interfaces is high due to the combination of 

dissimilar materials, which results in high recombination velocities at such regions.34 

While some studies indicate that the device performance in different thin film solar cells 

is dominated by the properties of the absorber bulk,54,55 other studies defend that it is 

dominated by the properties of the interfaces or the region near them.56–59 In fact, studies 

that report record efficiencies for chalcopyrite and kesterite-based solar cells suggest that 

optimizing the interfaces is the best strategy to further improving the device 
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efficiency.30,60 In addition, the properties at the interfaces differ from the absorber bulk 

properties in terms of stoichiometry, presence of secondary phases, and presence of 

unexpected elements that may diffuse from other layers, which means that a special 

attention should be paid to the solar cell interfaces together with the bulk analysis, and 

the study should be made using techniques that allow to directly probe these specific 

regions.33 Thus, after an initial understanding of the bulk properties of the absorber layers, 

this thesis is focused on the study of the absorber interfaces due to the important impact 

of their properties on the solar cells performance, which implies the need for the 

development of suitable characterization methodologies allowing the high sensitivity 

analysis of the interfaces. 

 

Figure 5. Typical structure of a chalcogenide thin film solar cell. Absorber interfaces 

and their main limitations influencing the device performance (left), and the possible 

materials for the different layers (right) are indicated. 

In this thesis the study of thin film solar cells is focused on chalcogenide absorbers; 

specifically, solar cells based on chalcopyrite and kesterite absorbers. Both chalcopyrite 

and kesterite structures derive from the zinc-blende structure. For example, chalcopyrite 

CuInSe2 (CISe) structure can be derived from the ZnSe one by alternately replacing Zn2+ 

cations by Cu+ and In3+ cations,23 while kesterite Cu2ZnSnSe4 (CZTSe) structure can be 

derived from CISe structure by alternately replacing In3+ cations by Zn2+ and Sn4+ 

cations.61 Both chalcopyrite and kesterite absorbers can be doped with native defects 

(usually using the off-stoichiometric chemical compositions) without introducing 

extrinsic impurities, something that silicon does not offer. In consequence, both materials 

present mainly p-type electrical conductivity due to typical intrinsic defects in their 

structure. Regarding the band gap, it can be tuned for both absorbers by partial or total 

replacement of some of the elements. For example, chalcopyrite compounds such as 

CISe, CuInS2 (CIS), CuGaSe2 (CGSe), and CuGaS2 (CGS) present band gaps of 1.04 eV, 

1.5 eV, 1.7 eV, and 2.4 eV, respectively;23 while the band gaps of kesterite compounds 
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such as CZTSe and Cu2ZnSnS4 (CZTS) are 1.0 eV and 1.5 eV, respectively.62,63 In 

addition to being tunable, both materials present a direct band gap, which produces a high 

absorption coefficient in the order of 104–105 cm−1 in the visible range, which allows to 

keep the absorber thicknesses between 1 and 2 μm, about 100 times smaller than in the 

case of crystalline silicon.23,64,65 This opens the way to the deposition of chalcopyrite and 

kesterite absorbers on flexible substrates, which has advantages for manufacturing (large 

area roll-to-roll deposition is possible) and allows the development of solar modules with 

a customized design suitable to advanced integration applications in different fields such 

as BIPV, VIPV, Internet of things, and others. In addition to flexible substrates, solar 

modules based on these absorbers can be laminated directly onto metallic building 

elements. Thus, flexibility in shape, power rating, and form factor are the main advantages 

of chalcopyrite and kesterite technologies with respect to traditional rigid and heavier Si-

based PV technology.23,25 Additional applications have been demonstrated for these 

materials such as top cell in tandem devices, photocatalyst, photodetector, thermoelectric 

device, and gas sensor.64 

Despite their similarities, chalcopyrite and kesterite-based solar cells present some 

notable differences. First of all, chalcopyrite is part of the I-III-VI2 semiconductor 

materials and kesterite belongs to the I2-II-IV-VI4 family.23,66 Chalcopyrite technology is 

in a more mature stage, since the first CISe-based solar cell was fabricated in 1976,22 

while the first CZTS-based solar cell was fabricated in 1997.67 This is translated in 

different device performances between both materials. CIGSe absorber has produced the 

highest energy conversion efficiency among thin film chalcogenide solar cells 

(23.35%)24, but the record efficiency of kesterite-based solar cells is 13.6%.24 In 

consequence, chalcopyrite technology has been commercialized and it represented 1.9% 

of the global PV production in 2019,22 with commercial modules in the order of 14% 

efficiency,23 while kesterite technology has not been commercialized yet.63 In spite of the 

previous advantages, chalcopyrite presents the limitation of containing indium and 

gallium, which are scarce materials, so their availability is lower and their cost 

higher.11,22,63 In contrast, kesterite absorbers are composed of earth-abundant and non-

toxic elements, which represents a benefit in terms of economical cost and environmental 

impact.63,64 

Taking into account the previous characteristics, the study of chalcopyrite-based 

solar cells is important because they have achieved the highest device performance among 
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thin film solar cell technologies, so they hold the lead as alternative materials to silicon 

in terms of performance and they can open new markets for PV, related to their higher 

technological flexibility. Regarding kesterite-based solar cells, they are a promising earth-

abundant and non-toxic alternative, so their study is important to improve their energy 

conversion efficiency to levels similar to those achieved with CIGSe and CdTe. This 

implies the need for an intense activity in the advanced characterization of the materials 

and devices, including the detailed characterization of the device interfaces that are 

critical for device performance. 

1.3. Techniques for characterizing interfaces of thin film solar cells 

For both chalcopyrite and kesterite-based solar cells, one of the employed strategies 

for improving the device performance is related to the modification of the regions near 

the absorber interfaces, which are the front interface between the absorber and the buffer 

layer and the back interface between the absorber and the back contact. As already 

indicated, these regions play an important role in the device operation since the separation 

and extraction of carriers takes place in there. In consequence, characterization techniques 

that allow the study of such interfaces are fundamental to the research and further 

development of these technologies. 

The possibility of obtaining information from the absorber interfaces depends on 

the analysis depth of the characterization technique, which is represented in Figure 6 for 

some common techniques. Atomic force microscopy (AFM) and scanning probe 

microscopy (SPM) offer the lowest analysis depths, around 0.1 Å.68 The sampling depths 

for time-of-flight secondary ion mass spectroscopy (TOF-SIMS) and ion scattering 

spectroscopy (ISS) are lower than 3 Å.68 In the case of Auger electron spectroscopy (AES) 

and X-ray photoelectron spectroscopy (XPS), the analysed depths are up to 10 nm.68,69 

These characterization techniques are considered to be able to provide information from 

just the actual interfaces. Characterization techniques with an analysis depth in the order 

of 100 nm can provide information from both the interfaces and from the regions of the 

layers close to these interfaces. This is the case of scanning electron microscopy (SEM), 

energy dispersive X-ray spectroscopy (EDX), and Raman spectroscopy.68,69 Then, there 

are techniques such as X-ray diffraction (XRD), X-ray fluorescence (XRF), and SIMS, 

that have sampling depths typically larger than 1 μm. These techniques are not considered 

to be useful for studying the absorber interfaces since the information coming from there 

is negligible compared to the one coming from the bulk of the absorber.68,69 Nevertheless, 
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it has to be taken into account that the presented values are average values; the analysis 

depth of a technique varies depending on the experimental conditions such as the 

accelerating voltage of the electron beam, the excitation wavelength, or the sample 

properties like density and absorption coefficient, among others.68,69 

 

Figure 6. Typical analysis depths for common materials characterization techniques: 

atomic force microscopy (AFM), scanning probe microscopy (SPM), time-of-flight 

secondary ion mass spectroscopy (TOF-SIMS), ion scattering spectroscopy (ISS), Auger 

electron spectroscopy (AES), X-ray photoelectron spectroscopy (XPS), scanning electron 

microscopy (SEM), energy dispersive X-ray spectroscopy (EDX), Raman spectroscopy, 

X-ray diffraction (XRD), X-ray fluorescence (XRF), and SIMS. 

The above discussions clearly show that there is a variety of techniques that allow 

assessing the absorber interfaces due to their different penetration depth. However, to 

define the depth of an interface or the depth that has a relevant contribution to the specific 

parameters of an interface is not that straightforward. In this thesis, the term “interface” 

is referred mainly to a region around 100 nm from the actual edge of the absorber, and 

most of the obtained results show that the performance of the solar cells is strongly 

influenced by the properties of this region. Taking this into account, the main 

characterization technique employed in this work is Raman spectroscopy, since, in 

addition to other advantages described in the next Sub-Section, its analysis depth is 

comparable to 100 nm for most of the used excitation wavelengths (from UV and visible 

ranges), so it provides information from the region of interest, including the actual 

interface. Data acquired by SEM, AES, and XPS are also analyzed in this work, since 
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they allow measurements in the region of interest, as shown in Figure 6. Other techniques 

able to characterize actual interfaces such as AFM, SPM, TOF-SIMS and ISS are not 

employed in this work due to lack of access to the systems required for such 

measurements. Then, capacitance spectroscopy is extensively applied in this thesis since 

it provides information regarding the electronic properties of the SCR, which is also an 

important region of the absorber.70,71 Transmittance techniques such as optical 

transmittance spectroscopy and transmission electron microscopy (TEM) are also applied 

because, with a proper sample preparation, they can also provide relevant information of 

the absorber interfaces. Finally, photoluminescence (PL) spectroscopy, J–V 

characteristics, XRF and XRD are applied because they provide global information about 

the material and the devices that can complement the interface information obtained by 

other techniques; in addition, the correlation between the data acquired by different 

techniques is fundamental to achieve a deeper understanding of the impact of the 

interfaces properties on the global properties of the solar cell. 

1.3.1. Raman spectroscopy 

Raman spectroscopy consists in exciting the sample with photons with a specific 

wavelength and, then, measuring the frequency variation of the photons inelastically 

scattered by the sample. It is the main characterization technique employed in this thesis 

due to several advantages. First, it is a fast and non-destructive technique that does not 

require any specific sample preparation, which makes it compatible with both laboratory 

and industrial scales, and allows to perform measurements of statistically relevant number 

of samples. Then, it offers a high lateral resolution (by performing mappings and/or by 

applying a macro configuration) and a relatively high depth resolution (by applying 

different excitation wavelengths). Finally, it provides information related to the structural, 

compositional, phase and even electrical properties of the sample. The frequency, 

intensity and shape of the Raman bands are associated to the atoms vibrations in the 

crystalline lattice, which indirectly depend on physical and chemical factors such as the 

chemical composition, the crystallographic structure, the presence of impurities, the 

stress, or crystalline defects.72 In the field of thin film solar cells, it the use of Raman 

spectroscopy has been extensively reported for evaluating the composition,73–80 the lateral 

homogeneity,81 the crystalline quality,82,83 and the presence of structural defects78,83–85 of 

the absorber and other layers for different materials. In addition, presence of peaks 

characteristic of different phases allows the identification of secondary phases.72,81,86 The 
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employment of different excitation wavelengths allows to selectively enhance Raman 

modes of different phases due to resonant effect,87–91 which represents an advantage with 

respect to other standard techniques such as XRD; moreover, resonant Raman 

spectroscopy allows to detect secondary phases located at the absorber surface in very 

low concentrations that would not be detected by XRD.84 With a proper analysis, 

information about the formation mechanism of the compounds can be obtained from 

Raman spectra,88,92,93 as well as the optimum synthesis conditions and post-deposition 

treatments (PDTs).81,83,94–96 In consequence, Raman spectroscopy is a powerful technique 

that can be employed for optimizing the material properties and, thus, improving the 

performance of thin film solar cells. 

In addition to the advanced characterization, Raman spectroscopy can also be 

employed for developing process monitoring methodologies. The objective of process 

monitoring is to detect deviations of a characteristic parameter from its acceptable 

behavior before they produce failures or malfunctions in the final products so the 

necessary correction can be applied in the process.97 In order to detect the deviations, 

data-based methods are developed consisting in collecting high statistics of data from the 

monitored process and applying analytical or machine learning (ML) methods to develop 

a reference empirical model that mimics the expected behavior of the process. Finally, 

this model is used for detecting deviations in new data, and this can be done quantitatively 

or qualitatively.97 The fabrication of thin film solar cells involves many production steps 

and monitoring these steps would help to increase production yield, reduce production 

cost, and lead to a tight control on product specifications. However, the techniques 

employed in the process monitoring of PV devices must fulfill some requirements. First, 

the technique must be compatible with large-area measurements, since solar modules at 

the industrial scale have areas in the order of m2 and the influence of inhomogeneities 

must be taken into account. Then, the rough and textured surface of solar cells prevents 

to apply specular measurements. In addition, the measurement systems must be simple 

and low cost, and the measurements must be fast and in real time conditions.98 Taking 

into account the previous requirements, contactless and non-destructive optical 

techniques such as Raman spectroscopy are the most suitable ones for monitoring the 

production of PV devices. 
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1.3.1.1. Classical theory 

The understanding of Raman spectroscopy according to the classical theory starts 

with the fact that light is an electromagnetic radiation. When the photons of the excitation 

light interact with atoms of a semiconductor material, these atoms redistribute their 

electrical charge due to the presence of the externally applied electric field of the light. 

This creates an internal electric field (polarization) to compensate the external field. 

Additionally, in a semiconductor crystal at temperatures above 0 K, atoms oscillate 

around their equilibrium positions with a characteristic frequency ωphon, and such periodic 

oscillations produce radiative polarization fields oscillating at a frequency different to the 

one of the external electric field. In consequence, the polarization density generated by 

the excitation light when interacting with the atoms can be expressed as: 

�⃗� =  �⃗� 𝑒𝑙𝑎𝑠𝑡𝑖𝑐 + �⃗� 𝑎𝑛𝑡𝑖−𝑆𝑡𝑜𝑘𝑒𝑠 + �⃗� 𝑆𝑡𝑜𝑘𝑒𝑠 (6) 

being �⃗� elastic the contribution due to the elastic scattering of the light, �⃗� anti−Stokes the 

contribution due to the anti-Stokes scattered light, and �⃗� Stokes the contribution due to the 

Stokes scattered light. These contributions can be expressed as:72,99 

�⃗� 𝑒𝑙𝑎𝑠𝑡𝑖𝑐 = 𝜒 · �⃗� 𝑒𝑥𝑐
0 · cos(�⃗� 𝑒𝑥𝑐 · 𝑟 − 𝜔𝑒𝑥𝑐 · 𝑡) (7) 

�⃗� 𝑎𝑛𝑡𝑖−𝑆𝑡𝑜𝑘𝑒𝑠 = (
𝜕𝜒

𝜕𝑄𝑗
) · 𝑄𝑗 · �⃗� 𝑒𝑥𝑐

0 · cos[(�⃗� 𝑒𝑥𝑐 + 𝑞 ) · 𝑟 − (𝜔𝑒𝑥𝑐 + 𝜔𝑝ℎ𝑜𝑛) · 𝑡]  (8) 

�⃗� 𝑆𝑡𝑜𝑘𝑒𝑠 = (
𝜕𝜒

𝜕𝑄𝑗
) · 𝑄𝑗 · �⃗� 𝑒𝑥𝑐

0 · cos[(�⃗� 𝑒𝑥𝑐 − 𝑞 ) · 𝑟 − (𝜔𝑒𝑥𝑐 − 𝜔𝑝ℎ𝑜𝑛) · 𝑡]  (9) 

where χ is the electrical susceptibility of the sample, which may be interpreted as the 

density of electric dipoles per unit volume. �⃗� exc
0  is the amplitude of the electric field from 

the incident electromagnetic wave (excitation light) with wavevector �⃗� exc and frequency 

ωexc. 𝑟  is the atom position and t is the time. Then, Qj are the coordinates of the plane 

wave �⃗�  over the three crystallographic directions. This �⃗�  vector is associated to the 

collective oscillation modes of the atoms, also known as phonons, and it has a wavevector 

𝑞  and a frequency ωphon. In addition, the electrical susceptibility and the atomic 

oscillations vector can be expressed as:72,99 

𝜒 =  𝜒0 + (
𝜕𝜒

𝜕𝑄𝑗
) · 𝑄𝑗  (10) 
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�⃗� =  �⃗� 0 · cos(𝑞 · 𝑟 − 𝜔𝑝ℎ𝑜𝑛 · 𝑡) (11) 

As seen in Equation 6, light scattered by the atoms contains an elastic contribution, 

also called Rayleigh scattering, and two inelastic contributions, which are the ones 

responsible for the Raman scattering. Typically, the Raman signal is 106–109 times less 

intense than the Rayleigh signal. Regarding the two inelastic contributions (Stokes and 

anti-Stokes), they are symmetrically shifted in frequency with respect to the frequency of 

the excitation light, as shown in Figure 7. Since the information that they provide is 

redundant, usually only the Stokes component is analyzed, because its intensity is higher 

than the anti-Stokes one. For both Stokes and anti-Stokes scattering, the magnitude of the 

shift (ω) with respect to the Rayleigh or excitation wavelength value is known as Raman 

shift, and it is equal to the vibration frequency of the atoms in the crystal. The Raman 

shift is usually expressed as a wave number in cm-1:72 

𝜔 = 
1

𝜆𝑠𝑐𝑎𝑡𝑡 
−

1

𝜆𝑒𝑥𝑐 
 (12) 

where λexc is the wavelength of the excitation light and λscatt is the wavelength of the 

scattered light, both of them expressed in cm. 
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Figure 7. Example of Raman spectra indicating the different contributions: the Rayleigh 

one corresponds to elastic scattering with the same frequency as the excitation light 

(ωexc); the anti-Stokes and Stokes ones correspond to inelastic scattering with increase 

and decrease of frequency, respectively, equal to the vibration frequency of the atoms in 

the crystal (ωphon). This frequency shift is known as Raman shift (ω). 



Chapter 1: Introduction R. Fonoll 

22 

 

In Equations 7, 8, and 9, it is assumed that all the atoms in the crystal oscillate at 

the same frequency, but, in real crystals, there exist multiple collective oscillation modes 

or phonons. Consequently, the band structure of Raman spectra is usually complex, 

although some restrictions reduce such complexity. First, the energy balance in the 

scattering process must be preserved due to the energy conservation law. Then, the 

conservation of the crystalline quasi-momentum imposes that the difference between the 

wavevectors of the excitation and scattered photons must be equal to the wavevector of 

the phonon involved in the process. Furthermore, the energy of visible photons is about 

three orders of magnitude greater than the typical phonon energy, so inelastic scattering 

usually occurs without significant changes in the photon energy and in its wavevector 

module. Thus, phonons involved in inelastic scattering processes must have a wavevector 

module close to zero (|𝑞 | = 0). According to these conservation laws, the Stokes process 

is interpreted as the creation of a phonon by the incident photon, and this results in a 

scattered photon with lower energy, while the anti-Stokes process corresponds to the 

annihilation of a phonon by the incident photon, resulting in a scattered photon with 

higher energy, as shown in Figure 8.72 

 

Figure 8. Schematic representation of the Raman scattering according to the classical 

theory. ωexc is the frequency of the incident photon, while ωphon is the vibrational 

frequency of the atom. Photons with lower (ωexc - ωphon) and higher (ωexc + ωphon) 

frequencies are produced by Stokes and anti-Stokes scattering, respectively. 

In addition, the previous conservation laws allow predicting the number of optically 

active bands for any crystalline structure. Raman active phonons correspond to long-wave 

oscillation modes (or Brillouin zone-center phonons), which involves the displacement 
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of all the equivalent atomic positions in the crystal. Therefore, the number of optical 

vibrational modes in three-dimensional crystalline structures is 3N – 3, where N is the 

number of atoms in the crystal base or unit cell. Further restrictions can be applied 

depending on the symmetry characteristics of the crystalline structure. For example, 

optically active modes that are symmetrically equivalent produce Raman modes with the 

same frequency, which are called degenerate modes. Then, if atoms are displaced, the 

terms in the derivative of the electrical susceptibility are null (
𝜕𝜒

𝜕𝑄𝑗
= 0) or they cancel 

each other, and the corresponding vibrational modes present no Raman activity. 

Furthermore, asymmetric displacements of ions in the lattice, known as polar oscillation 

modes, originate a net electric field over the crystal and, in turn, a splitting of the phonons 

with propagation vector parallel (longitudinal) and perpendicular (transverse) to the 

electric field. This splitting is known as LO–TO splitting, and it produces two bands for 

each polar mode occurring at different frequencies.72 

Taking into account the dependency of the Raman spectrum with the frequency and 

the selection rules due to the conservation laws, the intensity of Raman bands originated 

by Stokes scattering depends on molecular and experimental parameters as follows:99 

𝐼𝑆𝑡𝑜𝑘𝑒𝑠 ∝ (
𝜕𝜒

𝜕𝑄𝑗
)
2

· (𝜔𝑒𝑥𝑐 − 𝜔𝑝ℎ𝑜𝑛)
4
· (𝐸𝑒𝑥𝑐

0 )2 (13) 

Equation 13 shows that the intensity of Raman bands provides molecular 

information such as (
𝜕𝜒

𝜕𝑄𝑗) and ωphon, while it can be controlled by experimental 

parameters such as ωexc and 𝐸exc
0 . In consequence, increasing the frequency (shorter 

wavelengths) and the power of the excitation light results in more intense bands in the 

Raman spectrum. 

1.3.1.2. Quantum theory 

So far, Raman spectroscopy has been discussed according to the classical theory, 

but this approach does not offer a connection between the Raman scattering tensor and 

the transition dipole moments, the molecular Hamiltonian, and the frequency of the 

incident field. Thus, a quantum theory approach has to be considered. In this approach, 

the vibrational energy of a molecule is quantized as:100 

𝐸𝑝ℎ𝑜𝑛 = ℎ · 𝜔𝑝ℎ𝑜𝑛 · (𝑣 +
1

2
) (14) 
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where h is the Planck constant and v is the vibrational quantum number having values of 

0, 1, 2, 3, etc. 

The quantum approach applies perturbations to the ground state molecular 

wavefunctions. The transition from ground state is achieved via a perturbing 

wavefunction, which is the sum of the applied perturbations. This perturbing 

wavefunction has a corresponding energy, so the vibrational transitions occur via this 

virtual energy level, as shown in Figure 9, which is characterized by an unmeasurably 

small life time (<10-15 s). According to this, the Rayleigh scattering corresponds to 

transitions that start and finish at the same vibrational energy level, so the scattered photon 

has the same frequency than the incident one. Stokes scattering corresponds to transitions 

that start at the ground state vibrational energy level and finish at a higher level, while 

anti-Stokes scattering involves transitions from a higher to a lower vibrational energy 

level. In consequence, the scattered photon has a lower frequency than the incident one 

for Stokes scattering, while for anti-Stokes scattering the frequency of the scattered 

photon is higher. At room temperature, most molecular vibrations are at the ground state 

(v = 0), so anti-Stokes transitions are less likely to occur than the Stokes ones, which 

explains the higher signal intensity of the latter.100 

 

Figure 9. Schematic representation of the Raman scattering according to the quantum 

theory. All vibrational energy levels have the same frequency (ωphon), but different 

vibrational quantum number (v). h is the Planck constant, ωexc is the frequency of the 

incident photon, and ωexc,2 is the frequency of an incident photon with enough energy for 

promoting an electron to excited electronic states. 
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This quantum approach allows to explain the resonant Raman scattering, where the 

excitation wavelength falls within an electronic absorption of the sample. Thus, instead 

of a virtual level, the vibrational transition is achieved via real electronic states, as shown 

in the right part of Figure 9. While non-resonant Raman involves only vibrational 

transitions (different vibrational energy levels of the same electronic state), resonant 

Raman involves also electronic transitions. In consequence, non-resonant Raman is 

limited to the study of ground-state structures of molecules, but resonant Raman allows 

the study of electronically excited states, thus providing information about the electron-

phonon interaction, the electron-radiation interaction, and the electron band structure. 

Additionally, resonance increases the intensity of the scattered light by up to eight orders 

of magnitude with respect to the non-resonant signal. This improves considerably the 

signal-to-noise ratio and allows the detection of phases present in very low concentrations 

that would not be detected by other techniques such as XRD.99 

The explanation of Raman spectroscopy by the quantum theory approach provided 

here is elementary and a deeper understanding of it is outside the scope of this thesis. 

However, detailed discussions can be found in Refs. 101 and 102, among other books. 

1.3.1.3. Mulliken notation 

As previously said, Raman active bands, which involve modes at the Brillouin zone 

center (Γ point), can be predicted by applying the different selection rules. The irreducible 

representation of the optical Γ-point modes is usually expressed by applying the Mulliken 

notation.103,104 This notation has been introduced for easier presentation of different 

vibrations in the crystalline system and consists of letters (A, B, E or F (T in the old 

notations)), subscript (numbers or letters) and superscript (prime or double prime) signs. 

According to this notation, A and B represent non-degenerate, one-dimensional modes, 

so only one set of atom displacements exists for a given frequency ω; E represents doubly 

degenerate, two-dimensional modes, so two sets of atom displacements exist for a given 

frequency ω; and F represent triply degenerate, three-dimensional modes, so three sets of 

atom displacements exist for a given frequency ω. Regarding the non-degenerate modes, 

A represents symmetric modes with respect to the principal rotation axis, while B 

represents antisymmetric modes with respect to such axis. Then, g and u subscripts 

indicate symmetric and antisymmetric modes with respect to a center of symmetry 

(inversion), respectively. In addition, symmetric modes with respect to an axis that is 

perpendicular to the principal rotation axis are indicated by a subscripted number 1; when 
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there is no such axis, the subscript indicates that reflection in a plane of symmetry is 

symmetric. If the modes are antisymmetric with respect to an axis that is perpendicular 

to the principal rotation axis, they are indicated by a subscripted number 2; when there is 

no such axis, the subscript indicates that reflection in a plane of symmetry is 

antisymmetric. Finally, prime (′) and double prime (″) symbols indicate symmetric and 

antisymmetric modes, respectively, with respect to reflection in a horizontal plane of 

symmetry.105 

For example, the unit cell in chalcopyrite structures such as CISe, CIS, or CGSe is 

occupied by two formula units (N = 8), leading to a total of 21 optical vibrational modes 

according to 3N – 3. These modes are classified according to the symmetry of the atomic 

displacements, and expressed in group theory notation as:72 

𝛤𝑜𝑝𝑡 = 𝐴1 ⊕ 2𝐴2 ⊕ 3𝐵1 ⊕ 3𝐵2 ⊕ 6𝐸 (15) 

Therefore, in this case, the 21 optical vibrational modes are grouped into nine non-

degenerate modes and six double degenerate modes. In addition, there are three 

symmetric modes and six anti-symmetric modes with respect to the principal rotation 

axis. There are also four symmetric modes and five anti-symmetric modes with respect 

to an axis that is perpendicular to the principal rotation axis or there is a plane where the 

reflections are symmetric and anti-symmetric, respectively. 

In the case of kesterite structures such as CZTSe or CZTS, the unit cell also contains 

8 atoms and the irreducible representation for the corresponding 21 zone-center phonon 

modes is:106 

𝛤𝑜𝑝𝑡 =  3𝐴 ⊕ 6𝐵 ⊕ 6𝐸 (16) 

So, kesterite presents nine non-degenerate modes and six double degenerate modes. Three 

modes are symmetric and six are anti-symmetric. In order to make a more facile use of 

the Mulliken notation and present more detailed explanations of the vibrations that occur 

in the crystalline materials, as well as indication of LO-TO splitting of the modes, the 

detailed tables have been proposed and published by Porto et al. in Ref. 107. 

1.3.1.4. Experimental setup 

Generally, the setup of a Raman spectroscopy system consists of a light source, 

focusing and collection optics, a monochromator, and a detector.72 
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The light source in Raman spectroscopy usually emits coherent light. Since Raman 

is a scattering effect, the light is not absorbed by the sample and, in consequence, the 

source does not need to provide any broadband tunable light for matching the absorption 

features. In addition, due to the weaker signal of Raman effect with respect to the 

Rayleigh signal, sources with a high photon flux are needed to maximize the signal 

intensity. In consequence, continuous gas lasers and highly temperature stabilized solid-

state lasers are the usual light sources.72 

In order to focus the light on the sample and to collect the resulting scattered light, 

optical systems based either on conventional optical discrete elements or fiber optics are 

used, commonly in conjunction with beam-splitting optics.72 Depending on the geometry 

of this optical system, different Raman spectroscopic configurations exist. In 

backscattering configuration, scattered light is collected at an angle of 180º with respect 

to the incident excitation light, and it offers a high reproducibility and efficiency.108 In 

right angle (or transverse) configuration, the angle between the collected and the 

excitation light is 90º, and it offers a lower impact of parasitic signals from the system 

components and the atmosphere.108 Angles between 180º and 90º can be used, for 

example in wide-angle illumination, to cover a wider surface area and to obtain a better 

representation of the sample.109 In spatially offset Raman spectroscopy, the excitation and 

collected lights are parallel and there is a lateral distance between them, so surface 

interference is avoided.109 Finally, in transmission Raman spectroscopy, the sample is 

illuminated on one side and the light is collected on the opposite side, and it offers a better 

representation of the bulk composition.109 Additionally, the used optical components 

define the size of the measured spot, which can be in the range of 1 – 2 μm (micro-Raman) 

up to hundreds of microns (macro-Raman). In case of thin film solar cells that are formed 

by polycrystalline layers, this has a critical importance as collected information can be 

from a single grain (in case of micro-Raman) or an averaged information from the surface 

of tens or hundreds of grains (in case of macro-Raman). 

The collected light is passed into a monochromator that disperses the light into its 

constituent wavelengths. The dispersive elements can be a diffraction grating, a prism or 

a simple bandpass filter. A single or a series of dispersion elements can be applied in a 

monochromator.110 Then, the spectrum of the dispersed light can be detected by a 

photomultiplier or all at once using an array detector, which can be a charge-coupled 

device (CCD) or an indium gallium arsenide (InGaAs) detector. CCD detectors are based 



Chapter 1: Introduction R. Fonoll 

28 

 

on silicon and include several thousand active pixels for the light detection arranged in a 

rectangular shape, and they have a high responsivity from the near-ultraviolet to the NIR 

region of the spectrum (200 – 1100 nm).111 Photons with longer wavelengths have less 

energy than the silicon band gap, so CCDs cannot detect them. However, since III-V 

materials have a lower band gap, InGaAs detectors are suitable for detecting photons in 

the 900 – 1700 nm range.111 Due to its very weak signal, very sensitive detectors are 

required for Raman spectroscopy. A cooling of the active elements of the detectors is 

usually employed in order to increase the signal-to-noise ratio. 

1.3.2. Additional techniques 

In this thesis, the characterization by Raman spectroscopy of the device interfaces 

is complemented by additional techniques that provide information that allow improving 

our level of understanding of the materials and/or devices properties. Each one of these 

additional techniques is very powerful and, despite playing a supporting role in this thesis, 

they are equally important and useful for the scientific community as Raman 

spectroscopy. In fact, a proper characterization must not be limited to just one technique, 

but it has to employ several techniques that provide different information that 

complement and reinforce the data obtained by the other techniques. This statement 

makes a core of most of the articles collecting the results of this thesis. 

1.3.2.1. Current density–voltage characteristics 

J–V characteristics consists in applying a voltage sweep to the sample under 

illumination and measuring the voltage and the current. Thus, a J–V curve is obtained and 

its analysis provides the optoelectronic parameters that define the performance of the 

solar cell such as the VOC, the JSC and the FF, as shown in Figure 10, and from them the 

photovoltaic conversion efficiency η is derived. Illuminated J–V curves are usually 

measured at room temperature using simulated AM1.5 illumination (1000 W/m2) with 

a four-point probe geometry, where the current measurement is connected in series with 

a load resistance, while the voltage measurement are performed by using two separate 

probes.21 By fitting a one- or two-diode model, or by comparing dark and illuminated J–

V curves, it is possible to determine the series resistance and the diode quality factor of 

the device. In addition, performing temperature-dependent J–V measurements allows to 

distinct between the different recombination mechanisms occurring in the device.21 
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Figure 10. Example of a current density–voltage curve. Short-circuit current density 

(JSC), open-circuit voltage (VOC), and current density and voltage at the maximum power 

point (Jmpp and Vmpp, respectively) are indicated. 

1.3.2.2. Photoluminescence spectroscopy 

PL spectroscopy consists in disturbing the thermal equilibrium state of the sample 

by means of excitation light that is absorbed by the material and then by measuring the 

light emitted by the sample. PL radiation is caused by the transition of electrons from 

higher occupied electronic states into lower unoccupied states, which produces the 

emission of photons. In consequence, the energy of the excitation photons has to be 

sufficiently large to produce electronic transitions, something that was not required for 

non-resonant Raman spectroscopy.112 

PL emissions can be of different types or related to different type of transitions 

shown in Figure 11. These are free exciton transitions, bound exciton transitions, donor–

acceptor pair transitions, free-to-bound transitions, and band–band transitions. If the band 

structure is distorted by potential fluctuations due to local variations in the fixed space 

charge, transitions with significantly smaller energy than that of donor–acceptor pair and 

free-to-bound transitions can occur.112 Evaluating the previous transitions require 

temperature-dependent PL measurements, since the characteristics of the associated 

emission bands depend on the temperature. However, at room temperature, the PL yield 

allows to estimate the VOC of the solar cell, so PL spectroscopy can be employed for 

evaluating the electronic quality of the material without need of electrical contacts or 
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electrical measurement. In addition, spatial inhomogeneities of the sample can be 

investigated by means of PL performed with microscopic spatial resolution.112 

 

Figure 11. Radiative transitions observable in photoluminescence measurements: free 

exciton transition (FX), bound exciton transitions (BX), donor–acceptor pair transition 

(DA), free-to-bound transitions (FB), and band–band transition (BB). Blue-filled circles 

represent electrons, while red-dashed circles represent holes. EC and EV are the energy 

values of the conduction band minimum and the valence band maximum, respectively; ED 

and EA are the energy values of donor and acceptor states, respectively. h is the Planck 

constant and ωt is the frequency of the photon resulting from the previous transition. 

1.3.2.3. Transmittance and reflectance spectroscopy 

Transmittance and reflectance spectroscopies consist in measuring the ratio of light 

transmitted and reflected by the sample, respectively, with respect to the incident light. 

As shown in Figure 12, transmission and reflection can be specular, when the light is 

transmitted or reflected in just one direction, or diffuse, when the light is transmitted or 

reflected in different directions. In the specular case, the angle of the transmitted beam 

(θt) is determined by the Snell’s law of refraction, while the angle of the reflected light is 

θr = -θi, being θi the angle of the incident beam (all the angles are determined with respect 

to an axis perpendicular to the sample surface).113 In the diffuse case, ideally, there exists 

a spherical angular distribution of the reflected and transmitted light; in consequence, 

integrating sphere methods are required for capturing uniformly all the light.113 Finally, 

there can exist retroreflection, which is produced when a portion of the incident light is 

returned to its source (θr = θi).
113 
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Figure 12. Schematic representation of the reflection and transmission of light by a 

sample. Solid lines represent specular reflection and transmission, while dashed lines 

represent diffuse reflection and transmission. θi, θr, and θt are the angles of the incident, 

specular reflected, and specular transmitted beams, respectively, with respect to an axis 

perpendicular to the sample surface. 

Knowing the degree of optical transparency of a solar cell, or of its constituent 

layers, is useful for different applications such as semi-transparent devices and systems 

for BIPV. In these cases, the transparency is typically evaluated by means of the average 

visible transmittance (AVT), which is expressed as:114 

𝐴𝑉𝑇 =  
∫ 𝑇𝑜𝑝𝑡 ·  𝑃𝑅 ·  𝑆 ·  𝑑𝜆

𝜆2

𝜆1

∫ 𝑃𝑅 · 𝑆 · 𝑑𝜆
𝜆2

𝜆1

 (17) 

where λ is the wavelength, Topt is the transmission spectrum of the sample, PR is the 

photonic response of the human eye, S is the solar photon flux, and (λ1, λ2) is the 

integration range. All the previous parameters depend on the wavelength λ. The 

integration has to be performed over a wavelength range to completely encompass PR.114 

1.3.2.4. X-ray fluorescence spectroscopy 

XRF spectroscopy consists in irradiating the sample with high-energy X-rays and 

measuring the energy of the resulting emitted X-rays, which is correlated with the atomic 

number Z of each element. The determination of the emitted X-rays energy allows a 

qualitative analysis of elemental identification, while the determination of the number of 

emitted X-rays allows a quantitative analysis of elemental concentration.115 Generally, Kα 

or Lα-lines are used for chemical analysis, because they are the most intense lines in the 

spectra.116 The penetration depth of the incident X-rays is some micrometers for light 

elements and some hundreds of micrometers for heavy elements;115 in consequence, for 
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thin film solar cells, XRF provides global information of the sample that allows a 

simultaneous analysis of the different layers of the device, although it implies a poor depth 

resolution. The lateral resolution of XRF is also relatively poor and is limited by the 

sample holder opening, which is usually of the order of some millimeters. However, there 

is a dependency between the intensity of the XRF lines and the layer thickness that is 

almost linear for thin films, so XRF can be employed for determining the thickness of the 

solar cell.116 

1.3.2.5. Impedance and capacitance spectroscopy 

Impedance and capacitance measurements allow to study bulk and interface 

properties of the absorber layers in the thin film solar cells, since these techniques are 

sensitive to carrier capture and emission from trap states. They provide information about 

the electronic structure of the sample such as the doping profile, the built-in voltage, 

electronic trap profiles in the absence of mobile charge, the absorber dielectric constant, 

and carrier mobility values.117 

Impedance spectroscopy consists in applying a small alternating voltage (typically 

10 – 50 mV) to the sample and measuring the current response. This alternating current 

(AC) is superimposed onto a much larger direct voltage (DC) in the order of hundreds of 

mV or even some V. Then, from impedance measurements, it is possible to derive the 

capacitance of the sample as follows:117,118 

𝐶𝑝 =
𝐵

𝜔𝐴𝐶
=

−𝑋

(𝑅2 + 𝑋2) · 2 · 𝜋 · 𝑓𝐴𝐶

(18) 

𝐶𝑠 =
−1

𝑋 · 2 · 𝜋 · 𝑓𝐴𝐶

(19) 

where Cp and Cs and are the capacitance for a parallel and series circuit, respectively. B 

is the susceptance, ωAC and fAC are the angular and ordinary frequency of the applied AC, 

R is the resistance (real part of the impedance), and X is the reactance (imaginary part of 

the impedance). For solar cells, a simple parallel circuit model is usually assumed 

consisting of a series resistor with resistance Rs, a parallel resistor with resistance Rp, and 

a parallel capacitor with capacitance Cp. In this case, it is necessary that ωAC·Rs·Cp << 1 

and that Rs << Rp; otherwise, the series resistance and capacitance form a low-pass filter 

and Equation 18 is not valid.118 
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Capacitance spectroscopy is applied to solar cells using the depletion 

approximation, which assumes that the SCR is precisely defined, ends abruptly, and is 

fully depleted of free carriers. In consequence, as long as the free carrier relaxation time 

is short compared with fAC, the capacitance response originates from the depletion edge, 

so the width of the SCR can be obtained from:118 

𝑊𝑆𝐶𝑅 =
𝜀𝑠 · 𝜀0 · 𝐴

𝐶
(20) 

where εs is the semiconductor dielectric constant, ε0 is the vacuum permittivity, A is the 

area of the solar cell, and C is the capacitance of the sample. 

Then, the apparent doping density can be estimated from C(V) data according to:118 

𝑁𝐶𝑉 =
−2

𝑞𝑒 · 𝜀𝑠 · 𝜀0 · 𝐴2
·

[
 
 
 
 
 

1

𝑑 (
1
𝐶2)

𝑑𝑉𝐷𝐶 ]
 
 
 
 
 

(21) 

where VDC is the applied DC voltage. Equation 21 is only true if the doping concentration 

on one side of the p–n junction is much larger than that of the other side. For example, in 

order to know the doping concentration in p-type absorbers such as chalcopyrite and 

kesterite, it is necessary that ND >> NA, which results in NCV ≈ NA, being ND the donor 

doping concentration of the n-type buffer layer and NA the acceptor doping concentration 

of the p-type absorber. 

Finally, by combining Equation 20 and Equation 21, it is possible to obtain the 

doping profile of the majority carriers inside the solar cell absorber, which is represented 

in a NCV(WSCR) plot. 

1.3.2.6. Electron microscopy 

Electron microscopy consists in obtaining images of the sample with high lateral 

resolution by irradiating the sample with an electron beam. There are two main types of 

electron microscopy, which are SEM, where the image is obtained from electrons 

reflected by the sample, and TEM, where the image is obtained from electrons transmitted 

through the sample.119 In both cases, the incident electrons beam can be generated by 

thermionic electron guns, such as W or LaB6 cathodes, or by field-emission guns. Typical 

accelerating voltage in SEM is lower than 20 kV, and the typical accelerating voltage in 



Chapter 1: Introduction R. Fonoll 

34 

 

TEM ranges between 80 and 1200 kV.119 Then, SEM can achieve lateral resolutions down 

to below 1 nm and TEM can achieve resolutions down to the angstroms range.119 

Both SEM and TEM can be coupled with a tool allowing to perform EDX 

measurements. When an incident electron collides with the sample, it may scatter with an 

inner-shell electron of an atom, so the sample can emit X-rays. The energy positions of 

X-ray lines depend on the energy differences between the states of inner-shell electrons, 

which are characteristic for each element. Therefore, recording the X-rays emitted by the 

sample allows to analyze its chemical composition. Additionally, TEM can be coupled 

with electron energy-loss spectroscopy (EELS), which is based on the loss of kinetic 

energy of the incident electrons due to the interaction with the sample. EELS provides 

higher spatial and energy resolutions than EDX, and better count rates and detection 

limits, but it suffers from a higher background and its analysis is more complex. 

Generally, EELS is the optimal technique for detecting and quantifying light elements, 

while EDX can be advantageous for heavy elements.119 

1.4. Objectives of the thesis 

The main objective of this thesis is to identify the main physicochemical 

mechanisms that occur at the interfaces (back and front) of the chalcogenide absorber 

layers used in high efficiency chalcopyrite and emerging kesterite thin film solar cells and 

that have a relevant impact on the device performance, and to define methodologies 

suitable for the comprehensive analysis of the interfaces. This goal was proposed taking 

into account the main technological issues that were found in the thin film technology in 

general, and in the kesterite and chalcopyrite based solar cells in particularly, also 

considering the importance of the specific analysis of the interfaces in the thin film 

devices, as it is described in details in the above sections. In order to achieve this global 

objective, the following partial objectives are defined: 

 To perform an in-depth characterization of thin film solar cell devices 

including the analysis of the bulk and interface properties of the absorber 

layers by using various advanced characterization techniques (article 

entitled Insights into interface and bulk defects in a high efficiency kesterite-

based device). 

 To develop methodologies allowing to make an advanced and complete 

deep resolved characterization of the absorbers in thin film solar cells 
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(articles entitled Defect depth-profiling in kesterite absorber by means of 

chemical etching and surface analysis, Rear interface engineering of 

kesterite Cu2ZnSnSe4 solar cells by adding CuGaSe2 thin layers, and 

Controlling the Anionic Ratio and Gradient in Kesterite Technology). 

 To perform an advanced analysis of the solar cells based on different 

materials and with different technological solutions by selected techniques 

in order to understand the physicochemical processes taking place at both 

front and back absorber interfaces (articles entitled Rear interface 

engineering of kesterite Cu2ZnSnSe4 solar cells by adding CuGaSe2 thin 

layers, Insights into the Effects of RbF-Post-Deposition Treatments on the 

Absorber Surface of High Efficiency Cu(In,Ga)Se2 Solar Cells and 

Development of Analytical and Machine Learning Process Monitoring 

Methodologies Based on Combinatorial Analysis, and Characterization of 

the Stability of Indium Tin Oxide and Functional Layers for 

Semitransparent Back-Contact Applications on Cu(In,Ga)Se2 Solar Cells). 

 To develop new methodologies based on optical techniques for non-

destructive characterization of functional devices compatible with their 

implementation as quality control tools for in-line industrial process 

monitoring (article entitled Insights into the Effects of RbF-Post-Deposition 

Treatments on the Absorber Surface of High Efficiency Cu(In,Ga)Se2 Solar 

Cells and Development of Analytical and Machine Learning Process 

Monitoring Methodologies Based on Combinatorial Analysis). 
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Chapter 2: Methodology 

This chapter describes the general technical aspects of the methodology employed 

in this thesis, which is presented as an article compendium. In consequence, each study 

included in this work has its own particularities, but all of them have in common the 

synthesis of the samples and, afterwards, the analysis of such samples by different 

characterization techniques. The synthesis of the characterized samples is outside the 

scope of this work, so no precise explanation of the solar cells fabrication is included in 

this chapter, although a brief description is provided. Then, since this work is focused on 

the samples characterization, the details of the characterization techniques selected for 

the study are presented individually. However, the articles included in this thesis employ 

more characterization techniques (such as AES, ML or XPS, among others) than the ones 

discussed in this chapter; the reason for this is that the corresponding measurements and 

analysis were provided by colleagues and partners who are not the author of this thesis 

and, in consequence, such techniques are considered to be outside the scope of this work. 

Nevertheless, their results were used to complete the final picture that describes the 

complex systems analyzed in the present thesis. In Chapter 3, detailed explanations of the 

synthesis processes and of all the used characterization techniques can be found in the 

Experimental Section (or Materials and methods section) of each article that constitutes 

this thesis. 

2.1. Solar cells fabrication 

Kesterite solar cells analyzed in the thesis have been synthesized according to the 

kesterite baseline process defined at IREC. In this process the absorbers are synthesized 

following a sequential process that involves i) deposition of metallic precursors on Mo-

coated SLG substrates by DC magnetron sputtering (Alliance Concept Ac540), and ii) 

reactive recrystallization under chalcogen atmosphere in a tubular furnace (Hobersal). In 

the case of chalcopyrite absorbers, however, they are deposited by co-evaporation 

processes that have been developed either at the semi-industrial pilot line available at 

ZSW (Stuttgart, Germany, in the frame of the In4CIS SolarEra.Net collaborative project) 

or at the Martin Luther University (Halle, Germany, in the frame of the MasterPV Solar-

Era.Net collaborative project). . Depending on the study, there may exist deposition of 

additional layers (Ge, CuGaSe2, RbF) or alternative back contacts (based on ITO). After 
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the absorber synthesis, devices are completed by depositing the CdS buffer layer by CBD 

and the window layer (ZnO/ITO or ZnO/AZO) by pulsed DC magnetron sputtering 

(Alliance Concept CT100 for kesterite cells manufactured at IREC). Finally, individual 

cells are mechanically scribed using a manual microdiamond scriber (OEG MR200). 

Variations regarding the completion of the devices may exist depending on the study and 

details about this can be found in the Experimental Section of each article in the Chapter 

3. 

2.2. J–V characteristics 

The J–V characteristics of the solar cells were obtained under simulated AM1.5 

illumination (1000 W·m−2) at room temperature using a solar simulator in four-point 

geometry and calibrated with a Si reference solar cell. Depending on the study, the solar 

simulator was an Abet Technologies Sun 3000 Class AAA or a WACOM. For electrical 

probing and sensing, a Keithley 2400 source meter was utilized. 

2.3. Raman spectroscopy 

The Raman spectroscopy system employed at IREC is schematically shown in 

Figure 13a. A He-Cd gas laser (λexc = 325 nm) and different solid state lasers (λexc = 532, 

638 and 785 nm) were employed as light source. The reason for employing lasers is that 

they offer a light which is monochromatic, coherent, collimated, and with a stable 

spectrum; in addition, they allow to control their power and the light path. An unpolarized 

laser beam was used to minimize the impact of the crystalline orientation in the Raman 

spectra. Then, the selection of the excitation wavelengths depended on the penetration 

depth inside the sample, the possibility to reach resonant or close to resonant conditions, 

the suitability for detecting different phases, and the possibility to avoid undesired 

fluorescent and luminescent signals. 

The monochromatic and parallel beam of the laser was coupled with an optical 

probe manufactured in IREC by means of an optical fiber. Inside the probe, as shown in 

Figure 13b, first of all, the laser light was “cleaned” by passing through an interferential 

narrow-band filter that removes the parasitic light contribution coming from the different 

components of the system. Then, a long-wave (low-energy) pass edge filter was used as 

an achromatic beam splitter to direct the parallel laser beam towards the objective, which 

focuses the light on the sample. Laser power densities below 150 W·cm-2 were used to 

prevent thermal effects on the samples and the diameter of the laser macro-spot was 
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around 70 µm. Additionally, micro-Raman spectroscopy was performed using an 

Olympus metallographic microscope which concentrated the measurement spot down to 

1 μm diameter; in this case, the laser power did not exceed 1 mW. Measurement 

mappings were performed by means of a high precision XY-stage. To optimize the signal, 

a backscattering configuration was employed, which means that the propagation of the 

incident and scattered lights forms an angle of 180º. Thus, after the interaction with the 

sample, the elastic and inelastic scattered light was collected using the same objective. 

The Rayleigh scattered component (elastically scattered photons) is ~106 times higher 

than the Raman signal and, in addition, they are spectrally close (<0.1 eV), so the former 

could hide the latter. In consequence, a long-wave pass edge filter was also used to 

separate the low-energy inelastic light contribution (Stokes scattering) from the elastic 

one, which is blocked. Finally, the remaining Raman scattered light passed into the 

monochromator using an optical fiber. 

The employed monochromators were FHR-640 or iHR-320 Horiba Jobin Yvon 

monochromators, which incorporate a diffraction grating where constructive and 

destructive interference is used to spatially separate the polychromatic light that is 

incident on the grating into its constituent wavelengths. The rotation of the grating allows 

to change the wavelength that aligns with and passes through the exit slit. Different 

gratings for dispersing the light were used to optimize the spectral resolution. Then, the 

monochromators were coupled to a CCD detector cooled down either to −70 ºC 

or −130 ºC. 

 

Figure 13. (a) Schematic diagram of the setup of the Raman spectroscopy system at 

IREC. (b) Schematic diagram of an optical probe manufactured at IREC for Raman 

spectroscopy measurements. 
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Finally, the data from the measured Raman spectra was recorded by a PC. However, 

this data has to be processed to properly analyze it, as seen in Figure 14. First of all, the 

spectra were calibrated by imposing the shift of the main peak of a Si single crystal 

reference at 520 cm-1. Then, a reference spectrum measured without any sample was 

subtracted from the samples spectra to remove the contributions from the air and system 

components. After this, the baseline generated by different origins, such as the tail of the 

laser or the luminescence, was removed. Finally, the spectra were normalized to some 

reference peak of the spectrum itself. 

 

Figure 14. Example of a Raman spectrum from a CuIn1-xGaxSe2 sample (a) before and 

(b) after the data processing. 

Regarding the sample preparation, no special preparation was needed to analyze the 

front absorber/buffer interface of the different solar cells by Raman spectroscopy. This 

was possible thanks to the high penetration depth of the used excitation wavelengths 

through the wide band gap top layers of the solar cells, which allowed performing the 

measurements through the front window layers. However, for the characterization of the 

back interface, the typical Mo back contact prevented to perform direct measurements 

through the glass substrate, so a previous sample preparation was required. In this case, 

the absorber was detached from the substrate through a mechanical lift-off process 

consisting in bonding the front surface of the devices to a steel or a glass substrate with 

an adhesive epoxy and, then, removing them mechanically. The interface between the 

back contact and the absorber in thin film chalcogenides is highly stressed due to the 

presence of the MoSe2 layer formed during the absorber synthesis, which has a layered 

structure and renders this interface very weak, easing the separation. In the cases of 

samples with semi-transparent ITO-based back contacts, the back interface was also 
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analyzed by direct measurements through the glass substrate and through the 

semi-transparent back contact. 

2.4. PL spectroscopy 

PL spectroscopy measurements were performed with a special optical probe 

developed at IREC that allowed to measure the Raman scattering and the PL spectra at 

the same point quasi-simultaneously using a large area spot around 70 µm. For the PL 

measurements, the probe was coupled to a Sol 1.7 spectrometer from B&WTek with a 

built-in InGaAs detector cooled down at −5 ºC in near-backscattering configuration. Solid 

state lasers of 638 and 785 nm excitation wavelength were employed with power densities 

lower than 150 W·cm-2 to prevent any thermal effect on the samples. It was worth noticing 

that the specific conditions of the measurements and the applied system did not allow to 

directly measure the absolute quantum yield (QY) of the emission band, but they allowed 

to define the relative QY, which showed the relative changes from one measured 

point/sample to another. 

2.5. Transmittance and reflectance spectroscopy 

Transmittance measurements were performed using a light-emitting diode table and 

an iHR-320 spectrometer from Horiba Jobin Yvon coupled with a CCD detector cooled 

down to −70 ºC. The measurement spot size had a diameter of ~1 mm. Transmittance was 

measured by illuminating the samples from the bottom side and the transmitted light was 

collected at the top side of the samples. The obtained transmittance spectra allowed to 

calculate the AVT as defined in Equation 17. 

Reflectance measurements were performed using a Lambda 950 UV/VIS 

spectrometer from PerkinElmer coupled with a 150 mm integrating sphere from the same 

company. Average reflectance was calculated in the 380 – 780 nm spectral range as the 

arithmetic mean of the reflectance values measured at each wavelength. 

2.6. XRF spectroscopy 

XRF spectroscopy was performed to determine the chemical composition and to 

estimate the films thickness by means of a Fisherscope XDV-SDD system calibrated by 

inductively coupled plasma mass spectrometry. For each sample, different points were 

measured and the average of the obtained data was performed. The measurements were 
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done using a 50 kV accelerating voltage, a Ni10 filter to reduce background signal, and 

an integration time per measuring point of 45 s. 

2.7. Impedance and capacitance spectroscopy 

Impedance spectroscopy was performed using a Keysight E4990A Impedance 

Analyzer at room temperature and in dark conditions. The applied AC voltage was 50 mV 

with different AC frequency steps from 20 Hz to 10 MHz, while the applied DC voltage 

varied from −1.5 V to 0.5 V. The frequency range was established in accordance to the 

limitations of the system, while the voltage range was determined by the VOC of the device 

and signal-to-noise ratio criteria. The number of frequency and voltage steps was selected 

to allow a proper calculation of the first derivatives of capacitances C(fAC) and C(V). 

2.8. Electron microscopy 

Cross-sectional SEM images were obtained with a ZEISS Series Auriga 

microscope applying 5 kV as the accelerating voltage and at working distances of 

3−5 mm to study the morphology of the absorbers. 

High-resolution TEM (HRTEM) planar-view images were acquired in a JEOL-

2100 with a LaB6 filament at 200 keV. The HRTEM and low magnification dark field 

(DF)-bright field (BF) cross-sectional images were acquired in a JEOL-2010F with a field 

emission gun at 200 keV. The high resolution high-angle annular DF (HAADF) images 

by scanning TEM (STEM) and the EELS spectrum images were acquired in a 

JEOLARM-F with field emission gun at 200 keV and Cs aberration correction in the 

condenser lens system. The obtained images were analyzed through a combination of 

Gatan Digital Micrograph proprietary software and Hyperspy Python-based free 

software. CaRIne Crystallography and TEM-UCA EJE-Z120 were also used to identify 

the crystalline structures.121 

For the cross-sectional TEM sample preparation, focused ion beam (FIB) was used. 

A platinum nanolayer was deposited onto the sample to protect it. For the planar-view 

TEM sample preparation, the ITO, i-ZnO, and CdS layers were removed by chemical 

etching in HCl (5% v/v). Then, the etched sample was cut with a filament diamond saw 

into 3 mm thick (including the SLG substrate) 2.5 × 2.5 mm2 pieces. These pieces were 

polished from the substrate side to preserve the front interface surface by means of a series 

of diamond abrasive films with decreasing grain sizes (30, 15, 6, 1 and 0.5 μm) until the 

samples were thinned down to 30 – 70 μm. Then, a final thinning (down to a thickness 
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around 50 nm) was performed by ion milling tripod polisher kit (model 590, South Bay 

Technologies) and a 1200 metallographic manual polisher (NANO 1200T, Pace 

Technologies) using a Fischione 1010 Precision Ion Polishing System with the upper 

source working at 5.0 kV and 5.0 mA. 
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Chapter 3: Publications 

This thesis is presented as a compendium of six scientific articles, which are 

collected in this section. The articles have been published in high impact factor journals 

placed in the first quartile (Q1) of the categories directly corresponding to the main topic 

of the present thesis (Materials Science, Multidisciplinary and/or Energy & Fuels)122 

under the titles: 

 Insights into interface and bulk defects in a high efficiency kesterite-based 

device. Energy Environ. Sci., vol. 14, no. 1, p. 507, January 2021, DOI: 

10.1039/D0EE02004D. IMPACT FACTOR (IF): 39.714 (Q1). 

 Defect depth-profiling in kesterite absorber by means of chemical etching 

and surface analysis. Appl. Surf. Sci., vol. 540, no. 2, p. 148342, February 

2021, DOI: 10.1016/j.apsusc.2020.148342. IMPACT FACTOR (IF): 

7.392 (Q1). 

 Rear interface engineering of kesterite Cu2ZnSnSe4 solar cells by adding 

CuGaSe2 thin layers. Prog Photovolt Res Appl., vol. 29, no. 3, p. 334, 

March 2021, DOI: 10.1002/pip.3366. IMPACT FACTOR (IF): 8.490 

(Q1). 

 Controlling the Anionic Ratio and Gradient in Kesterite Technology. ACS 

Appl. Mater. Interfaces, vol. 14, no. 1, p. 1177, January 2022, DOI: 

10.1021/acsami.1c21507. IMPACT FACTOR (IF): 10.383 (Q1). 

 Insights into the Effects of RbF-Post-Deposition Treatments on the 

Absorber Surface of High Efficiency Cu(In,Ga)Se2 Solar Cells and 

Development of Analytical and Machine Learning Process Monitoring 

Methodologies Based on Combinatorial Analysis. Adv. Energy Mater., 

vol. 12, no. 8, p. 2103163, February 2022, DOI: 10.1002/aenm.202103163. 

IMPACT FACTOR (IF): 29.698 (Q1). 

 Characterization of the Stability of Indium Tin Oxide and Functional Layers 

for Semitransparent Back-Contact Applications on Cu(In,Ga)Se2 Solar 

Cells. Sol. RRL, vol. 6, no. 7, p. 2101071, July 2022, DOI: 

10.1002/solr.202101071. IMPACT FACTOR (IF): 9.173 (Q1). 
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It has to be underlined that instead of being classified by topics, the articles are 

ordered chronologically by publication date of the corresponding volume and issue of the 

journal. This is due to the fact that each publication covers different topics that are 

interrelated with the other publications. The schematic diagram in Figure 15 shows the 

different topics covered by the different articles. In terms of the type of absorber material, 

four articles cover kesterite absorbers and two articles cover chalcopyrite absorbers. In 

terms of the focus on specific absorber region, four articles study the front interface 

between the absorber and the buffer layer, two articles study the absorber bulk, and five 

articles study the back interface between the absorber and the back contact. Finally, all 

six articles are focused on the advanced characterization of the devices for fundamental 

research, while one of them also proposes a process monitoring methodology which is 

based on the performed advanced characterization, showing the possibility of application 

of the proposed non-destructive optical methodologies as quality control tools in PV 

industrial processes. 

 

Figure 15. Diagram indicating the topics covered by each article. 
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3.1. Introduction to publications, summary of the results, and general 

discussion 

Chalcopyrite-based solar cells have achieved the highest energy conversion 

efficiency among thin film chalcogenide solar cells (23.35%)24, while kesterite-based 

ones offer a promising alternative composed of non-toxic and earth-abundant materials.64 

The advantages of thin film PV with respect to the traditional crystalline Si technology 

are a reduction of the material consumption and an increase of the possible applications 

such as BIPV, VIPV, wearables, or Internet of things, among others, based on their higher 

technological flexibility. However, both chalcopyrite and kesterite technologies present 

an efficiency that is lower than the one achieved by crystalline Si, mainly at module 

level.22,23 In consequence, this thesis characterizes chalcopyrite and kesterite-based solar 

cells with the focus to deepen in the knowledge of the impact of the absorber interfaces 

on the device efficiency. This is strongly required for a further optimization of these 

technologies. 

The main limitation of kesterite absorbers is considered to be the VOC deficit, that 

has been attributed to several issues taking place at different parts of the device.123 For 

example, at the front interface, it has been attributed to non-optimum band alignment with 

the CdS buffer layer, Fermi level pinning due to CuZn antisite point defects, incomplete 

CdS coverage, high density of interface defects, as well as ZnSe and SeO2/Sn(O,Se)x 

secondary phase formation.35–44 In the bulk, it has been explained by Cu–Zn disordering 

leading to bandgap and electrostatic potential fluctuations, by formation of secondary 

phases that can lead to compositional fluctuations and induce the formation of defects, by 

non-passivated grain boundaries, and by short minority carrier lifetime.57,124–126 Finally, 

at the back interface, it has been attributed to defective coupling with the back contact 

and chemical instability, as well as an excessive MoSe2 formation that may alter the back 

band alignment unfavorably.47–53 Possible solutions to the previous problems can be 

found in the literature, such as doping the absorber with light alkaline elements, cationic 

substitution, or band gap engineering.63,64 However, most of the reported studies typically 

focused on only one part of the device, while the most likely explanation for the high VOC 

deficit was a combination of several issues taking place simultaneously in different parts 

of the device.64,123 In order to build up a full picture of the main limitations of kesterite-

based devices, a high efficiency (η = 9.2%) CZTSe-based solar cell was characterized by 

different techniques, including HRTEM, Raman spectroscopy, impedance spectroscopy, 
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and J–V characteristics, among others. This study resulted in the first article of this thesis, 

entitled Insights into interface and bulk defects in a high efficiency kesterite-based device. 

This article presents a good practice in comprehensive analysis of absorber bulk together 

with the detailed analysis of the front and back interfaces combining very high resolution 

electron microscopy techniques with Raman spectroscopy, XRF and AES measurements 

at the macro, micro and nano scales. The analysis compares the influence of the defects 

that are present in the bulk of the absorber with the ones at the absorber interface, and as 

one of the results the importance of the interfaces quality to the final device efficiency is 

explicitly shown. An alternative methodology for studying the bulk and interface 

properties of the absorber layers at both front and back interfaces is proposed in the 

second article of the thesis, entitled Defect depth-profiling in kesterite absorber by means 

of chemical etching and surface analysis. Here, the analysis was made by applying mainly 

Raman spectroscopy, which was capable to assess the absorber at different depths thanks 

to the application of a chemical etching controlled procedure with a bromine solution. 

This approach allowed studying the redistribution of the defects and of the secondary 

phases along the absorber depth. The two articles allowed to make a comparative study 

of the possible influence of the bulk of the absorber and its interfaces on the performance 

of a thin film solar cell, and additionally emphasized the possibility to use mainly Raman 

spectroscopy for making a comprehensive analysis of the absorber. 

After performing a complex investigation of the different regions of CZTSe-based 

solar cells and selecting the main techniques for this investigation, the band gap 

engineering of kesterite absorbers was studied by applying different strategies. On the 

one hand, small amounts of Ga were added at the back region of CZTSe absorbers to 

promote the formation of a back-surface field that shifts the CB minimum to higher 

energies and improves the collection of the charge carriers generated deeper in the 

absorber.127 This experiment resulted in the third article of this thesis, whose title is Rear 

interface engineering of kesterite Cu2ZnSnSe4 solar cells by adding CuGaSe2 thin layers. 

Here, the combination of a mechanical lift-off and Raman measurements allowed to 

confirm the formation of CGS at the back interface, thus confirming the formation of a 

phase with a wider band gap than CZTSe and, in consequence, the formation of the 

desired back-surface field, which improved the device performance. On the other hand, 

an anionic (Se−S) gradient was investigated in CZTSSe and Cu2ZnGe(S1-xSex)4 

absorbers; compositional grading is valuable at the device interfaces for an optimum band 
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alignment, for the control of interface defects and recombination, and for the optimization 

of carrier-selective contacts.128,129 The preparation of solid solution kesterite phases in the 

literature reported that a reproducible control on the anionic ratio was difficult to achieve 

or that complicated setups were required.130,131 The proposal of an innovative approach 

for accurately controlling the anionic ratio in kesterite absorbers led to the publication of 

the fourth article of this thesis, entitled Controlling the Anionic Ratio and Gradient in 

Kesterite Technology. Here, applying multiwavelength Raman spectroscopy allowed to 

assess the chemical composition at the absorber surface and subsurface regions; 

additionally, the performed mechanical lift-off allowed applying this approach to the back 

side of the absorber. The results of the Raman analysis showed different chemical 

compositions at the different regions, which confirmed the possibility to control the 

anionic ratio by the employed simple technique; in addition, it also showed fundamental 

differences between the formation paths of Sn-based and Ge-based kesterite compounds. 

Regarding the chalcopyrite-based technology, it presents a more mature stage of 

development than the kesterite-based technology, but there is still a room for 

improvement. For example, recent efficiency improvements in this technology were 

achieved thanks to heavy alkali PDTs. While the results reported in the literature 

suggested that the main effect of such PDTs was produced on the VOC, the reasons for the 

positive impact of these treatments remained under discussion, and the main disputes are 

whether the changes at the front interface are important or only the improvement of the 

bulk of the absorber leads to the observed positive effect of the PDT.132–134 In order to 

shed the light on the influence of RbF-PDT on the absorber surface in high efficiency 

CIGSe-based devices, 620 solar cells were characterized by Raman and PL 

spectroscopies, and by optoelectronic characterization, which resulted in publication of 

the fifth article of this thesis, entitled Insights into the Effects of RbF-Post-Deposition 

Treatments on the Absorber Surface of High Efficiency Cu(In,Ga)Se2 Solar Cells and 

Development of Analytical and Machine Learning Process Monitoring Methodologies 

Based on Combinatorial Analysis. The high statistics employed in this study allowed 

detecting very small variations in the Raman spectra of the CIGSe absorbers, providing a 

clear evidence of the correlation of the spectral changes detected at the front absorber 

interface with the improved device performance. The changes at the absorber surface 

consisted in a decrease of the ordered vacancy compound (OVC), an increase of a 

defective chalcopyrite phase, and a higher apparent hole concentration. The correlation 
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between the observed variations and the device performance was also proposed as a 

possible base for establishing a methodology for controlling the quality of the PDT 

process when scaled up to module level within an industrial environment. 

Finally, the sixth and last article of this thesis, entitled Characterization of the 

Stability of Indium Tin Oxide and Functional Layers for Semitransparent Back-Contact 

Applications on Cu(In,Ga)Se2 Solar Cells, studies the stability of ITO-based back-contact 

configurations under the co-evaporation processes that are developed for the synthesis of 

high-efficiency CIGSe solar cells. Semitransparent back contacts offer different 

applications such as bifacial devices, semitransparent BIPV, and tandem solar cells.135–

137 The literature reported the replacement of standard Mo back contact by different TCOs 

such as ITO, FTO, and AZO; while high efficiencies were achieved with a bare ITO back 

contact for a co-evaporation process temperature of 520ºC, higher process temperatures 

required the application of nanometric functional layers such as Mo or MoSe2.
137,138 

Despite these reported results, the impact of the absorber fabrication process on the back 

contact and its optical properties had not been deeply studied before, which motivated the 

development of this study focused on the back interface between the CIGSe absorber and 

the semi-transparent back contact. The combined analysis by Raman, transmittance, and 

reflectance spectroscopies revealed that bare ITO layers can be used as back contacts for 

CIGSe co-evaporation deposition process temperatures of 480ºC, but higher temperatures 

lead to the formation of an amorphous In–Se phase at the ITO surface that reduces 

drastically both the transparency of the contacts and the efficiency of solar cells. Inclusion 

of a Mo functional layer on the ITO surface led to the formation of MoSe2 interfacial 

phase that improves significantly the efficiency of the cells and the contact optical 

transparency up to 50% in the visible region. Additionally, a relevant decrease in back 

reflectivity in the CIGSe devices was observed when applying ITO-based back contacts. 

As a general discussion of the results obtained for kesterite absorbers, the work 

developed in the thesis shows that at the present state of development issues related to the 

front/back absorber interfaces have a potential higher impact on limiting the device 

performance that the bulk properties of the layers. In the case of the back interfaces, 

synthesis strategies ensuring a good element intermixing and avoiding the formation of 

volatile phases could minimize the appearance of large voids at the back absorber region. 

In the case of the front interfaces, research on alternative buffer materials and deposition 

techniques is relevant to improve the band and structural alignment with the CZTSe 
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absorber. For both interfaces, etching or passivation strategies, such as the application of 

Ga at the back interface, and band gap engineering, which is achieved by controlling the 

composition at the different interfaces, could reduce the formation of interfacial defects. 

Regarding the chalcopyrite absorber, which is already in a commercial stage of 

development, the obtained results indicate that RbF-PDT promotes a redistribution of 

defects between the OVC and chalcopyrite phases at the absorber surface that improves 

the VOC of the solar cells. The correlation observed between the Raman spectral features 

and the device performance has allowed the development of a process monitoring 

methodology for the in-line quality control of the upscale of the PDT processes at module 

level. On the other hand, the systematic application of the Raman scattering 

methodologies developed in the thesis have also allowed to deepen in the knowledge of 

the impact of the CIGSe deposition processes on the optical and electrical quality of ITO 

based semi-transparent bac contact, which is strongly relevant for BIPV, tandem and 

bifacial device applications. As shown in the study, the stability of ITO-based contacts at 

high process temperatures can be improved by applying functional nanometric layers 

such as MoSe2. 

Finally, regardless the material absorber, the results obtained during the 

development of this thesis show that a rigorous characterization of the absorber interfaces 

by combining different techniques provides critical information about the solar cell 

properties that can be employed to optimize its performance and to increase its possible 

applications, which, consequently, facilitates its scaling from the research level to the 

industrial level. 

The next six articles that constitute the main body of the thesis are reprinted with 

permission as described herein: Insights into interface and bulk defects in a high efficiency 

kesterite-based device is reproduced from Ref. 139 with permission from the Royal 

Society of Chemistry according to the right as an author of the article of using it in 

submissions of academic requirements such as theses or dissertations. Defect depth-

profiling in kesterite absorber by means of chemical etching and surface analysis is 

reproduced from Ref. 140 according to the right as the author of this Elsevier article to 

include it in a thesis or dissertation, provided it is not published commercially. Rear 

interface engineering of kesterite Cu2ZnSnSe4 solar cells by adding CuGaSe2 thin layers 

is reproduced from Ref. 141 according to the right as the author of the published Wiley 

article to reuse the full text of the published article as part of my thesis or dissertation. 
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Controlling the Anionic Ratio and Gradient in Kesterite Technology is reproduced from 

Ref. 142 using a Creative Commons license. Insights into the Effects of RbF-Post-

Deposition Treatments on the Absorber Surface of High Efficiency Cu(In,Ga)Se2 Solar 

Cells and Development of Analytical and Machine Learning Process Monitoring 

Methodologies Based on Combinatorial Analysis is reproduced from Ref. 143 according 

to the right as the author of the published Wiley article to reuse the full text of the 

published article as part of my thesis or dissertation. Characterization of the Stability of 

Indium Tin Oxide and Functional Layers for Semitransparent Back-Contact Applications 

on Cu(In,Ga)Se2 Solar Cells is reproduced from Ref. 144 according to the right as the 

author of the published Wiley article to reuse the full text of the published article as part 

of my thesis or dissertation.
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3.2. Article 1: Insights into interface and bulk defects in a high efficiency 

kesterite-based device 
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3.3. Article 2: Defect depth-profiling in kesterite absorber by means of 

chemical etching and surface analysis 
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3.4. Article 3: Rear interface engineering of kesterite Cu2ZnSnSe4 solar cells by 

adding CuGaSe2 thin layers 
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Chapter 4: Conclusions and outlook 

The main objective of this thesis is the development of advanced characterization 

methodologies based on Raman scattering suitable for the deep characterization of the 

interfaces in high efficiency (chalcopyrites) and emerging sustainable (kesterites) thin 

film chalcogenide solar cells, with the aim to achieve a deeper understanding of the 

critical influence of the interfaces on the performance of the devices. This objective is in 

line with one of the main research lines of the SEMS group in IREC related to the 

advanced characterization of materials for PV application and of solar cell devices. 

Moreover, during the implementation of the thesis, and being influenced by its results, a 

new research line of the group “Process monitoring of the materials and devices quality” 

was formulated in its final shape. This objective of the thesis was achieved by analyzing 

the front interface between the absorber and the buffer layer and the back interface 

between the absorber and the back contact in kesterite and chalcopyrite-based thin film 

solar cells by means of Raman scattering in combination with different characterization 

techniques such as PL, transmittance, capacitance spectroscopies, and electron 

microscopy. Based on the obtained results of the performed advanced characterizations, 

six articles were published in high impact peer-review journals that constitute the core of 

the present thesis. 

On the one hand, kesterite absorbers had been studied for some years and many 

fundamental properties of the kesterite compounds were already known at the start of the 

thesis, but the performance achieved by the corresponding solar cells is still far below the 

one achieved by other materials used in thin film solar cells (CIGSe, CdTe). In this regard, 

further identification and understanding of the limitations of this technology was needed, 

and a complex approach in characterization of the photovoltaic devices is one of the 

possible ways to push forward this promising technology. Taking this into account, in the 

first experiment of this thesis, a deep analysis of the formation of defects in the different 

regions of a high efficiency CZTSe device was performed by a combination of advanced 

electron microscopy and spectroscopic techniques at the macro, micro and nanoscale. It 

revealed, for the first time, direct evidence of the presence of twinning defects in the bulk, 

of micro and nano-voids at the back interface, and confirmed the presence of a widely-

suspected high density of defects at the front interface. The defects formed at the front 

interface have been identified as the main source of VOC deficit limiting the performance 
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of these devices, although the issues observed in the bulk and at the back interface also 

represent important drawbacks for device performance. This article showed a good 

practice in the comprehensive analysis of complex systems as thin film solar cells, 

addressing the different regions where the defects can appear. Moreover, it allowed 

comparing the effect of the bulk of the absorber with the effect of its interfaces on the 

solar cell performance, showing the critical importance of a specific focus on the device 

interfaces. The second experiment of this thesis complemented the first one by making a 

characterization of the absorber layers at different depths using the Raman spectroscopy 

that provided a relative profile of defects in CZTSe kesterite. Here, the stepwise Br2-based 

chemical etching was used to access different depths of the absorber, and the obtained 

results confirm the suitability of Raman spectroscopy to make a comprehensive and 

relevant analysis of the kesterite based absorbers. The third experiment focused on the 

analysis of the back interface of the CZTSe absorber using mechanical lift-off techniques. 

Namely, a novel approach based on the formation of a nanometric layer of CGSe at the 

back interface was analyzed, and the performed studies show how the presence of this 

layer prevents the formation of voids at the back interface (which in the first article was 

identified as one of the limiting factor for the efficiency of kesterite based devices) and, 

as result, improved the optoelectronic properties. In the fourth experiment, Raman 

spectroscopy was employed as easy and fast technique to demonstrate the achievement 

of anionic compositional gradients from the front to the back interfaces in different 

kesterite absorbers, which was proposed as a way to restrain the defect formation, and to 

optimize the band alignment with carrier-selective contacts. Taking into account all the 

results involving characterization of the kesterite based materials and of the absorber 

interfaces in the thin film devices based on them, this thesis represents a step forward in 

the comprehension of the main limitations in the kesterite solar cells and opens the way 

to identify new solutions to further develop this technology and pushing it towards higher 

performances. In addition, it also presents innovative strategies based on back interface 

engineering and band gap engineering to overcome the current relatively low device 

efficiencies, and it shows that spectroscopic techniques alone allow evaluating such 

strategies. On the other hand, combination of the spectroscopic techniques, especially 

Raman spectroscopy, with other, more complex techniques can provide a full picture of 

the main limitations that appear in such a complex system as a thin film solar cell. Further 

studies involving kesterite-based PV devices should be aimed to the development of 

strategies that favor a formation pathway avoiding the formation of volatile phases at the 
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back interface, which would minimize the appearance of large voids, and to the 

development of passivation and etching strategies that eliminate the high density of 

defects at the front interface, resulting in a better band alignment with buffer layers. 

Additionally, the strong inhomogeneity in the chemical composition of the bulk of the 

grains should be a matter of further studies in this technology. 

On the other hand, chalcopyrite absorbers are a more mature technology, and 

devices based on them had achieved the highest performance among thin film solar cells. 

However, their contribution to the global PV production is far below the technology based 

on crystalline Si, and a further optimization of the processes at industrial scale is required. 

In the recent years, PDT process with heavy alkali elements was found to have a 

beneficial effect on the efficiency of CIGSe-based devices, but the nature of this positive 

influence remained a matter of discussion. In the fifth experiment of this thesis, Raman 

spectroscopy applied to a high amount of individual cells (>600 cells) allowed to identify 

very small variations at the front interface of the absorber when varying the conditions of 

the PDT process. This has allowed to identify the main driving force behind the 

improvement of the device performance in CIGSe-based solar cells due to RbF-PDT as 

related to the redistribution of defects between the OVC and chalcopyrite phases that 

leads to the formation of a so-called “defective chalcopyrite phase” in the surface region 

of the absorbers. In addition, an industry-compatible process monitoring methodology 

has been developed based on the analytical methodologies applied in this work, for the 

quality control assessment of the RbF-PDT processes, with the prediction of the VOC of 

the final devices at an early production stage. The sixth experiment of this thesis was 

focused on widening the application routes of CIGSe-based solar cells towards the 

semitransparent technologies and on studying the influence of the absorber deposition 

conditions on the transparent back contacts. It was shown that the application of 

functional layers such as MoSe2 and MoS2 on the surface of ITO back contacts is required 

to avoid a degradation of its optical transparency and of the device performance at high 

co-evaporation process temperatures, which is relevant for the future development of this 

technology in different applications such as BIPV, tandem solar cells, and bifacial solar 

cells. This study also showed that the replacement of the standard Mo back contact by 

ITO-based back contacts reduces the reflectance at the back surface of the devices, which 

improves the aesthetic quality of CIGSe-based semitransparent devices and facilitates its 

integration in BIPV applications. The obtained results demonstrate the importance of 



Chapter 4: Conclusions and outlook R. Fonoll 

158 

 

characterizing the back interface after the absorber synthesis instead of limiting the study 

to the as-deposited back contact. Taking into account the results involving 

characterization of chalcopyrite materials and interfaces in the devices based on them, 

this thesis contributes to deepen in the understanding of the great relevance of interface 

modifications in CIGSe-based solar cells in the performance of the devices. Additionally, 

it provides a powerful tool as methodology for the PDT process monitoring for the future 

transfer of these processes from the lab scale (cell level) to the industrial scale (module 

level), looking forward a more efficient and precise industrial manufacturing. Further 

investigation is needed to define the exact mechanism of the RbF-PDT influence on the 

optoelectronic properties of CIGSe-based solar cells and, in the case of semitransparent 

back contacts, to achieve higher transparency values as required for higher-transparency 

devices and high-efficiency tandem device configurations. 

In addition to the specific knowledge regarding kesterite and chalcopyrite 

absorbers, the characterization strategies employed in this thesis can be applied to other 

thin film solar cell technologies. Globally, the results presented in this thesis show the 

high potential of combining different characterization techniques both for fundamental 

research and for the fast, non-destructive, and in situ monitoring of thin film solar cells 

production process. Furthermore, aiming beyond the PV field, this thesis provides 

examples of advanced characterization studies of a complex system (similar to the thin 

film solar cell) that may help to build up the full picture of processes, mechanisms and 

limitations in multilayer-based devices for a broad spectrum of readers and researchers. 
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