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

Energy Research (IREC) in Sant Adria de Besos (Barcelona), Spain from 2013 to 2015, 

in the frame of Marie Curie Fellowship of the KESTCELLS project (FP7/2007-2013/ 

316488). The main subject of the thesis is characterization of crystalline and vibrational 

properties of kesterite materials (CZTS, CZTSe and CZTSSe), which are used as light 

absorber layers in thin film photovoltaic devices.   

Each chapter in the thesis is structured around several articles which are 

published in high impact peer-reviewed journals. According to the requirements for the 

Doctor of Philosophy in Physics at the University of Barcelona, this thesis is constituted 

of the following eight articles: 

M. Dimitrievska, A. Fairbrother, X. Fontané, T. Jawhari, V. Izquierdo-Roca, E. 

Saucedo, and A. Pérez-Rodríguez, “Multiwavelength excitation Raman 

scattering study of polycrystalline kesterite Cu2ZnSnS4 thin films,” Appl. Phys. 

Lett., vol. 104, no. 2, p. 021901, (2014). 

M. Dimitrievska, H. Xie, A. Fairbrother, X. Fontané, G. Gurieva, E. Saucedo, 

A. Pérez-Rodríguez, S. Schorr, and V. Izquierdo-Roca, “Multiwavelength 

excitation Raman scattering of Cu2ZnSn(SxSe1−x)4 (0 ≤ x ≤ 1) polycrystalline 

thin films: Vibrational properties of sulfoselenide solid solutions,” Appl. Phys. 

Lett., vol. 105, no. 3, p. 031913 (2014). 

M. Dimitrievska, A. Fairbrother, A. Pérez-Rodríguez, E. Saucedo, and V. 

Izquierdo-Roca, “Raman scattering crystalline assessment of polycrystalline 

Cu2ZnSnS4 thin films for sustainable photovoltaic technologies: Phonon 

confinement model,” Acta Mater., vol. 70, pp. 272 – 280, (2014). 

A. Fairbrother, M. Dimitrievska, V. Izquierdo-Roca, A. Pérez-Rodríguez, and 

E. Saucedo, “Compositional paradigms in multinary compound systems: A case 

study of kesterites,” J. Mat. Chem. A, vol. 3, no. 18, p. 9451 (2015). 

M. Dimitrievska, A. Fairbrother, E. Saucedo, A. Pérez-Rodríguez, and V. 

Izquierdo-Roca, “Influence of compositionally induced defects on the 

vibrational properties of device grade Cu2ZnSnSe4 absorbers for kesterite based 

solar cells,” Appl. Phys. Lett., vol. 106, no. 7, p. 073903 (2015). 

M. Dimitrievska, A. Fairbrother, E. Saucedo, A. Pérez-Rodríguez, and V. 

Izquierdo-Roca, “Secondary phase and Cu substitutional defect dynamics in 
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kesterite solar cells: impact on optoelectronic properties,” Sol. Energ. Mat. Sol. 

C., accepted (2015).  

M. Dimitrievska, G. Gurieva, H. Xie, A. Carrete, A. Cabot, E. Saucedo, A. 

Pérez-Rodríguez, S. Schorr, and V. Izquierdo-Roca, “Raman scattering 

quantitative analysis of the anion chemical composition in kesterite 

Cu2ZnSn(SxSe1-x)4 solid solutions” J. Alloys Compd., vol. 628, pp. 464 – 470, 

(2015). 

M. Dimitrievska, H. Xie, A. J. Jackson, X. Fontané, M. Espindola-Rodriguez, 

E. Saucedo, A. Pérez-Rodríguez, A. Walsh and V. Izquierdo-Roca, “Resonant 

Raman scattering of ZnSxSe1-x solid solutions: role of S and Se electronic states,” 

Phys. Chem. Chem. Phys, in press (2015). Doi: 10.1039/C5CP04498G. 

The thesis is constituted of five chapters. At the beginning of each chapter there 

is a short summary of the most important results presented in the articles on which that 

chapter is based. After this, each chapter concludes with the full text of the included 

articles. 

The first chapter is an introduction into photovoltaics, where the basic solar cell 

device structure and physics is explained, as well as the current state-of-the-art and 

challenges of the photovoltaic market and the possible solutions for the future. The 

main focus is then put on thin film photovoltaic solar cells, in particular those based in 

chalcogenide compounds, such as kesterites. Following this, an introduction into 

Raman scattering spectroscopy, as one of the main techniques used in the thesis, is 

presented. The physics and working principle of the regular and resonance Raman 

effect is explained, as well as advantages and disadvantages of applying this method for 

the characterization of polycrystalline thin films. Finally, the objectives of the thesis are 

presented.  

The second chapter is centered in the characterization of the fundamental 

properties of kesterite compounds. This includes complete analysis and identification of 

all active Raman modes for polycrystalline CZTS and CZTSe thin films and their solid 

solutions using multi-wavelength excitation Raman spectroscopy methods. Frequency 

and symmetry assignment of the main Raman modes are obtained from the spectra 

measured under regular and resonance Raman conditions, and in different polarization 

configurations. Additionally, first principle simulations enabled calculation of normal 

displacements for each mode separately, which in return gave information about the 

type of atoms involved in each vibration. This chapter is concluded with two articles: 

“Multiwavelength excitation Raman scattering study of polycrystalline kesterite 
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Cu2ZnSnS4 thin films” and “Multiwavelength excitation Raman scattering of 

Cu2ZnSn(SxSe1−x)4 (0 ≤ x ≤ 1) polycrystalline thin films: Vibrational properties of 

sulfoselenide solid solutions” in which detailed information about the results discussed 

in this chapter are presented. 

The third chapter presents the defect dynamics in kesterite materials. This 

includes development of the methodologies for the identification of different types of 

defects and then exploring their effect on the optoelectronic properties. The first part of 

the chapter is based on explaining the phonon confinement effects in kesterites, which 

are dominant in the case where a high density of defects is present in the material. It is 

shown that these effects are evident in the asymmetrical broadening of the most intense 

Raman peaks, arising due to the activation of the non-center phonons caused by the loss 

of translational symmetry in the crystal. Simultaneous fitting of these peaks according 

to the phonon confinement model is used to determine the correlation length, a 

parameter which is shown to quantitatively indicate the crystal quality of the material. 

The second part of the chapter is focused on identification of the specific defect clusters, 

the formation of which is highly probable in these kinds of materials, according to 

theoretical simulations. Formation of defects is compositionally induced in the specially 

prepared combinatorial samples with lateral compositional gradients. These 

combinatorial samples were later made into solar cells, with about 200 devices per each 

sample. Systematic XRD, Raman and optoelectronic characterization of the samples 

was performed, with the aim of correlating the vibrational and optoelectronic properties 

with the changes of the absorber composition. This resulted in observation of the 

changes in the relative intensity of Raman peaks, which are then systematically 

analyzed in relation to the occurrence of different kinds of defect clusters involving VCu, 

ZnCu, ZnSn, CuZn and SnZn point defects, in order to analyze the vibrational origin of the 

different modes. Additionally, the effect of Sn-Se, Zn-Se and Cu-Se secondary phases 

on the optoelectronic properties is presented, with a special emphasis put on the 

presence of the secondary phases in the bulk or surface of the absorber. This chapter 

ends with the explanation of the influence of [VCu + ZnCu] defect clusters on the open-

circuit voltage. The chapter is based on four publications: “Raman scattering crystalline 

assessment of polycrystalline Cu2ZnSnS4 thin films for sustainable photovoltaic 

technologies: Phonon confinement model”, “Compositional paradigms in multinary 

compound systems: A case study of kesterites”, “Influence of compositionally induced 

defects on the vibrational properties of device grade Cu2ZnSnSe4 absorbers for kesterite 

based solar cells” and “Secondary phase and Cu substitutional defect dynamics in 

kesterite solar cells: impact on optoelectronic properties” which are presented at the end.  

The fourth chapter is focused on application of Raman spectroscopy for the 

development of suitable methodologies for the anion compositional assessment of 
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kesterites and sulfo-selenide secondary phases. The first part of this chapter presents a 

general methodology that has been developed for the quantitative determination of 

anion composition of CZTSSe solid solutions using Raman spectroscopy. The 

methodology is based on the analysis of the integral intensity ratio of Raman bands 

sensitive to anion vibrations in relation to the anion composition of CZTSSe solid 

solutions. The methodology is calibrated using reference powder samples, and later 

validated by testing on different kinds of samples, including photovoltaic grade films 

with different compositions and films with different crystalline quality and the same 

composition. The second part of this chapter is dedicated to the Raman resonance 

scattering characterization of ZnSSe solid solutions, the most common secondary phase 

present in CZTSSe systems. Special focus is put on the Raman scattering intensities of 

the LO ZnS-like and ZnSe-like phonon modes, corresponding to vibrations of only S 

and Se ions, respectively, which proved to be significantly enhanced when excited with 

325 nm excitation in the case of S vibrations, and with 455 nm in the case of the Se 

vibrations. This behavior is explained with the interaction of the excitation photons with 

the corresponding S or Se electronic states in the conduction band, and further 

confirmed by the first principle simulations. The chapter is concluded with the 

presentation of two publications: “Raman scattering quantitative analysis of the anion 

chemical composition in kesterite Cu2ZnSn(SxSe1-x)4 solid solutions”, and “Resonant 

Raman scattering of ZnSxSe1-x solid solutions: role of S and Se electronic states”, on 

which this chapter is based. 

The final chapter of the thesis includes a summary and conclusion of the work. 

Finally, the following papers, which are authored or co-author by Mirjana 

Dimitrievska, contributed to the preparation of this thesis, but are not included in the 

text: 

M. Dimitrievska, H. Xie, G. Gurieva, X. Fontane, A. Fairbrother, R. Gunder, 

E. Saucedo, A. Perez-Rodriguez, S. Schorr, and V. Izquierdo-Roca, 

“Vibrational and structural properties of Cu2ZnSn(SxSe1−x)4 (0 ≤ x ≤ 1) solid 

solutions,” in Photovoltaic Specialist Conference (PVSC), 2014 IEEE 40th, pp. 

0033-0036 (2014). 

M. Dimitrievska, A. Fairbrother, V. Izquierdo-Roca, A. Perez-Rodriguez, and 

E. Saucedo, “Two ideal compositions for kesterite-based solar cell devices,” in 

Photovoltaic Specialist Conference (PVSC), 2014 IEEE 40th, pp. 2307-2309 

(2014). 
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H. Xie, M. Dimitrievska, X. Fontané, Y. Sánchez, S. López-Marino, V. 

Izquierdo-Roca, V. Bermúdez, A. Pérez-Rodríguez, E. Saucedo, “Formation 

and impact of secondary phases in Cu-poor Zn-rich Cu2ZnSn(S1-ySey)4 (0≤y≤1) 

based solar cells”, Sol. Energ. Mat. Sol. C., vol. 140, p. 289 (2015). 

M. Placidi, M. Dimitrievska,  V. Izquierdo-Roca,  X. Fontané,  A. Castellanos-

Gomez, A. Pérez-Tomás,  N. Mestres, M. Espindola-Rodriguez, S. López-

Marino, M. Neuschitzer, V. Bermudez, A.M Yaremko
 
and A. Pérez-Rodríguez, 

“Multiwavelength excitation Raman scattering analysis of bulk and 2 

dimensional MoS2: Vibrational properties of atomically thin MoS2 layers”, 2D 

Mater., vol. 2, p. 035006 (2015). 

G. Gurieva, M. Dimitrievska, S. Zander, A. Pérez-Rodríguez, V. Izquierdo-

Roca, S. Schorr, “Structural characterisation of Cu2.04Zn0.91Sn1.05S2.08Se1.92”, 

Phys. Status Solidi C, vol. 12, pp. 588 – 591, (2015). 

J. Márquez, M. Neuschitzer, M. Dimitrievska, R. Gunder, S. Haass, M. 

Werner, Y. Romanyuk, S. Schorr, N. Pearsall and I. Forbes, “Systematic 

compositional changes and their influence on lattice and optoelectronic 

properties of Cu2ZnSnSe4 kesterite solar cells”. Sol. Energ. Mat. Sol. C., 

accepted (2015). 

J. M. Skelton, A. J. Jackson, M. Dimitrievska, S. K. Wallace, and A. Walsh, 

“Vibrational spectra and lattice thermal conductivity of kesterite-structured 

Cu2ZnSnS4 and Cu2ZnSnSe4,” APL Mat., vol. 3, no. 4, p. 041102 (2015). 

L. Vauche, L. Risch, Y. Sánchez, M. Dimitrievska, M. Pasquinelli, T. Goislard 

de Monsabert, P.-P. Grand, S. Jaime-Ferrer, E. Saucedo, “8.2% Cu2ZnSnSe4 

thin film solar cells from large area electrodeposited precursors”, Prog. 

Photovolt. Res. Appl., in press (2015). DOI: 10.1002/pip.2643 

Y. Sanchez, M. Neuschitzer, M. Dimitrievska, M. Espindola-Rodriguez, J. 

Lopez-Garcia, V. Izquierdo-Roca, O. Vigil-Galan, and E. Saucedo, “High VOC 

Cu2ZnSnSe4/CdS:Cu based solar cell: Evidences of a metal-insulator-

semiconductor (MIS) type hetero-junction,” in Photovoltaic Specialist 

Conference (PVSC), 2014 IEEE 40th, pp. 0417-0420 (2014). 

A. Fairbrother, L. Fourdrinier, X. Fontané, V. Izquierdo-Roca, M. 

Dimitrievska, A. Pérez-Rodríguez, and E. Saucedo, “Precursor stack ordering 
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effects in Cu2ZnSnSe4 thin films prepared by rapid thermal processing,” J. 

Phys. Chem. C, vol. 118, no. 31, pp. 17291–17298 (2014). 
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Contribution of the author to publications in the thesis 

The author of this work, Mirjana Dimitrievska, has been responsible for the 

design and coordination of experiments, interpretation of the experimental results and 

theoretical modeling and calculations performed in this thesis. She has directly 

participated in the structural, vibrational and optoelectronic characterization of the 

samples. Additionally she has extensively worked on the theoretical simulations in 

order to develop models for the methodologies presented in this work. The author has 

coordinated the process of the preparation of absorbers and devices which were needed 

for the performance of the studies presented here. 

Chapter 2 

(1) M. Dimitrievska, et al, “Multiwavelength excitation Raman scattering study 

of polycrystalline kesterite Cu2ZnSnS4 thin films,” Applied Physic Letters, 

vol. 104, no. 2, p. 021901, (2014). 

Work was one of the most cited of the journal for period January-June 2015 

Impact Factor (IF): 3.51 

1
st
 quartile in areas: Physics and Astronomy 

This work is focused on the complete identification of Raman modes for 

the CZTS material using regular and resonance Raman spectroscopy. This 

article presents an important reference for future studies of these materials. 

In this work, Mirjana Dimitrievska was responsible for the measurements, 

interpretation of the experimental data and full writing of the manuscript. 

(2) M. Dimitrievska, et al, “Multiwavelength excitation Raman scattering of 

Cu2ZnSn(SxSe1−x)4 (0 ≤ x ≤ 1) polycrystalline thin films: Vibrational 

properties of sulfoselenide solid solutions,” Applied Physics Letters, vol. 

105, no. 3, p. 031913 (2014). 

Impact Factor (IF): 3.51 

1
st
 quartile in areas: Physics and Astronomy 

In this work, Raman spectroscopy and XRD were applied together in order 

to evaluate the crystal structure and the phonon modes of photovoltaic 
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grade CZTSSe kesterite thin films. This led to complete characterization of 

the structural and vibrational properties of these compounds. Part of this 

work Mirjana Dimitrievska has done at the Helmholtz Zentrum Berlin, 

where she had performed XRD characterization of the samples as well as 

the refinements of the patterns. She was also responsible for the 

coordination of the collaboration between the groups working at her host 

institute and HZB. Additionally, she had made the Raman characterization 

of the samples, done the interpretation of the experimental results, and was 

fully responsible for writing the manuscript. 

Chapter 3 

(3) M. Dimitrievska, et al, “Raman scattering crystalline assessment of 

polycrystalline Cu2ZnSnS4 thin films for sustainable photovoltaic 

technologies: Phonon confinement model,” Acta Materialia, vol. 70, pp. 

272 – 280, (2014). 

Impact Factor (IF): 4.87 

1
st
 quartile in areas: Electronic, Optical and Magnetic Materials 

This work explores the phonon confinement effects in the Raman spectra of 

polycrystalline CZTS thin films, which were prepared with different crystal 

quality. Mirjana Dimitrievska preformed the experimental characterization 

of the samples using Raman spectroscopy, SEM and XRD methods. She 

was also responsible for the interpretation of all experimental results. 

Additionally, for this work she has developed a theoretical model based on 

the phonon confinement effect for kesterite materials. The main objective 

of the model is quantitative estimation of the crystal quality from the 

Raman spectra. The model has been applied on several different types of 

kesterite samples, leading to successful estimation of the crystal quality. 

Mirjana Dimitrievska was also in charge of writing the manuscript and 

correlating all experimental data.  
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(4) A. Fairbrother, M. Dimitrievska, et al, “Compositional paradigms in 

multinary compound systems: A case study of kesterites,” Journal of 

Materials Chemistry A, vol. 3, no. 18, p. 9451 (2015). 

Impact Factor (IF): 7.44 

1
st
 quartile in areas: Chemistry; Materials Science; Renewable Energy 

In this article, CZTSe thin films with lateral compositional gradients have 

been prepared and used for the fabrication of a high number of solar cells 

(approximately 200) with different absorber composition. These samples 

have been used for the combinatorial studies of optoelectronic properties, 

with the aim of narrowing the compositional range to produce higher 

performance devices as well as study fundamental properties of the 

materials. In that regard, Mirjana Dimitrievska was involved in the 

coordination of the production of the samples, as well as selecting the 

compositional intervals which would be interesting for this study. She has 

prepared and interpreted the data regarding the correlation among the 

optoelectronic properties and the absorber composition. Additionally, she 

has prepared and designed most of the figures for this article, and directly 

contributed to the writing of the manuscript. 

(5) M. Dimitrievska, et al, “Influence of compositionally induced defects on 

the vibrational properties of device grade Cu2ZnSnSe4 absorbers for 

kesterite based solar cells,” Applied Physics Letters, vol. 106, no. 7, p. 

073903 (2015). 

Impact Factor (IF): 3.51 

1
st
 quartile in areas: Physics and Astronomy 

In this article, Mirjana Dimitrievska designed and coordinated an ambitious 

work which included experimental identification of the different defect 

clusters present in CZTSe compounds. The advanced characterization of 

the combinatorial samples by Raman spectroscopy led to identification of 

the effect of defect clusters on the peak features in the Raman spectra. This 

work is especially relevant because it shows for the first time the direct 

impact of defects on the Raman peaks of kesterites. This opens very 

interesting prospects for the use of Raman spectroscopy for the non-
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destructive detection of structural defects in the absorber films. Mirjana 

Dimitrievska was responsible for measuring and interpreting Raman spectra 

of more than 200 samples with three excitation wavelengths. She was also 

in charge of writing the manuscript.  

(6) M. Dimitrievska, et al, “Secondary phase and Cu substitutional defect 

dynamics in kesterite solar cells: impact on optoelectronic properties,” 

Solar Energy Materials & Solar Cells, accepted (2015). 

Impact Factor (IF): 5.76 

1
st
 quartile in areas: Electronic, Optical and Magnetic Materials; Renewable 

Energy 

This article investigates the influence of point defects and secondary phases 

on the performance of CZTSe devices. Systematic Raman scattering, XRD 

and optoelectronic characterization of the combinatorial samples with 

nearly 200 cells per samples was made. These results are especially 

relevant for the kesterite community, particularly for the optimization of the 

device preparation processes, since it has been show that open-circuit 

voltage of solar cells can be tuned by adjusting the amount of Cu-

substitutional defects present in the absorber. In this work, Mirjana 

Dimitrievska coordinated and designed the experiments, including the 

characterization of the samples, as well as the interpretation of the 

experimental data. She was also responsible for fully writing the 

manuscript. 

Chapter 4 

(7) M. Dimitrievska, et al, “Raman scattering quantitative analysis of the anion 

chemical composition in kesterite Cu2ZnSn(SxSe1-x)4 solid solutions” 

Journal of Alloys and Compounds, vol. 628, pp. 464 – 470, (2015). 

Impact Factor (IF): 2.72 

1
st
 quartile in areas: Materials Chemistry; Metals and Alloys, Mechanics of 

Materials 
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In this work, Mirjana Dimitrievska was responsible for the development of 

simple and non-destructive optical methodology for the quantitative 

measurement of [S] / ([S] + [Se]) anion composition in kesterite CZTSSe 

solid solutions by means of Raman spectroscopy. The methodology is 

based on the dependence of the integral intensity ratio of Raman bands 

sensitive to anion vibrations with the [S] / ([S] + [Se]) composition of the 

kesterite solid solutions. Mirjana Dimitrievska coordinated and designed 

the experiments for this work, which presents collaboration among three 

different scientific groups, two of which are based at IREC and one at 

Helmholtz Zentrum Berlin. Mirjana organized preparation of all samples, 

from which the reference powder samples were synthesized at Helmholtz 

Zentrum Berlin, while the rest were made at IREC. She was also 

completely responsible for all structural and vibrational characterization, 

interpretation of the data, and for writing of the manuscript. 

(8) M. Dimitrievska, et al, “Resonant Raman scattering of ZnSxSe1-x solid 

solutions: role of S and Se electronic states,” Physical Chemistry 

Chemical Physics, in press (2015). Doi: 10.1039/C5CP04498G. 

Work selected for back cover of the journal 

Impact Factor (IF): 4.49 

1
st
 quartile in areas: Physics and Astronomy; Physical and Theoretical 

Chemistry 

This article presents a collaborative work between IREC and the University 

of Bath, which was proposed, organized and coordinated by Mirjana 

Dimitrievska. The main objective of this study was to better understand the 

fundamental properties of ZnSSe solid solutions, which are the most 

common secondary phases in CZTSSe materials. All experimental 

characterization regarding the vibrational and structural properties, which 

included Raman and XRD measurements, was coordinated by Mirjana 

Dimitrievska. She has also performed the interpretation of the experimental 

data. Additionally she has designed the objectives for the theoretical 

simulations which were performed at University of Bath. Finally, she has 

made the correlation among the experimental and theoretical data, and fully 

prepared the manuscript. 
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El trabajo presentado en esta tesis fue realizado en el Instituto de Investigación 

en Energía de Cataluña (IREC) en Sant Adrìa del Besòs (Barcelona), España, desde el 

año 2013 hasta el 2015 dentro del proyecto Marie Curie KESTCELLS (FP7/2007-2013/ 

316488). El tema principal de la tesis es la caracterización de propiedades cristalinas y 

vibracionales de kesteritas (CZTS, CZTSe, CZTSSe), materiales que se utilizan como 

absorbedores de luz en dispositivos fotovoltaicos de capa delgada. 

Cada capítulo de la tesis está estructurado en torno a varios artículos publicados 

en revistas de peer-review de alto impacto. De acuerdo con los requisitos para el 

Doctorado en Filosofía de Física en la Universidad de Barcelona, esta tesis está 

constituida por los siguientes ocho artículos: 

M. Dimitrievska, A. Fairbrother, X. Fontané, T. Jawhari, V. Izquierdo-Roca, E. 

Saucedo, and A. Pérez-Rodríguez, “Multiwavelength excitation Raman 

scattering study of polycrystalline kesterite Cu2ZnSnS4 thin films,” Appl. Phys. 

Lett., vol. 104, no. 2, p. 021901, (2014). 

M. Dimitrievska, H. Xie, A. Fairbrother, X. Fontané, G. Gurieva, E. Saucedo, 

A. Pérez-Rodríguez, S. Schorr, and V. Izquierdo-Roca, “Multiwavelength 

excitation Raman scattering of Cu2ZnSn(SxSe1−x)4 (0 ≤ x ≤ 1) polycrystalline 

thin films: Vibrational properties of sulfoselenide solid solutions,” Appl. Phys. 

Lett., vol. 105, no. 3, p. 031913 (2014). 

M. Dimitrievska, A. Fairbrother, A. Pérez-Rodríguez, E. Saucedo, and V. 

Izquierdo-Roca, “Raman scattering crystalline assessment of polycrystalline 

Cu2ZnSnS4 thin films for sustainable photovoltaic technologies: Phonon 

confinement model,” Acta Mater., vol. 70, pp. 272 – 280, (2014). 

A. Fairbrother, M. Dimitrievska, V. Izquierdo-Roca, A. Pérez-Rodríguez, and 

E. Saucedo, “Compositional paradigms in multinary compound systems: A case 

study of kesterites,” J. Mat. Chem. A, vol. 3, no. 18, p. 9451 (2015). 

M. Dimitrievska, A. Fairbrother, E. Saucedo, A. Pérez-Rodríguez, and V. 

Izquierdo-Roca, “Influence of compositionally induced defects on the 

vibrational properties of device grade Cu2ZnSnSe4 absorbers for kesterite based 

solar cells,” Appl. Phys. Lett., vol. 106, no. 7, p. 073903 (2015). 

M. Dimitrievska, A. Fairbrother, E. Saucedo, A. Pérez-Rodríguez, and V. 

Izquierdo-Roca, “Secondary phase and Cu substitutional defect dynamics in 
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kesterite solar cells: impact on optoelectronic properties,” Sol. Energ. Mat. Sol. 

C., accepted (2015).  

M. Dimitrievska, G. Gurieva, H. Xie, A. Carrete, A. Cabot, E. Saucedo, A. 

Pérez-Rodríguez, S. Schorr, and V. Izquierdo-Roca, “Raman scattering 

quantitative analysis of the anion chemical composition in kesterite 

Cu2ZnSn(SxSe1-x)4 solid solutions” J. Alloys Compd., vol. 628, pp. 464 – 470, 

(2015). 

M. Dimitrievska, H. Xie, A. J. Jackson, X. Fontané, M. Espindola-Rodriguez, 

E. Saucedo, A. Pérez-Rodríguez, A. Walsh and V. Izquierdo-Roca, “Resonant 

Raman scattering of ZnSxSe1-x solid solutions: role of S and Se electronic states,” 

Phys. Chem. Chem. Phys, in press (2015). Doi: 10.1039/C5CP04498G. 

 

La tesis está estructurada en cinco capítulos. Cada capítulo comienza con un 

resumen de los resultados más importantes presentados en los artículos sobre los cuales 

se basa dicho capítulo. Después, cada capítulo concluye con el texto completo de dichos 

artículos. 

El primer capítulo consiste en una introducción a la tecnología fotovoltaica. En 

ella se incluye la descripción de la estructura básica de un dispositivo fotovoltaico, los 

fundamentos físicos en los que se basa, el estado del arte y los desafíos que plantea el 

mercado fotovoltaico actual así como las posibles soluciones para el futuro. 

Seguidamente, el capítulo pasa a centrarse en los dispositivos fotovoltaicos de capa 

delgada, en particular en los basados en compuestos calcogenuros como las kesteritas. 

A continuación, se introduce la espectroscopia Raman, la técnica de caracterización 

principal utilizada en esta tesis. Se explican los fundamentos físicos del efecto Raman, 

tanto convencional como resonante, así como las ventajas y desventajas de la aplicación 

de este método para la caracterización de capas delgadas y policristalinas. Finalmente, 

se presentan los objetivos de la tesis. 

El segundo capítulo se centra en la caracterización de las propiedades 

fundamentales de los compuestos de kesterita. Incluye un análisis e identificación 

completas de todos los modos activos de Raman de capas delgadas y policristalinas de 

CZTS, CZTSe y sus soluciones sólidas a través del empleo de métodos de 

espectroscopia Raman de excitación con múltiples longitudes de onda. La asignación de 

la frecuencia y la simetría de los principales modos Raman se obtiene a partir de los 

espectros realizados en condiciones convencionales y resonantes y utilizando distintas 

configuraciones de polarización. De manera adicional, simulaciones de primeros 
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principios permitieron el cálculo de los desplazamientos normales de cada modo. Estos 

cálculos proporcionan información sobre los tipos de átomos que participan en cada 

vibración. El capítulo finaliza con dos artículos en los que se presenta información 

detallada de los resultados discutidos a lo largo del mismo: “Multiwavelength excitation 

Raman scattering study of polycrystalline kesterite Cu2ZnSnS4 thin films” y 

“Multiwavelength excitation Raman scattering of Cu2ZnSn(SxSe1−x)4 (0 ≤  x ≤  1) 

polycrystalline thin films: Vibrational properties of sulfoselenide solid solutions”. 

El tercer capítulo trata la dinámica de los defectos en las kesteritas. Incluye el 

desarrollo de metodologías para la identificación de los diferentes tipos de defectos y el 

análisis del efecto que tienen en las propiedades optoelectrónicas. La primera parte de 

este capítulo explica los efectos del confinamiento de fonones en las kesteritas. Éstos 

son dominantes cuando el material presenta una alta densidad de defectos y se 

evidencian en el ensanchamiento asimétrico de los picos Raman más intensos. Este 

ensanchamiento es causado por la activación de fonones no céntricos originados por la 

pérdida de simetría traslacional en el cristal. Se han realizado ajustes simultáneos de los 

picos de acuerdo con el modelo de confinamiento de fonones para determinar la 

longitud de correlación. Se demuestra que este parámetro indica de forma cuantitativa 

la calidad cristalina del material. La segunda parte del capítulo está enfocada a la 

identificación de grupos específicos de defectos cuya formación es muy probable en 

este tipo de materiales de acuerdo con los cálculos teóricos. Se indujo la formación de 

defectos de manera composicional en muestras combinatorias con gradientes laterales 

de composición. Estas muestras fueron luego utilizadas para la fabricación de células 

solares con unos 200 dispositivos por muestra. Se realizó una caracterización 

sistemática por XRD, Raman y de las propiedades optoelectrónicas de las muestras con 

el fin de correlacionar las propiedades vibracionales y optoelectrónicas de los 

dispositivos con cambios en la composición del absorbedor. El resultado fue la 

observación de cambios en las intensidades relativas de los picos Raman. Éstos fueron 

analizados sistemáticamente en función de la presencia de diferentes grupos de defectos, 

incluyendo defectos puntuales de VCu, ZnCu, ZnSn, CuZn and SnZn, para analizar el origen 

vibracional de los modos. Adicionalmente, se presenta el efecto de las fases secundarias 

de Sn-Se, Zn-Se y Cu-Se sobre las propiedades optoelectrónicas haciendo especial 

hincapié en la presencia de fases secundarias en el volumen (“bulk”) o en la superficie 

del absorbedor. Este capítulo finaliza con una explicación sobre la influencia de los 

defectos [VCu + ZnCu] en el voltaje de circuito-abierto de las células solares. El capítulo 

está basado en cuatro publicaciones que se adjuntan al final del mismo: “Raman 

scattering crystalline assessment of polycrystalline Cu2ZnSnS4 thin films for sustainable 

photovoltaic technologies: Phonon confinement model”, “Compositional paradigms in 

multinary compound systems: A case study of kesterites”, “Influence of 
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compositionally induced defects on the vibrational properties of device grade 

Cu2ZnSnSe4 absorbers for kesterite based solar cells” y “Secondary phase and Cu 

substitutional defect dynamics in kesterite solar cells: impact on optoelectronic 

properties”.  

El cuarto capítulo se centra en la aplicación de la espectroscopia Raman para el 

desarrollo de metodologías aptas para la estimación composicional de los aniones de 

kesteritas y otras fases sulfo-seleniuro. En la primera parte del capítulo se presenta una 

metodología general que fue desarrollada para la determinación cuantitativa de la 

composición de aniones de soluciones sólidas de CZTSSe utilizando la espectroscopia 

Raman. La metodología se basa en el análisis del ratio entre la intensidad integral de las 

bandas Raman sensibles a vibraciones de los aniones y la composición de aniones en 

soluciones sólidas de CZTSSe. La metodología fue calibrada utilizando muestras de 

referencia en polvo y validada a través de la comprobación de diferentes tipos de 

muestras, incluyendo capas de grado fotovoltaico con distintas composiciones y capas 

de la misma composición pero con diferencias en la calidad cristalina. La segunda parte 

del capítulo comprende la caracterización Raman en resonancia de soluciones sólidas 

de ZnSSe, la fase secundaria más común en sistemas de CZTSSe. Se pone una mayor 

atención en las intensidades Raman de los modos de fonones LO del tipo ZnS y ZnSe, 

correspondientes a vibraciones de S y Se puros, respectivamente, las cuales aumentan 

de manera significativa con la excitación de 325 nm, en el caso de vibraciones de S, y 

con 455 nm en el caso de vibraciones de Se. Este comportamiento se explica por la 

interacción de los fotones de excitación con los estados electrónicos correspondientes, 

de S o Se, en la banda de conducción. Esto ha sido confirmado, además, con 

simulaciones de primeros principios. El capítulo concluye con la presentación de dos 

publicaciones sobre las cuales está basado el mismo: “Raman scattering quantitative 

analysis of the anion chemical composition in kesterite Cu2ZnSn(SxSe1-x)4 solid 

solutions”, y  “Resonant Raman scattering of ZnSxSe1-x solid solutions: role of S and Se 

electronic states”. 

En el último capítulo de la tesis se incluyen un resumen del trabajo realizado y 

las conclusiones. 

Por último, los siguientes artículos, en los cuales Mirjana Dimitrievska es 

autora o co-autora, han contribuido a la preparación de esta tesis pero no están incluidos 

en el texto: 

M. Dimitrievska, H. Xie, G. Gurieva, X. Fontane, A. Fairbrother, R. Gunder, 

E. Saucedo, A. Perez-Rodriguez, S. Schorr, and V. Izquierdo-Roca, 

“Vibrational and structural properties of Cu2ZnSn(SxSe1−x)4 (0 ≤ x ≤ 1) solid 
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solutions,” in Photovoltaic Specialist Conference (PVSC), 2014 IEEE 40th, pp. 

0033-0036 (2014). 

M. Dimitrievska, A. Fairbrother, V. Izquierdo-Roca, A. Perez-Rodriguez, and 

E. Saucedo, “Two ideal compositions for kesterite-based solar cell devices,” in 

Photovoltaic Specialist Conference (PVSC), 2014 IEEE 40th, pp. 2307-2309 

(2014). 

H. Xie, M. Dimitrievska, X. Fontané, Y. Sánchez, S. López-Marino, V. 

Izquierdo-Roca, V. Bermúdez, A. Pérez-Rodríguez, E. Saucedo, “Formation 

and impact of secondary phases in Cu-poor Zn-rich Cu2ZnSn(S1-ySey)4 (0≤y≤

1) based solar cells”, Sol. Energ. Mat. Sol. C., vol. 140, p. 289 (2015). 

M. Placidi, M. Dimitrievska,  V. Izquierdo-Roca,  X. Fontané,  A. Castellanos-

Gomez, A. Pérez-Tomás,  N. Mestres, M. Espindola-Rodriguez, S. López-

Marino, M. Neuschitzer, V. Bermudez, A.M Yaremko
 
and A. Pérez-Rodríguez, 

“Multiwavelength excitation Raman scattering analysis of bulk and 2 

dimensional MoS2: Vibrational properties of atomically thin MoS2 layers”, 2D 

Mater., vol. 2, p. 035006 (2015). 

G. Gurieva, M. Dimitrievska, S. Zander, A. Pérez-Rodríguez, V. Izquierdo-

Roca, S. Schorr, “Structural characterisation of Cu2.04Zn0.91Sn1.05S2.08Se1.92”, 

Phys. Status Solidi C, vol. 12, pp. 588 – 591, (2015). 

J. Márquez, M. Neuschitzer, M. Dimitrievska, R. Gunder, S. Haass, M. 

Werner, Y. Romanyuk, S. Schorr, N. Pearsall and I. Forbes, “Systematic 

compositional changes and their influence on lattice and optoelectronic 

properties of Cu2ZnSnSe4 kesterite solar cells”. Sol. Energ. Mat. Sol. C., 

accepted (2015). 

J. M. Skelton, A. J. Jackson, M. Dimitrievska, S. K. Wallace, and A. Walsh, 

“Vibrational spectra and lattice thermal conductivity of kesterite-structured 

Cu2ZnSnS4 and Cu2ZnSnSe4,” APL Mat., vol. 3, no. 4, p. 041102 (2015). 

L. Vauche, L. Risch, Y. Sánchez, M. Dimitrievska, M. Pasquinelli, T. Goislard 

de Monsabert, P.-P. Grand, S. Jaime-Ferrer, E. Saucedo, “8.2% Cu2ZnSnSe4 

thin film solar cells from large area electrodeposited precursors”, Prog. 

Photovolt. Res. Appl., in press (2015). DOI: 10.1002/pip.2643 
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Y. Sanchez, M. Neuschitzer, M. Dimitrievska, M. Espindola-Rodriguez, J. 

Lopez-Garcia, V. Izquierdo-Roca, O. Vigil-Galan, and E. Saucedo, “High VOC 

Cu2ZnSnSe4/CdS:Cu based solar cell: Evidences of a metal-insulator-

semiconductor (MIS) type hetero-junction,” in Photovoltaic Specialist 

Conference (PVSC), 2014 IEEE 40th, pp. 0417-0420 (2014). 

A. Fairbrother, L. Fourdrinier, X. Fontané, V. Izquierdo-Roca, M. 

Dimitrievska, A. Pérez-Rodríguez, and E. Saucedo, “Precursor stack ordering 

effects in Cu2ZnSnSe4 thin films prepared by rapid thermal processing,” J. 

Phys. Chem. C, vol. 118, no. 31, pp. 17291–17298 (2014). 

Contribución del autor a publicaciones de la tesis 

La autora de este trabajo, Mirjana Dimitrievska, ha sido responsable del diseño 

y la coordinación de los experimentos, la interpretación de los resultados 

experimentales, el modelado teórico y los cálculos realizados en esta tesis. La autora ha 

participado directamente en la caracterización estructural, vibracional y optoelectrónica 

de las muestras. Además, ha trabajado extensamente en las simulaciones teóricas 

desarrollando modelos para las metodologías presentadas en esta tesis. La autora ha 

coordinado el proceso de preparación de los absorbedores y dispositivos necesarios para 

realizar los estudios presentados en este documento. 

Capítulo 2 

(1) M. Dimitrievska, et al, “Multiwavelength excitation Raman scattering study 

of polycrystalline kesterite Cu2ZnSnS4 thin films,” Applied Physic Letters, 

vol. 104, no. 2, p. 021901, (2014). 

Este trabajo fue uno de los más citados durante el periodo enero-junio 2015 

Factor de impacto (IF): 3.51 

1
er
 cuartil en las áreas: física y astronomía 

Este trabajo se centra en la identificación completa de los modos Raman 

para el material CZTS utilizando espectroscopia Raman convencional y 

resonante. Este artículo representa una referencia importante para futuros 

estudios de estos materiales. En este trabajo, Mirjana Dimitrievska fue la 

responsable de las medidas, la interpretación de los datos experimentales y 

la escritura completa del manuscrito. 
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(2) M. Dimitrievska, et al, “Multiwavelength excitation Raman scattering of 

Cu2ZnSn(SxSe1−x)4 (0 ≤ x ≤ 1) polycrystalline thin films: Vibrational 

properties of sulfoselenide solid solutions,” Applied Physics Letters, vol. 

105, no. 3, p. 031913 (2014). 

Factor de impacto (IF): 3.51 

1
er
 cuartil en las áreas: física y astronomía 

En este trabajo, la espectroscopia Raman y XRD fueron aplicadas 

conjuntamente para evaluar la estructura cristalina y los modos de fonones 

de capas delgadas de kesterita CZTSSe de grado fotovoltaico. De esta 

manera, se realizó una caracterización completa de las propiedades 

estructurales y vibracionales de estos compuestos. Una parte de este trabajo 

fue realizado por Mirjana Dimitrievska en el Helmholtz Zentrum Berlin, 

donde fue realizada la caracterización por XRD de las muestras y el 

refinamiento de los patrones. También fue responsable de la coordinación 

de la colaboración entre los grupos de su instituto de origen y el HZB. 

Además, realizó la caracterización por Raman de las muestras, la 

interpretación de los resultados experimentales y fue la responsable  de la 

redacción del manuscrito. 

Capítulo 3 

(3) M. Dimitrievska, et al, “Raman scattering crystalline assessment of 

polycrystalline Cu2ZnSnS4 thin films for sustainable photovoltaic 

technologies: Phonon confinement model,” Acta Materialia, vol. 70, pp. 

272 – 280, (2014). 

Factor de impacto (IF): 4.87 

1
er
 cuartil en las áreas: materiales electrónicos, ópticos y magnéticos 

Este trabajo analiza los efectos de confinamiento de fonones en los 

espectros Raman de capas delgadas de CZTS policristalina sintetizadas con 

diferentes calidades cristalinas. Mirjana Dimitrievska realizó la 

caracterización experimental de las muestras empleando espectroscopia 

Raman, SEM y XRD. Fue también la responsable de la interpretación de 

los resultados experimentales. Adicionalmente, desarrolló un modelo 

teórico basado en el efecto de confinamiento de fonones para kesteritas en 
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este trabajo. El objetivo principal de este modelo es la estimación 

cuantitativa de la calidad cristalina a partir de los espectros Raman. Este 

modelo ha sido aplicado a varios tipos de muestras de kesterita 

consiguiendo una estimación correcta de la calidad cristalina. Mirjana 

Dimitrievska también fue la responsable de escribir el manuscrito y de 

correlacionar todos los datos experimentales. 

(4) A. Fairbrother, M. Dimitrievska, et al, “Compositional paradigms in 

multinary compound systems: A case study of kesterites,” Journal of 

Materials Chemistry A, vol. 3, no. 18, p. 9451 (2015). 

Factor de impacto (IF): 7.44 

1
er
 cuartil en las áreas: química; ciencia de materiales; energías renovables 

En este artículo, capas delgadas de CZTSe con gradientes laterales de 

composición fueron preparadas y utilizadas para la fabricación de un gran 

número de células solares (aproximadamente 200), cada célula con una 

composición diferente. Estas muestras fueron utilizadas para un estudio 

combinatorio de las propiedades optoelectrónicas con el objeto de reducir el 

rango composicional para la producción de dispositivos de alto rendimiento  

y para realizar un estudio de las propiedades fundamentales del material. A 

este respecto, Mirjana Dimitrievska fue involucrada en la coordinación de 

la producción de las muestras, además de en la selección de los intervalos 

composicionales de interés para el estudio. Preparó e interpretó los datos 

sobre la correlación entre las propiedades optoelectrónicas y la 

composición del absorbedor. Adicionalmente, preparó y diseñó la mayoría 

de las figuras del artículo y realizó contribuciones directas en la redacción 

del manuscrito.  

(5) M. Dimitrievska, et al, “Influence of compositionally induced defects on 

the vibrational properties of device grade Cu2ZnSnSe4 absorbers for 

kesterite based solar cells,” Applied Physics Letters, vol. 106, no. 7, p. 

073903 (2015). 

Factor de impacto (IF): 3.51 

1
er
 cuartil en las áreas: física y astronomía 
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En este artículo, Mirjana Dimitrievska diseñó y coordinó un ambicioso 

trabajo que incluye la identificación experimental de los diferentes grupos 

de defectos presentes en la kesterita CZTSe. La caracterización avanzada 

de las muestras combinatorias por espectroscopia Raman identificó los 

efectos de los grupos de defectos en las características de los espectros 

Raman. Este trabajo es particularmente relevante porque demuestra, por 

primera vez, el impacto directo de los defectos asociados con diferentes 

anomalías en los picos Raman de la kesterita. Esto abre posibilidades muy 

interesantes para el uso de la espectroscopia Raman para la detección no 

destructiva de los defectos estructurales en las capas del absorbedor. 

Mirjana Dimitrievska fue responsable de la medición e interpretación de los 

espectros Raman de más de 200 muestras con tres longitudes de onda de 

excitación. También fue responsable de la redacción del manuscrito. 

(6) M. Dimitrievska, et al, “Secondary phase and Cu substitutional defect 

dynamics in kesterite solar cells: impact on optoelectronic properties,” 

Solar Energy Materials & Solar Cells, accepted (2015). 

Factor de impacto (IF): 5.76 

1
er
 cuartil en las áreas: materiales electrónicos, ópticos y magnéticos; 

energías renovables 

Este artículo investiga la influencia de defectos puntuales y fases 

secundarias en el rendimiento de dispositivos de CZTSe. Una 

caracterización sistemática por Raman, XRD y de las propiedades 

optoelectrónicas de las muestras combinatorias de casi 200 células fue 

realizada en este trabajo. Estas muestras son muy relevantes para la 

comunidad de kesteritas, en particular para la optimización de procesos de 

fabricación de dispositivos, porque demuestran que el voltaje de circuito-

abierto de las células solares se puede modificar ajustando la cantidad de 

defectos de sustitución de Cu presentes en el absorbedor. En este trabajo, 

Mirjana Dimitrievska coordinó y diseñó los experimentos, incluyendo la 

caracterización de las muestras y, además, la interpretó los datos 

experimentales. Fue responsable, también, de escribir el manuscrito. 
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Capítulo 4 

(7) M. Dimitrievska, et al, “Raman scattering quantitative analysis of the anion 

chemical composition in kesterite Cu2ZnSn(SxSe1-x)4 solid solutions” 

Journal of Alloys and Compounds, vol. 628, pp. 464 – 470, (2015). 

Factor de impacto (IF): 2.72 

1
er
 cuartil en las áreas: química de materiales; metales y aleaciones; 

mecánica de materiales 

En este trabajo, Mirjana Dimitrievska fue responsable del desarrollo de una 

metodología óptica sencilla y no destructiva para la medición cuantitativa 

de la composición de aniones [S] / ([S] + [Se]) en soluciones sólidas de 

kesterita CZTSSe. La metodología se basa en la dependencia del ratio entre 

la intensidad integral de las bandas Raman más sensibles a vibraciones de 

aniones y la composición de [S] / ([S] + [Se]) en soluciones sólidas de 

kesteritas. Mirjana Dimitrievska coordinó y diseñó los experimentos para 

este trabajo, lo cual requirió una colaboración entre tres grupos científicos: 

dos basados en IREC y uno en el Helmholtz Zentrum Berlin. Mirjana 

organizó la preparación de todas las muestras de las cuales las de referencia 

en polvo fueron sintetizadas en el Helmholtz Zentrum Berlin, mientras que 

las demás fueron fabricadas en IREC. También fue responsable de la 

caracterización estructural y vibracional, interpretación de los datos, y la 

redacción del manuscrito. 

(8) M. Dimitrievska, et al, “Resonant Raman scattering of ZnSxSe1-x solid 

solutions: role of S and Se electronic states,” Physical Chemistry 

Chemical Physics, in press (2015). Doi: 10.1039/C5CP04498G. 

Trabajo seleccionado para la portada interior de la revista 

Factor de impacto (IF): 4.49 

1
er
 cuartil en las áreas: física y astronomía; química física y teórica 

Este artículo presenta un trabajo de colaboración entre IREC y la 

Universitdad de Bath el cual fue propuesto, organizado y coordinado por 

Mirjana Dimitrievska. El objetivo principal de este estudio fue una mejor 

compresión de las propiedades fundamentales de las soluciones sólidas de 
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ZnSSe, la cual es la fase secundaria más común entre los materiales 

CZTSSe. Toda la caracterización experimental relacionada con las 

propiedades vibracionales y estructurales, lo cual incluye medidas de 

Raman y XRD, fue coordinada por Mirjana Dimitrievska. También realizó 

la interpretación de los datos experimentales. Adicionalmente, diseñó los 

objetivos para las simulaciones teóricas que fueron realizadas en la 

Universidad de Bath. Por último, realizó la correlación entre los datos 

experimentales y teóricos y preparo el manuscrito.  

Ninguno de estos artículos ha sido utilizando previamente por los co-autores para su 

tesis doctoral. 

 

Barcelona, 21. 10. 2015. 

 

 

 

Prof. Alejandro Pérez Rodríguez Dr. Victor Izquierdo-Roca 
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During the last decades the direct conversion of solar energy to electricity by 

photovoltaic (PV) cells has emerged from a pilot technology into one that produced 

more than 200 GW of electricity generating capacity in 2015, and it is projected to 

more than double or even triple between now and 2020.
1
 

The rapid evolution of PV as an alternative means of energy generation is 

bringing it closer to the point where it can make a significant contribution to challenges 

posed by the rapid growth of worldwide energy demand and the associated 

environmental issues. Besides the main existing technology, which is based on silicon 

(Si), there is also fast development of new materials and fabrication technologies which 

significantly increase the potential application of this field. The PV industry, which was 

until recently based primarily on monocrystalline, polycrystalline, and amorphous Si, 

grew at an average annual rate of 50% during 2000–2010, and it is growing even faster 

in the recent years.
2
 Even though this may seem like a very large number, PV 

installations are still supplying only < 1 % of all the world’s power needs.
1
 In order to 

scale this number to terawatts (TW) and reach the point at which the cost of PV power 

is equal to the price of grid electricity, it is necessary to increase individual cell 

efficiency and translate that to modules, as well as reduce the manufacturing expenses 

and increase the lifetime of the systems. This is why development of new materials is 

crucial for the future of PV. 

 The main working principle of solar cells is based on photovoltaic effect, in 

which separated photogenerated charge carriers are carried out through an external 

circuit.
2,3

 An illustration of a working PV device in its most general form is shown in 

Figure 1.1. The device could be described as a system in which after absorption of a 

photon, an electron-hole pair is created, with the electron and hole staying in a high- 

and low-energy states, respectively. Normally, the electron and hole will recombine 

after some time, thus generating heat. In a PV solar cell however, a built in electric filed 

is used to separate the electron-hole pair before recombination.  

In nearly all cells, especially those for the commercial use, the solar absorber is 

a semiconductor. If just one type of semiconductor is used, the common approach is to 

make a p-n junction with it. For that, the material needs to be “ambipolar”, meaning 

that it can be doped to have either excess of electrons (n type) or excess of holes (p 

type). If p and n type materials are brought into contact so that they can reach electronic 

equilibrium, they form a junction (a diode or PV device), which can, because of the 

difference in electrochemical potential of the electrons between the p and n type regions, 

separate photogenerated carriers. Suitable external contacts then collect these 

photogenerated carriers and produce useful work (electric power) by the flow of current 

from high to low potential, through an external circuit. If the p and n type 
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semiconductors are made from the same material then the junction is termed a 

homojunction. If two different semiconductors are used, then these are termed as 

heterojunctions. 

 

Figure 1.1 Basic working principles of a PV device 

As mentioned previously, there is actually a wide variety of PV technologies, 

though all operate on the same mechanism described above. PV is frequently divided 

into three generations of technologies. These PV approaches are often named first-, 

second- and third-generation technologies, as illustrated in Figure 1.2.
2
  

 

Figure 1.2 Cost efficiency analyses for I-, II- and III-generation PV technologies 
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The first generation technology is represented by the single-crystalline and 

multicrystalline Si-based modules. This is an already commercialized technology with 

research and optimization being developed for decades now. Unfortunately, silicon 

solar cells are slowly reaching their theoretical performance limit, so further 

improvements are becoming a challenge. Additionally, because silicon has an indirect 

band gap, which leads to a low absorption coefficient, relatively thick absorber layers (> 

0.1 mm) are needed, which increases the cost and as well as the module weight making 

the layers unsuitable for flexible PV application. Nevertheless, the first generation 

technology constitutes about 90 % of the PV market, though it is slowly decreasing and 

giving way to second generation technologies.
1
  

The second generation is based on thin film cells composed of a-Si:H, CdTe, 

chalcopyrite materials and even thin polycrystalline Si absorbers. Thin film cells are 

fabricated at low temperatures on low-cost substrates, such as glass or metal foils using 

suitable production techniques, rather than directly being cut as wafers from bulk 

materials. The main goal of this generation technology is to significantly reduce cost 

without making big loses in the efficiency, resulting in an overall reduction in the 

model cost per W. This is achieved by using direct band gap materials which are more 

efficient at absorbing light; leading to thin-film solar cells with absorber layers less than 

5 µm thick. This in return significantly reduces the material usage for modules and is 

potentially compatible with flexible substrates. On the other side, the main drawbacks 

of these technologies include the use of relatively rare or toxic elements (In, Ga, Cd, Te, 

Ag). At the moment, these technologies account for about 10 % of the PV market, and 

are at early stage of commercialization when compared to the first generation 

technologies.  

Third generation technologies exploit novel materials (like quantum dots), 

device designs and physical phenomena to significantly increase device efficiency and 

further lower production cost. Third-generation concepts have just begun to be 

investigated and have a long materials and development path ahead.  

It should be mentioned that the boundary lines between these definitions are not 

so well defined and often blurred. For example, organic solar cells are thin films which 

could be potentially produced at very low cost, putting them in the second generation 

approach. However, their excitonic nature is relatively unexplored but might lead to 

new modes of energy harvesting, which are accounted in the third-generation 

approaches. Nevertheless, even with this blurring, the above mention characterization 

presents a very useful way to classify different PV technologies. 
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Thin film solar cells 

A typical cross section showing the device structure of thin film solar cells 

which, as mentioned before, belong to the second generation of photovoltaics, is 

illustrated in Figure 1.3. Usually thin film solar cells are heterojunction devices with a 

junction formed between a thin n-type buffer layer and a p-type absorber layer. 

Depending on the way of the light penetration in the solar cell, there are two possible 

configurations of device structures, usually referred as superstrate and substrate.
2
 In the 

case of the superstrate configuration, the light enters through the glass on which the 

films making up the device are deposited, while in the substrate configuration the light 

enters from the face opposite of the substrate. Figure 1.3 shows a device which operates 

in the substrate configuration.  

 

Figure 1.3 Cross section of a thin film (kesterite) solar cell device  

Thin film solar cells typically consist of a transparent front contact, which is 

usually a transparent conducting oxide (TCO). These need to be made from low-cost, 

abundant elements, must have high conductivity and high transparency in the visible 

spectrum, and must allow easy electrical isolation of the device. This layer acts as a 

conduit for the photo-generated electrons, and transports them to the metal contacts. 
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Beneath this is an n-type buffer layer, usually less than 100 nm thick, which in 

conjunction with the p-type absorber, forms the p-n junction exploited for separation of 

the photo-generated charge carriers. The next lowest layer is the p-type semiconductor, 

which plays the role of absorbing the majority of incoming light, and is therefore 

referred as the absorber layer. Further down is the back contact layer which is usually a 

metal, but it may also be another semiconducting compound. And finally there is the 

substrate, which forms the basis of the solar cell, giving structural integrity to the entire 

device. The most commonly used substrate material is soda-lime glass because of its 

relatively low cost and the ease of working with a rigid substrate, but metal and 

polymer foils may also be used. Flexible substrates are of particular interest for low-

weight applications, and for industrial roll-to-roll processing. 

Chalcopyrite-based thin film solar cells have proved to be among the best 

performing devices from the second generation technology, with recently achieved 

conversion efficiencies above 21 % on the laboratory scale.
4
 Many companies around 

the world are developing a variety of manufacturing approaches aimed at low-cost, 

high-yield, large-area devices process that try to maintain laboratory-level efficiencies 

in these systems. Unfortunately, materials challenges that exist in each of the layers and 

in the interaction between them make this accomplishment strenuous. One of the main 

problems for the long-term usage of this technology is abundance of the relatively rare 

elements like In and Ga. These metals are a by-product of other mining operations, 

which are mostly concentrated in a single country (China), raising concerns about mid- 

to long-term material supply.
5,6

 

These factors have led to investigation of absorber layers based on more earth 

abundant materials such as kesterites (Cu2ZnSnS4, Cu2ZnSnSe4, and their solid 

solutions are the most common). Kesterites share many commonalities with 

chalcopyrites, and as such are viewed as a potential replacement in long-term 

production of PV modules. 

Due to the abundance of all constituent elements (Cu, Zn, Sn, S and Se), 

kesterites are potentially a low cost, sustainable solution for multi-terawatt levels of PV 

deployment. At present, efforts are focused on bringing the power conversion efficiency 

of kesterite-based devices to commercially interesting levels, in the range of 15 – 20%, 

from the current record level of 12.6%.
7
 For even the best solar cells, the main factor 

limiting the efficiency of the devices at present is the open-circuit voltage, which 

remains much lower than could be expected given the band gap of these materials. This 

has been mostly associated with electron-hole recombination in the bulk material that 

may be related to inhomogeneity in the distribution of Cu, Zn, and Sn.
8,9
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Kesterites, being a quaternary compound with additional number of elements 

relative to binary and ternary compounds, provide ample opportunities for material 

design, especially for the case of non-stoichiometric conditions, which are used for the 

production of the highest efficiency solar cells. Unfortunately, this also results in larger 

probability for formation of defects, either in intrinsic form (anti-sites and vacancies) or 

as secondary phases. Defect concentration is expected to have an important influence 

on the optical and electrical properties of these compounds, and therefore its knowledge 

is crucial for the optimization of these technologies in terms of device efficiency of 

solar cells with related absorbers. Additionally, fundamental properties of these 

materials need to be studied in more detail in order to solve the problems currently 

limiting the application of these technologies to the industrial level. 
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Raman scattering spectroscopy 

Raman spectroscopy is a vibrational spectroscopy technique based on the 

Raman effect and used for acquiring a unique chemical fingerprint of molecules. The 

Raman effect describes an inelastic light scattering process in which an incoming 

photon excites an electron in the material, creating excited electron-hole pair, which is 

then scattered on the lattice and falls back to the original state by emission of a photon 

(Figure 1.4). 

 

Figure 1.4 Illustration of the Raman scattering process which includes photon-electron 

and electron-lattice interaction. 

According to the microscopic theory of the scattering process, the Raman effect 

can be separated into three steps.
10

 

1) An incoming photon i  interacts with electron and creates an electron-hole 

pair. This state is referred to as the intermediate state n  and the process is 

mediated by the electron-radiation Hamiltonian e rH   . 

2) The electronic intermediate state n  is scattered by the lattice, during 

which a phonon   is created and the intermediate state is converted into 

another intermediate state 'n . This process is mediated by the electron-

phonon interaction and hence related to Hamiltonian e ionH  . 

3) The electron-hole pair of the state 'n  decays radiatively, and a photon s  

is emitted via e rH  . 
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According to Feynman’s theory the Raman process can also be described by all 

possible permutations of the interactions described above. However, the order shown 

above gives the most important contribution to the scattering cross section. In the 

vicinity of electronic resonances the contributions of the other permutations are 

negligible. Figure 1.5 presents all six Feynman diagrams of Raman scattering process, 

with the first one indicating the process described before, and the other five are the 

possible permutations of the time order of the three vertices involved.  

 

Figure 1.5 Feynman diagrams for the six scattering processes that contribute to one-

phonon (Stokes) Raman scattering. 
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As a result from the time reversal invariance, the Feynman diagrams in Figure 

1.5 can also be read from the right to the left, describing the anti-Stokes Raman process. 

In this case instead of creation, the phonon is annihilated and its energy is added to the 

energy of the incoming photon. 

Using the Feynman diagrams presented in Figure 1.5, in which each vertex 

represents an interaction, and applying the Fermi’s golden rule, the Raman scattering 

probability could be described by third order perturbation theory as given by equation 

(1.1). 
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 0s   (1.1) 

Here, 0  is the energy of the created phonon, while nE  and 'nE  are energies of the 

corresponding intermediate states, n  and 'n , respectively. 

The electronic states n  and 'n  can be real or virtual states. In the case of 

regular Raman scattering, n  and 'n  are virtual states. In contrast, if one of the states 

involved is a real state and the incoming or scattered photon meets the energy of the 

state, the scattering probability is in resonance, thus this process is referred to as 

resonant Raman scattering.  

Under resonance conditions, the contributions of the non-resonant terms of the 

scattering probability could be regarded as constant. As the strongest contribution to the 
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scattering probability comes from the process described by the first Feynman diagram 

in Figure 1.5, the equation (1.1) could be significantly simplified. If it is assumed that 

the initial state is the ground state 0  with no electron-hole pairs excited and its energy 

is taken to be zero, and the intermediate state is n  with energy nE , then after 

summing over s  to remove the delta function, the equation (1.1) could be 

approximated as: 
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where C is a constant background. Additionally, in order to avoid the unphysical 

situation in which the denominator can become zero, it is necessary to assume that the 

intermediate state n  has a finite lifetime n  due to the radiative and non-radiative 

decay processes. As a result the energy of the intermediate state n  is defined as a 

complex energy n nE i  , where n  is the damping constant which is related to the 

lifetime by /n n  . 

Now it could be clearly seen that as the incoming or scattered photon energy is 

tuned to the energy of the intermediate state, the denominator in Eq. 1.2 becomes 

smaller, which then leads to the enhancement in the Raman scattering probability, and 

thus the resonance effects. Raman resonance effects in semiconductors may be 

achieved if the excitation energy approaches the band gap energy, or via the interaction 

of the incident photon with the exciton states or the impurity states. Raman resonance 

spectroscopy is especially useful for obtaining information on electron-phonon 

interaction, electron-radiation interaction and the electron band structure. 

Both regular and resonance Raman spectroscopies present ideal 

characterization tools which are relatively simple and non-destructive, offer high 

resolution, give structural and electronic information, and are applicable at both 

laboratory and mass-production scales, which makes them highly suitable for the 

fundamental studies of materials. 
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Objectives of the thesis 

The main objective of this thesis is to provide detailed insights into the 

fundamental properties of kesterite materials, including pure quaternary CZTS and 

CZTSe compounds, and as well as their solid solutions, CZTSSe. The thesis is mainly 

focused on studying the structural and vibrational properties of kesterites principally 

using regular and resonant Raman spectroscopy techniques in correlation with other 

characterization methods. In view of this goal, some of the specific objectives of this 

thesis include: 

 Complete analysis and identification of all active Raman modes for 

polycrystalline CZTS and CZTSe thin films and their solid solutions 

using multi-wavelength excitation Raman spectroscopy methods. 

 Identification of the type of atoms involved within each vibrational 

mode. 

 Investigation of the defect dynamics in kesterite materials, which 

includes development of methodologies for the experimental 

identification of different types of defects and exploration of their 

effect on the optoelectronic properties. 

 Investigation of the phonon confinement effects in these materials and 

their effect on the Raman spectra. Development of methodologies for 

the assessment of crystal quality of kesterite samples. 

 Application of Raman spectroscopy for the development of suitable 

methodologies for the anion compositional assessment of kesterites and 

sulfo-selenide secondary phases. 

 Investigation of the role of the anion electronic states of kesterites and 

other types of sulfo-selenide materials in the resonant Raman scattering 

effects.   
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The ground-state crystal structure of CZTS, CZTSe and CZTSSe materials is 

kesterite with space group 4I . The coordination environment of each metal and anion 

in the kesterite structure is close to tetrahedral, leading to a conventional unit cell which 

is analogous to a 1 × 1 × 2 supercell expansion of the zinc-blende structure. Each anion 

(S or Se) is surrounded by two Cu, one Zn, and one Sn atom (Figure 2.1), as required 

by local charge neutrality (or equivalently, the valence-octet rule).
11

  

 

Figure 2.1 The kesterite structure 

The highest performance devices based on kesterite absorbers are formed under 

non-stoichiometric compositions, which could promote disorder in the Cu and Zn 

occupancies.
12–14

 To further complicate matters, a number of secondary binary and 

ternary phases can be formed by the same elements, which also adopt tetrahedral 

structures. Quantification of the degree of chemical disorder and disproportionation is 

difficult using standard laboratory X-ray diffraction, owing to the similar cross-sections 

of Cu and Zn, and the structural similarity of CZTS(Se) to its competing phases, e.g., 

ZnS(Se) and Cu2SnS(Se)3.
15

 Raman spectroscopy, besides being a widely used tool for 

structural characterization, may also serve as a powerful technique for better 

characterization of the disorder effects and secondary phases in kesterites.
16–18

 This is 

due to the fact that the frequency, shape, and spectral intensity of Raman modes are 

extremely sensitive to any structural changes of the material. 

In order to achieve better device performance in solar cells based on CZTS, 

CZTSe and CZTSSe absorbers and to improve the application of Raman spectroscopy 

as a control method for assessment of crystalline quality and identification of secondary 

phases in these promising emerging semiconductors, it is necessary to obtain better 

knowledge of their vibrational properties.  

Usually, experimental studies for determining the Raman peaks of kesterites are 

done with the use of green excitation (514.5 or 532.0 nm), which is standard in Raman 

spectroscopy. The main disadvantage of the standard excitation methods is the 
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observation of high number of Raman modes with relatively low intensity, which leads 

to difficulties in the determination of peak positions and phase identification. In contrast, 

resonance Raman methods allow measuring spectra, which are simpler in the sense that 

the number of observed independent modes is lower and at the same time, with several 

orders of magnitude higher intensity. This allows easier identification of the modes and 

facilitates their correlation with other properties, such as composition, impurities, 

defects, crystallinity, and electronic band structure. 

Furthermore, identification of secondary phases in kesterite compounds in 

some cases cannot be done with the use of green excitation, but rather requires the use 

of different excitation wavelengths leading to near resonant excitation conditions for 

certain secondary phase compounds. For example, ultraviolet (UV) excitation (325 nm) 

allows very sensitive detection of ZnS which is the most expected secondary phase in 

Zn-rich and Cu-poor device grade CZTS layers, while blue excitation (457.8 nm) 

allows very easy identification of ZnSe in CZTSe layers.
19,21,22

 Development of Raman 

scattering based procedures for detection of secondary phases in kesterites is of great 

interest, because of the high impact of these phases on the optoelectronic properties of 

the solar cells. While use of different excitation wavelengths allows identification of 

secondary phases, they can also induce changes in the intensities of the optical Raman 

modes of kesterites. For example, some Raman modes which could not be observed 

with standard excitation could appear with much higher intensity in the spectra 

measured under nonstandard excitations, and this might lead in some cases to 

misinterpretation with modes of secondary phases. Thus, it is important first to study 

the behavior of all Raman modes of kesterites in relation to different excitations, before 

applying this method for identification of secondary phases. 

This chapter describes a complete analysis and identification of all active 

Raman modes for polycrystalline CZTS(Se) thin films and their solid solutions using 

multi-wavelength excitation Raman spectroscopy methods.  

In general, IR and Raman spectroscopies probe only the modes at the Brillouin 

zone center (Γ point). In Mulliken notation, the irreducible representation of the optical 

Γ-point modes for kesterite is given as Γ = 3A ⊕ 6B ⊕ 6E. Here, the A and B modes 

are non-degenerate, while the E modes are doubly degenerate, resulting in the 21 

optical modes expected for the eight-atom primitive cell (i.e., 3N-3). According to the 

selection rules for this crystal symmetry, all modes are Raman active, while only the B 

and E modes are IR active.  

Based on the first principle simulations, normal displacements of each mode 

were calculated, resulting in the identification of which ions are involved within each 

vibration.
23

 Normal displacements of the zone center modes are illustrated in Figure 2.2. 
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Based on this study, it was determined that the three A modes involve only anion 

vibrations, relative to fixed cations, whilst the B and E modes encompass both anion 

and cation vibrations. The B modes involve cation displacements along the c direction, 

while the E modes involve in-plane cation vibrations parallel to the a direction. From 

this it could be concluded that since A modes involve only anion vibrations, i.e. only 

negatively charged ions, thus they are labeled as non-polar modes (which is a reason 

why they are not IR active). On the other side B and E modes involve both cation and 

anion vibrations, labeling them as polar modes. B and E modes, due their polar 

character, will also experience TO/LO splitting. Additionally, greater resonant 

enhancement in the intensity of the polar Raman modes is expected when compared to 

the resonant enhancement of the intensity of non-polar Raman modes. This is due to the 

stronger Fröhlich electron-phonon interaction between the polar phonons and the 

electronic states.
10

 

 

Figure 2.2 Normal displacements of the 24 Γ-point vibrational mode for the kesterite 

structure. The upper-case letter gives the irreducible representation (S4 point group). 

Note that the first three acoustic modes have zero frequency at the Γ-point. (Multimedia 

view) [URL: http://dx.doi.org/10.1063/1.4917044.1]. 
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According to theoretical calculations for electronic band structure of kesterites 

done by Kumar and Persson the estimated energy, of the Γ1 point (band gap energy) is 

1.47 and 0.9 eV, while the energy of the Γ2 point is around 3.50 and 3.0 eV, for CZTS 

and CZTSe, respectively.
24

 Taking into the account the values of energies for Γ1 and Γ2 

points, and comparing them with the available laser wavelengths, as illustratively 

shown on the electronic band structure diagram in Figure 2.3, it is expected that the 

resonant Raman conditions will be accomplished for the 830.0, 785.0, and 325.0 nm 

excitations in the case of CZTS. In contrast, the used excitation wavelengths are not 

considered as good conditions for resonance Raman scattering effects in case of CZTSe, 

except in the case of 830 nm excitation, where weak near resonance Raman effects are 

expected. 

 

Figure 2.3 Schematic illustration of the electronic band structure in CZTS and CZTSe 

materials with special emphasis on the Γ1 and Γ2 points and different excitation 

wavelengths used in Raman spectroscopy.  

Figure 2.4 presents the experimental Raman spectra of measured CZTS and 

CZTSe stoichiometric samples under different excitation wavelengths. Simultaneous 

fittings of spectra with Lorentzian curves have allowed identification of 18 and 17 

peaks attributed to all optical modes which are expected according to the zone center 

phonon representation for CZTS and CZTSe, respectively. The symmetry assignment 

of Raman modes was done by comparing the experimentally obtained frequencies with 

the reported references as well as with polarization measurements done for these 

samples.
17
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Figure 2.4 Raman spectra of stoichiometric polycrystalline CZTS and CZTSe thin film 

measured with different excitation wavelengths with indication of the characteristic 

peaks. 

In contrast to CZTS and CZTSe, CZTSSe solid solutions have a more complex 

Raman behavior as seen in Figure 2.5 which presents Raman spectra of series of 

samples with different [S] / ([S] + [Se]) compositions measured with a 532 nm 

excitation wavelength. The Raman spectra of CZTSSe solid solutions are characterized 

by the presence of two dominant peaks in the high frequency region (280 – 400 cm
-1

), 

and two dominant peaks in the low frequency region (170 – 205 cm
-1

).
18,25

 The peaks in 

the high frequency region are identified as CZTS-like peaks corresponding to A 

symmetry modes involving vibrations of only S ions, and the peaks in the lower 

frequency region are identified as CZTSe-like peaks corresponding to A symmetry 

modes involving vibrations of only Se ions. Furthermore, Raman spectra of solid 

solutions also show additional peaks in the intermediate frequency region (205 – 280 

cm
-1

). These peaks are attributed to vibrational modes which include vibrations from 

both S and Se atoms in the lattice, in contrast with CZTS-like or CZTSe-like peaks that 

involve vibrations of only one kind of anion. Detailed simultaneous fittings of the 

experimental spectra with Lorentzian curves and polarization measurements have 

allowed identification of 19 peaks with their symmetry assignments.
18

 The positions of 

the peaks are in good accord with those calculated for these compounds from first 

principle simulations.
26
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Figure 2.5 Raman spectra of polycrystalline CZTSSe solid solution thin films measured 

with a 532.0 nm excitation wavelength. 

In conclusion, this chapter presents a summary of the vibrational properties of 

kesterite CZTS and CZTSe materials, as well as CZTSSe solid solutions based on 

simultaneous fittings of the Raman spectra measured with different excitation 

wavelengths and under different polarization configurations. This study has allowed 

identification of the positions and symmetry assignment of all Raman active vibrational 

modes expected in the case of this structure, resulting in the full vibrational 

characterization.  

The chapter is concluded with two publications: “Multiwavelength excitation 

Raman scattering study of polycrystalline kesterite Cu2ZnSnS4 thin films” and 

“Multiwavelength excitation Raman scattering of Cu2ZnSn(SxSe1−x)4 (0 ≤ x ≤ 1) 

polycrystalline thin films: Vibrational properties of sulfoselenide solid solutions” in 

which detailed information about the previously mentioned results are presented. 
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The presence of defects in semiconductor materials plays a significant, even 

dominant role in determining their electronic and optical properties, and as such, 

identifying and understanding their influence on material properties is of critical 

importance. Kesterites, as quaternary compounds, have an additional number of 

elements relative to binary and ternary compounds, thus providing ample opportunities 

for material design. However, this also results in a higher probability for formation of 

defects, either in intrinsic form, such as point defects like anti-sites and vacancies, or in 

the form of secondary phases.  

In the case of kesterites, the highest performing devices are made in conditions 

corresponding to Cu-poor (Cu/(Zn+Sn) < 1) and Zn-rich (Zn/Sn > 1) compositions. 

Such conditions have been shown both theoretically and experimentally to enhance the 

formation of Zn(S,Se), while suppressing formation of Cu-(S,Se) and Cu-Sn-(S,Se) 

secondary phases.
27,28

 Regarding defect formation, the more energetically favorable 

defect clusters have been calculated to be [CuZn + ZnCu], [VCu + ZnCu], [2ZnCu + ZnSn], 

and [2CuZn + SnZn].
29

 Aside from their formation, the impact of secondary phases and 

especially of defects on optoelectronic properties of solar cells is not fully understood. 

Secondary phases such as binary and ternary Cu-, Zn-, and Sn- sulfides and selenides in 

the absorbers can reduce the carrier transport and lead to an increased recombination, 

which in general have detrimental effects on the optoelectronic properties.
30

 The 

influence of point defects is thus far estimated by theoretical studies to affect charge 

transport properties and modify the band alignment with the n-type buffer layer, which 

is an important factor in determining the current and voltage which can be extracted 

from a device. Studying the effect of defects on the optoelectronic properties is of 

uppermost importance for the optimization of the production process in order to obtain 

high efficiency working devices.
28,29

 

Raman spectroscopy has proven to be an effective technique for detecting and 

identifying different types of defects in various materials.
31,32

 This is due to the Raman 

spectra being extremely sensitive to structural disorder, which is defined as any kind of 

modification of the crystalline structure of the material. This includes point defects, 

such as vacancies, interstitials and anti-sites, and also other crystalline defects, like 

dislocations or grain interfaces. Presence of defects in the material can lead to several 

kinds of changes in the Raman spectra, depending on their type and concentration. The 

main effects are expected to be observed in the changes of frequency, half-with and 

intensity of the modes. 

The main objective of this chapter is to present Raman spectroscopy as a 

potential experimental method for detection of defects in kesterites. Additionally, 
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influence of deferent defects types on the optoelectronic properties of kesterite based 

solar cells will be described and explained. 

The effects of defects on the Raman spectra could be divided in two groups. In 

the first group, the general effect of defects, regardless of their type, on the Raman 

features will be considered. This is explained by taking into account phonon 

confinement effects. In contrast, in the second group, the influence of specific types of 

defect clusters on the Raman spectra will be evaluated, leading to a methodology for the 

identification of certain types of defects using Raman spectroscopy.  

Phonon confinement effects are arising as a consequence of the loss of 

translational symmetry in the crystal caused by high density of defects.
33

 An illustrative 

explanation of the phonon confinement and its effect on the Raman peaks is presented 

in Figure 3.1. In the case of an ideal crystal, the wave function of the phonon is 

delocalized in space, which according to the uncertainty principle leads to conservation 

of the crystalline momentum law. This means that only phonons centered at the Γ point 

of the Brillouin zone will contribute to the Raman signal, which will result in the 

narrow and symmetric Raman peaks in the spectra. On the other side, in real crystals, 

due to either point or extended defects, the phonon remains confined in space. This 

leads to an uncertainty in the phonon momentum and, consequently, to the relaxation of 

the momentum conservation rule, which results in the activation of the non-center 

phonons. These effects create a characteristic change in the shape of the main peaks in 

the Raman spectra, with the appearance of asymmetric broadening at the side of peaks. 

Depending on the slope of the phonon dispersion of the Raman mode, the Raman peak 

will become asymmetric and broadens towards the high energy side (positive slope) or 

towards the low energy side (negative slope). The resulting shape can be modeled 

assuming the correlation length model, from which a quantitative estimation of the 

degree of the disorder in the crystals can be obtained.
32

 

Phonon confinement effects in case of kesterites are investigated on a set of 

CZTS samples with different crystal quality. Difference in crystal quality was obtained 

by changing the annealing time during the preparation process. Variation in the 

frequency and shape of the two main Raman peaks at 287 and 338 cm
-1 

assigned both to 

A symmetry modes has been observed. Simultaneous fitting of the two peaks according 

to the phonon confinement model is used to determine both the correlation length and 

stress induced shift components, that have been correlated with the grain size and 

crystalline quality assessed by complementary techniques (XRD and SEM). The 

estimated correlation length is shown to be a suitable quantitative indicator of the 

crystal quality for these materials (Figure 3.2). Based on these results, a simple 

experimental methodology is proposed for the structural assessment of these films. This 
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methodology is compatible with micro-scale analysis configurations and can also be 

extended to CZTSe compounds. 

 

Figure 3.1 Schematic explanations of the phonon confinement and its effect on the 

Raman spectra. 

 

 

Figure 3.2 Phonon confinement effects in Raman spectra of CZTSe samples with 

various crystal quality achieved by different annealing times. 

 

On the other side, presence of the small amount of defects usually does not 

induce significant changes in the Raman spectra, especially in polycrystalline materials. 
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As the crystal symmetry is mostly preserved in this case, Raman selection rules are also 

maintained, meaning that no significant changes in the frequencies of the Raman modes 

are expected. In regard with this kind of behavior, three possible changes can occur in 

the Raman spectra due to the presence of defects:  

(1) In some cases the occurrence of defects in a crystalline material may cause 

local vibrational modes, which lead to the presence of additional, usually 

rather small features in the Raman spectra. Introduction of impurities in the 

crystal could lead to these effects.
34

 

(2) Presence of defects leads to a reduction of the phonon lifetime. This leads 

to a symmetric broadening of the Raman peaks, as the phonon lifetime is 

inversely proportional to the natural line-width of the Raman peaks.
35,36

 

(3) Changes in the intensity of the Raman peaks can occur because of the 

changes in the chemical bonds among the atoms in the material. In some 

cases defects could induce braking of the certain bonds, while in others 

they can lead to formation of new ones. This implies changes in the values 

of the elements of the polarizability tensors related to the vibrational modes 

involving these bonds, which in turns leads to changes in the intensity of 

the corresponding peaks.
37

 

In order to investigate the effect of different types of defects on the Raman 

spectra, as well as on the optoelectronic properties, CZTSe thin films with lateral 

compositional gradients have been prepared and used for the fabrication of a high 

number of solar cells (~200) with different absorber composition.
38,39

 This permits a 

detailed combinatorial study of these films using a methodology readily applicable to 

other multinary compound systems, with the aim of narrowing the compositional range 

to produce higher performance devices as well as to study fundamental properties of the 

materials. 

Metallic (Cu-Zn-Sn) precursor thin films with lateral compositional gradients 

were synthesized by DC-magnetron sputtering deposition. After thermal treatment in a 

selenium containing atmosphere at 550 
o
C, 5 x 5 cm

2
 compositionally graded samples 

are formed with Cu/(Zn+Sn) and Zn/Sn ratios between 0.55 - 1.20 and 0.70 - 1.90, 

respectively. CZTSe films were made into solar cell devices using a CdS buffer layer, 

and a ZnO/ZnO:Al window layer. The samples were mechanically scribed to form cells 

3 x 3 mm
2
 in size (around 200 solar cells per sample), thus isolating each solar cell 

device and dividing the graded film into small regions of relatively constant 

composition with which to correlate material and device properties. Compositional 

mapping (Cu/Zn and Cu/Sn) of a representative combinatorial CZTSe sample is shown 
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in Figure 3.3. The selected compositional range includes the Cu-poor and Zn-rich 

region frequently reported for high efficiency kesterite-based devices, as well as 

overlap into stoichiometric and Cu-rich and Zn-poor regions. 

 

Figure 3.3 Compositional mapping of the ratios Cu/Zn (left) and Cu/Sn (right) of a 5x5 

cm
2
 graded kesterite film; each [column,row] corresponds to one 3x3 mm

2
 cell. 

Figure 3.4 presents pseudo-ternary phase diagrams of Cu2Se-ZnSe-SnSe2 with 

around 200 points showing device efficiency, open-circuit voltage (VOC) and short-

circuit current (Jsc) with dependence on composition (fill factor (FF) follows a similar 

trend as VOC). In the figure, solid lines indicate the most expected secondary phases 

(Cu2Se, ZnSe, and SnSe2) and the different kinds (A, B, C, D, E and F) of charge 

compensated point defect clusters.
40,41

 The stoichiometric composition point is given by 

the intersection of all these lines. This means that for a composition between two of the 

secondary phase lines, a mixture of CZTSe and these two secondary phases would be 

expected, as well as different point defects and defect clusters.  

A maximum device efficiency of 6.9% is obtained, together with a highest open 

circuit voltage (VOC) values of 411 mV for the devices analyzed in this work. The 

maximum values of the optoelectronic properties are achieved for a very narrow 

interval of compositions around Cu/(Zn+Sn) ≈ 0.7, Zn/Sn ≈ 1.2, Cu/Zn ≈ 1.4, and 

Cu/Sn ≈ 1.6, which is in agreement with previously reported results for high efficiency 

CZTSe-based solar cells. Furthermore, a deterioration in optoelectronic properties is 

observed for regions corresponding to compositions Cu/(Zn+Sn) > 0.95 or Zn/Sn < 1.00. 

In addition, distinct compositional regions corresponding to the maximum open circuit 

voltage (Figure 3.4(b)) and short circuit current values (Figure 3.4(c)) have been 

identified. These regions appear in the phase diagram corresponding to Cu-poor and 
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Zn-rich compositions, where occurrence of VCu, ZnCu and ZnSn point defects is expected. 

It is also concluded that Cu/Sn is a better indicator of device performance than the 

typically reported ratios of Zn/Sn and Cu/(Zn+Sn), because of a narrow range for high 

efficiency devices (Cu/Sn is in the interval of 1.6-1.7 for the best devices in this study).  

 

Figure 3.4. Compositional dependence of device (a) efficiency, (b) VOC and (c) JSC 

shown in a pseudo-ternary phase diagram of Cu2Se-ZnSe-SnSe2 for compositionally 

graded CZTSe solar cells; lines indicate expected secondary phases or defect clusters 

for a given region. (d) Pseudo-ternary phase diagram of Cu2Se-ZnSe-SnSe2 with lines 

indicating different defect clusters. 

In order to obtain a deeper understanding of absorber composition related 

effects on optoelectronic properties, a systematic study of the appearance of secondary 

phases has been performed using two characterization techniques: XRD and multi-

wavelength excitation Raman spectroscopy. The combination of both techniques 

enables differentiation in the location of secondary phase formation, either on the 

surface (s) or in the bulk (b) of the absorber (Figure 3.5). 
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Figure 3.5 Systematic characterizations of secondary phases in the combinatorial 

samples using XRD and multi-wavelength Raman spectroscopy. 

Figure 3.6 shows a pseudo-ternary phase diagram of the detected secondary 

phases (Cu-Se, ZnSe, and Sn-Se) with dependence on the composition of the solar cells. 

Cu-Se phases are not detected on the surface for any composition, though there are 

found in the bulk of the absorber for almost all cells with the composition Cu/(Zn+Sn) 

< 1.00. Sn-Se secondary phases are usually present in the bulk of the absorber for 

compositions Zn/Sn < 1.20. Very Sn-rich conditions, Zn/Sn < 1.00, give rise to the 

appearance of Sn-Se secondary phases on the surface of the absorbers. Zn-rich 

conditions are in most cases followed by the appearance of the surface ZnSe secondary 

phase. The presence of ZnSe in the bulk is expected to increase with higher Zn content, 

but this is undetectable with the bulk characterization method utilized in this work 

(XRD). It is interesting to note that within the sensitivity limits of the techniques 

utilized, no secondary phases are detected in the compositional region around the 

stoichiometric point (labeled as “none” in Figure 3.6). 

The appearance of secondary phases can be correlated with the performance of 

the devices, as shown in Figure 3.6 which presents the dependence of the optoelectronic 

properties from the presence of the detected phases. Secondary phases have the 

strongest effect on the maximum achievable Voc and FF, and consequently the 

efficiency of devices. The effects on Jsc are much weaker, except when Cu-Se phases 

are detected. 
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Figure 3.6 (a) Compositional dependence of detected secondary phases – Cu-Se, ZnSe, 

and Sn-Se – in surface (s) and bulk (b) absorber regions shown in a psuedo-ternary 

phase diagram (lines indicate theoretically expected secondary phases). (b) Influence of 

secondary phases on the optoelectronic properties (efficiency, JSC, VOC and FF). 

In all cases the presence of Cu-Se phases result in a non-performing solar cell 

device.
42

 This is expected because of the high conductivity of this phase, which 

effectively shunts the device. The presence of other secondary phases (ZnSe and Sn-Se) 

does not a priori result in non-functioning devices, and they have a more nuanced effect 

on the device performance.
43,44

 Sn-Se phases on the surface of absorber have more 

detrimental effect on all optoelectronic properties than when they are present only in the 

bulk of the absorber. The reduction in the performance of solar cells in the case of 

surface Sn-Se is mostly due to the structural and lattice mismatch between the CZTSe 

and Sn-Se, which creates an interface with high density of defects. Additionally, these 

facts are also confirmed by numerical simulations of optoelectronic properties.
45

 In 

contrast, an enhancement in the maximum optoelectronic performance is observed for 

the cells in which ZnSe was detected on the surface of the absorber, when compared to 

ones without any detected ZnSe. This is mainly due to the small amount of ZnSe 

present in the surface, and partly due to the beneficial optoelectronic defects present in 

this compositional region. 

In order to closely investigate the effect of different defect clusters on the 

optoelectronic properties, first the influence of defects on the Raman modes has to be 

explored. This is done by the systematic Raman study on the samples corresponding to 

A, B and C type of defects (Figure 3.7).
31

 It is important to note that, all Raman peaks 

observed in the spectra shown in Figure 3.7 are attributed to the kesterite CZTSe phase, 

with peak positions in agreement with the previously reported data.
26,31,46

 The following 

impact of VCu, ZnCu, ZnSn, CuZn and SnZn point defects is observed: 
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(1) Presence of VCu and ZnCu point defects induce a decrease in intensity of the 

B symmetry modes around 170 cm
-1

 related to the vibrations of Cu/Zn and 

Cu/Sn planes (i.e. a decrease of Cu/Zn and Cu/Sn vibrational units). 

(2) Presence of ZnSn point defects lead to appearance of an additional ZnSe-

like contribution at 250 cm
-1

 and conversion from E symmetry modes at the 

220 cm
-1

 spectral region to B symmetry modes at the 250 cm
-1

 spectral 

region. 

(3) Presence of CuZn point defects lead to appearance of an additional CuSe-

like contribution at the 250 cm
-1

 frequency region. 

(4) Presence of SnZn point defects lead to appearance of an additional SnSe-like 

contribution around the 185 cm
-1

 frequency region and to conversion of B 

symmetry vibrational modes at the 250 cm
-1

 spectral region into E 

symmetry vibrational modes at the 220 cm
-1 

frequency region. 

 

Figure 3.7 Comparison of Raman spectra measured from samples with compositions 

corresponding to different defect lines: (a) A-type, (b) B-type and (c) C-type. All 

Raman spectra are measured with 532 nm excitation wavelength. The arrows indicate 

changes in the intensity of the modes with the change in the composition in the 

directions shown on the ternary diagram. 

Theoretical calculations have revealed that non-stoichiometry conditions in 

kesterites result in facile formation of self-compensated defect clusters, from which a 

high population of A type defect clusters ([VCu + ZnCu]) has shown to be especially 

beneficial to the performance of solar cells, since they enhance the electron-hole 

separation in the absorber layer.
29

 This is why special focus is put on investigation of 

this type of defect on the optoelectronic properties. 
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According to the previously mentioned results, the decrease in the relative 

intensity of the band at around 170 cm
-1

 is associated with the increase in concentration 

of the [VCu + ZnCu] defect clusters. In that sense, changes in the concentration of [VCu + 

ZnCu] defect clusters present in the material can be assessed by analyzing the integral 

intensity ratio of the defect sensitive band at 170 cm
-1

 (I2) and the peak at 196 cm
-1

 (I1), 

which is not significantly affected by this type of defect (Figure 3.8(a)). Dependence of 

the optoelectronic parameters (energy band gap (Eg), VOC, and VOC deficit (defined as 

Eg - VOC)) on the variations in the intensity ratio I2 / (I1 + I2), related to changes of the 

concentration of [VCu + ZnCu] defect clusters, is presented in Figure 3.8(b). It is 

observed that the VOC follows the trend of the band gap up to a certain concentration of 

[VCu + ZnCu], when it is maximized, and after which it starts to decrease even for the 

still increasing band gap. The steady decrease in the VOC for the higher concentrations 

of [VCu + ZnCu] is probably due to the increased number of recombinations caused by 

the large number of defects, and/or increased p-type doping of the absorber due to the 

large amount of VCu expected at very Cu-poor conditions. These results demonstrate 

that the VOC can be tuned by modifying the amount of Cu substitutional defects in the 

absorber layer. To further demonstrate that this is an intrinsic property of the CZTSe 

material, and not a consequence of the preparation method, the same analysis of the 

Raman spectra was performed on different sets of absorbers prepared by various 

methods.
47,48

 These results have also confirmed the possibility of VOC tuning through 

the changes in the concentration of [VCu + ZnCu] defects clusters. 

 

Figure 3.8 (a) Comparison of Raman spectra for absorbers with different composition. 

Dependence of the optoelectronic parameters: energy band gap (Eg), VOC, and VOC 

deficit from Raman intensity ratio I2 / (I1 + I2) correlated with the concentration of [VCu 

+ ZnCu] defect clusters obtained from the samples prepared from (b) combinatorial 

studies (c) various methods. 
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In conclusion, this chapter presents a detailed study of the defects dynamics in 

kesterite materials. Successful experimental identification of defects was achieved by 

application of Raman spectroscopy on combinatorial samples. This investigation has 

also enabled exploring the effect of different type of defects, either in intrinsic form or 

as secondary phases on the optoelectronic properties of devices based on kesterite 

absorbers. It is concluded that the VOC values could be tuned by modifying the amount 

of the [VCu + ZnCu] defect clusters, either by adjusting the composition or altering the 

production process. These results should provide a crucial step in solving the VOC-

deficit problem in kesterites. Furthermore, a methodology for the general assessment of 

crystal quality is presented based on the phonon confinement effects.  

This chapter concludes with four publications: “Raman scattering crystalline 

assessment of polycrystalline Cu2ZnSnS4 thin films for sustainable photovoltaic 

technologies: Phonon confinement model”, “Compositional paradigms in multinary 

compound systems: A case study of kesterites”, “Influence of compositionally induced 

defects on the vibrational properties of device grade Cu2ZnSnSe4 absorbers for kesterite 

based solar cells” and “Secondary phase and Cu substitutional defect dynamics in 

kesterite solar cells: impact on optoelectronic properties” in which detailed information 

about the presented results is given. 
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The highest efficiency devices based on kesterite materials are achieved with 

Se-rich CZTSSe solid solution absorbers. In order to obtain even higher increase in the 

efficiency of these systems, problems involving material and design issues require a 

very accurate control of the anion composition of the kesterite absorbers, which is a 

crucial parameter for several functional properties, such as band gap and mobility. The 

ability to accurately determine anion composition is compulsory to fully exploit 

properties engineering of these materials. This requires the development of accurate and 

sensitive analytical methods, which so far is still a challenge. The most common 

methods for measuring anion composition of kesterite thin film solid solutions are XRD 

and EQE. Both these methods, though reliable, are not fast, and in the case of EQE 

require the production of full solar cells, which is not suitable for application in in-line 

production. Other technique widely used for the chemical assessment of the layers in 

chalcogenide PV technologies is XRF, which has the advantage of being non-

destructive.
49

 However, use of XRF for the measurement of the S relative content in 

these systems is compromised by overlapping of the S and Mo signals, the latter 

coming from the Mo back contact layer commonly used in these devices. Other 

techniques, like XPS, EDX or Auger electron spectroscopy (AES) can also be used, but 

are not simple and require special handling of the samples under vacuum conditions, 

which compromises their applicability at in-line level.
50–53

 On the other side, Raman 

spectroscopy applied to CZTSSe alloys has demonstrated that it is a very mature and 

suitable technique for their non-destructive structural and physico-chemical 

characterization.
54–61

 Using suitable optical configurations, Raman scattering 

measurements can be fast enough to become compatible with their implementation at 

in-line level.  

The first part of this chapter presents a general methodology that has been 

developed for the quantitative determination of anion composition of CZTSSe solid 

solutions using Raman spectroscopy. The methodology is based on the analysis of the 

integral intensity ratio of Raman bands sensitive to anion vibrations with anion 

composition of CZTSSe solid solutions.  

Calibration of parameters used in the methodology was done using a series 

CZTSSe powders with different anion composition (0 < [S]/([S]+[Se]) < 1) which were 

prepared by a solid state reaction method.
62,63

 The chemical composition of the powders 

was determined by electron microprobe analysis with an accuracy of ±1 atom%. Raman 

spectra were obtained from all reference samples using 532 nm excitation. From Figure 

4.1, it is observed that Raman peaks in the high frequency region, corresponding mostly 

to S vibrations, are gradually increasing in intensity, while Raman peaks in low and 

intermediate frequency region, corresponding to mostly Se and S/Se vibrations are 

gradually decreasing in intensity. Taking into account this behavior, dependence of the 
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ratio of the integral intensities of the spectra from these two spectral regions on the 

anion composition of the layers is analyzed. 

 

Figure 4.1. Raman spectra of reference polycrystalline CZTSSe solid solution powders 

measured with 532.0 nm excitation wavelength. 

Figure 4.2 shows the plot of the [S]/([S]+[Se]) composition versus the chosen 

integral ratio calculated for the series of CZTSSe reference powder samples. As can be 

seen, there is a direct correlation between these parameters and linear fitting of the data 

has allowed obtaining calibration parameters for the methodology. 
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Figure 4.2 [S] /([S] + [Se] ) anion composition in dependence of integral ration of 

Raman peaks presented in the inset of the Figure. Solid line presents the calibration line 

according to linear fitting. 

In order to test the validity of the proposed methodology, calculated anion 

compositions from Raman spectra of a set of polycrystalline CZTSSe device grade thin 

films, are compared with anion compositions obtained from XRD and EQE 

measurements (Figure 4.3). It should be stressed here that this additional sample set was 

not part of the sample set used for obtaining the calibration parameters. It is concluded 

that the results are in good accordance, with the largest deviation among the results 

always being less than 0.05 of absolute values. 
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Figure 4.3 Comparison of anion compositions for CZTSSe photovoltaic grade thin 

films obtained from Raman scattering (dashed line) with values calculated based on 

XRD (triangles) and EQE (circles) measurements. 

Additionally, the validity of the methodology has been tested in different kinds 

of samples, including layers with different crystalline quality and the same composition. 

A strong support on the performance of the methodology has been obtained from the 

analysis of a wide range of CZTSSe samples fabricated by different methods using 

Raman spectra reported in the literature. The good agreement obtained in the whole 

range of compositions points out the validity of the proposed methodology for the 

simple non-destructive assessment of the anion composition of different kinds of 

CZTSSe samples (thin films, powders, nanocrystals, monograins, etc.) independently 

on the experimental conditions used for the Raman scattering measurements. 

Besides the accurate control of the anion composition in the development of 

kesterite based technologies, another factor that needs to be controlled is presence of 

secondary phases. Secondary phases are vital issues related to efficiency limitation in 

kesterites and are commonly present on the surface, bulk or in the back of the films, due 

to very narrow single phase existence zone of kesterite, and off-stoichiometry and non-

equilibrium thermodynamics conditions used in the synthesis of these materials.
64,65

 

This is why development of accurate technologies for the detection of secondary phases 

is necessary. Earlier reports have shown that Raman spectroscopy is extremely useful 

for the detection of secondary phases on the surface and with a suitable sample 
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preparation even in the back of absorbers.
16

 Additionally, the main advantage of Raman 

spectroscopy when compared to other methods is the possibility to differentiate phases 

with the same structure as kesterite, which is not the case with XRD for example. 

Since the highest efficiency absorbers are produced in Zn-rich and Cu-poor 

conditions, the most probable secondary phase present will be ZnS or ZnSe. 

Furthermore, in the case of CZTSSe solid solutions, presence of both S and Se will 

likely lead to formation of ZnSxSe1-x mixtures (ZnSSe), rather than the single ZnS and 

ZnSe phases.
64

 This is confirmed with the Raman measurements performed on the front 

and back of a series of CZTSSe thin films with different [S] / ([S] + [Se]) compositions 

(Figure 4.4). From this study it is also observed that the most common secondary 

phases are ZnSSe and ZnS, while ZnSe was not detected in any of the CZTSSe 

absorbers, either in the front or in the back region. This work corroborates the need to 

study the dynamics of ZnSSe solid solutions in more detail, especially using the same 

Raman spectroscopy techniques which are used for detection of these phases in 

kesterite absorbers. 

The second part of this chapter describes Raman resonance scattering 

characterization of ZnSSe solid solutions over the whole sulfo-selenide compositional 

range using 325 and 455 nm excitation wavelengths.
66

 Besides providing the reference 

Raman spectra of the various ZnSSe thin films, with both characteristic wavelengths, 

which are useful in the detection of these phases in kesterites, this study has also 

provided an insightful knowledge about the fundamental proprieties of sulfo-selenide 

compounds in general. 

In particular, special focus is put on the Raman scattering intensities of the LO 

ZnS-like and ZnSe-like phonon modes, corresponding to vibrations of only S and Se 

atoms, respectively, which proved to be significantly enhanced when excited with 325 

nm excitation in the case of S vibrations, and with 455 nm in the case of the Se 

vibrations. This behavior is explained with the interaction of the excitation photons with 

the corresponding S or Se electronic states in the conduction band, and further 

confirmed with first principle simulations. 

Additionally, it should be mentioned that the same effect was observed in 

kesterite solid solutions, where significant enhancement of the S related Raman modes 

is detected during the 785 nm excitation wavelength.
18

 This phenomenon is described in 

more detail in the article “Multiwavelength excitation Raman scattering of 

Cu2ZnSn(SxSe1−x)4 (0 ≤ x ≤ 1) polycrystalline thin films: Vibrational properties of 

sulfoselenide solid solutions” which is presented in Chapter 2. 
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Figure 4.4 Raman spectra measured with 532, 325 and 458 nm excitation wavelengths 

on the surface (a), (c), (e) respectively; and at the back region (b), (d), (f) of CZTSSe 

samples with [S] / ([S] + [Se]) ratio varying from 0 to 1. Surface and back region [S] / 

([S] + [Se]) ratios shown in the spectra are estimated from the surface (a) and back (b) 

Raman spectra with excitation wavelength of 532 nm, respectively. 
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These results advance the fundamental understanding of the coupling between 

the electronic transitions and photons in the case of Raman resonance effects, and 

provide inputs for further studies of lattice dynamics, especially in the case of 

chalcogenide materials.
20

 Additionally, the coexistence of modes corresponding to only 

S vibrations and only Se vibrations in the ZnSSe alloys makes these results applicable 

for the compositional assessment of ZnSSe compounds. 

In conclusion, this chapter describes the usefulness of development of 

methodologies based on Raman spectroscopy for compositional assessment of not only 

kesterite but in general sulfo-selenide compounds. Additionally, valuable fundamental 

insights were obtained regarding photon-matter interaction, which could be useful for 

further study of lattice dynamics in these materials. 

This chapter concludes with two publications: “Raman scattering quantitative 

analysis of the anion chemical composition in kesterite Cu2ZnSn(SxSe1-x)4 solid 

solutions”, and “Resonant Raman scattering of ZnSxSe1-x solid solutions: role of S and 

Se electronic states” in which detailed information about the mentioned results are 

presented. 
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The main objective of this thesis is to deepen the knowledge of fundamental 

properties of kesterite CZTS, CZTSe and CZTSSe materials. This principally included 

full characterization of structural and vibrational properties mainly using various 

Raman spectroscopy techniques. Special focus is also put on the investigation of defect 

dynamics in kesterites, especially on the experimental identification of defects and their 

effect on the optoelectronic properties of kesterite absorbers and thus the performance 

of solar cells devices. Additionally, among the objectives of the thesis was development 

of Raman based methodologies for the compositional assessment of these materials, as 

well as obtaining more information regarding the fundamental properties of ZnSSe 

secondary phase. The results were shown in the series of articles which have been 

published in high impact peer-review journals. 

In the first part of the thesis, a complete analysis of all Raman active modes of 

the stoichiometric CZTS and CZTSe compounds was made using six different 

excitation wavelengths from near infrared to ultraviolet. Simulations fitting of the 

spectra allowed identification of 18 and 17 peaks which were attributed to all optical 

modes theoretically expected for the crystalline structure of CZTS and CZTSe, 

respectively. Based on the first principle simulations, normal displacements of each 

Raman mode were calculated and provided insightful knowledge about the involvement 

of atoms in vibrations corresponding to different modes. Furthermore, evaluation of 

crystal structure and phonon modes of CZTSSe materials was made using Raman 

spectroscopy and XRD, which led to complete characterization of their vibrational and 

structural properties. In contrast with previous reports on the existence of a two-mode 

behavior for CZTSSe, a more complex behavior of the most intense peaks with the 

change in anion composition has been observed. The Raman spectra of CZTSSe solid 

solutions show dominant CZTS-like peaks in the high frequency region (280–400 cm
-1

), 

dominant CZTSe-like peaks in the low frequency region (170–205 cm
-1

), and additional 

peaks related to vibrations of both S and Se anions in the intermediate frequency region 

(205–280 cm
-1

). In all cases, polarization measurements were used for the symmetry 

assignment of the peaks. This work also demonstrated the utility of using 

multiwavelength Raman technologies, including resonance conditions, for easier 

identification of vibrational modes. 

In the next part of the thesis, defect dynamics in kesterite materials was 

explored. Asymmetry in the shape of the low frequency region of the A symmetry 

modes has been observed for CZTS samples with different crystal quality. This has 

been attributed to phonon confinement effects which are arising from the loss of 

translational symmetry in the crystal caused by a high density of defects. On the other 

hand, changes in the frequency of the peaks were also observed and found to result 

from a balance between phonon confinement effects and lattice contraction due to 
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compressive strain. A combined theoretical model considering both effects was 

developed. Simultaneous fitting of the two dominant peaks in the spectra was used to 

determine the correlation length, for which it was shown to correlate well with the grain 

size, thus indicating a quantitative parameter for estimation of crystal quality. Based on 

this model, a simple methodology independent of measuring conditions is proposed for 

the quantitative assessment of crystal quality through the correlation length. After this, 

the effect of specific defect clusters on the Raman spectra and optoelectronic properties 

was investigated. Combinatorial CZTSe thin films with lateral compositional gradients 

were synthesized and made into solar cell devices (around 200 cells per sample), in 

order to study the correlation between the optoelectronic properties and absorber 

composition. A maximum device efficiency of 6.9% was obtained, together with a 

highest open circuit voltage value of 411 mV for the devices analyzed in this work. In 

addition, distinct compositional regions corresponding to the maximum open circuit 

voltage and short circuit current values were identified. It was concluded that these 

regions appear in the phase diagram corresponding to Cu-poor and Zn-rich 

compositions, where occurrence of VCu, ZnCu and ZnSn point defects is expected. 

Furthermore, detailed analysis of the Raman spectra has allowed investigation of 

systematic changes in the intensity of the E and B modes located around 170, 220 and 

250 cm
-1

 frequency regions, which involve mostly cation vibrations. Changes in the 

relative intensity of these peaks were systematically analyzed in relation to the 

occurrence of different kinds of defect clusters involving VCu, ZnCu, ZnSn, CuZn and SnZn 

point defects. Finally, the influence of point defects and secondary phases on the 

performance of CZTSe devices was presented. The results showed experimental 

evidence of the effect of the Cu-substitutional defects, in particular [VCu + ZnCu], on the 

optoelectronic properties, especially VOC. It was shown that VOC can be tuned by 

adjusting composition, and consequently the amount of the [VCu + ZnCu] defect clusters. 

Furthermore, this proved to be intrinsic property of the CZTSe material, independent of 

the synthesis and post-deposition processes used for the preparation of samples. 

Secondary phases are also found to influence device properties, and their effects were 

dependent on whether they were present in the bulk or surface of the absorber. These 

results should provide a crucial step in solving the VOC-deficit problem in kesterites. 

Furthermore, the detailed knowledge of the effects of defects on the optoelectronic 

properties presented here will be the basis for optimization of the synthesis and post-

deposition processes in order to achieve even higher efficiencies with these kinds of 

absorbers, and may provide insights into improving applications for other multinary 

compounds. 

Last part of the thesis was dedicated to development of a methodology for the 

quantitative determination of the anion composition of CZTSSe solid solutions using 
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Raman spectroscopy. The methodology is based on the analysis of the integral intensity 

ratio of Raman bands sensitive to anion vibrations with anion composition of CZTSSe 

solid solutions. Calibration of the methodology was done using reference CZTSSe 

powder samples synthesized by solid state reaction method, which compositions were 

measured by electron micro probe analysis. The validity of the methodology has been 

tested in different kinds of samples, including photovoltaic grade layers with different 

compositions and layers with different crystalline quality and same composition. A 

strong support on the performance of the methodology has been obtained from the 

analysis of a wide range of CZTSSe samples fabricated by different methods using 

Raman spectra reported in the literature. The good agreement obtained in the whole 

range of compositions points out the validity of the proposed methodology for the 

simple non-destructive assessment of the anion composition of different kinds of 

CZTSSe samples (thin films, powders, nanocrystals, monograins and etc.) 

independently on the experimental conditions used for the Raman scattering 

measurements. 

Finally, a fundamental study, based on experimental and theoretical 

investigation, of the Raman resonance effects in ZnSSe solid solutions was presnted. 

Resonance behavior is observed in the Raman modes corresponding to the anion 

vibrations, when changing the excitation energy from UV (325 nm) to blue (455 nm). 

Significant enhancement in the Raman intensity of the LO ZnS-like modes, 

corresponding to vibrations of only S ions, is observed in cases of S-rich and 

intermediate compositions when excited with UV energy. On the other side, LO ZnSe-

like modes attributed to vibrations of only Se ions, are enhanced in the case of blue 

excitation for samples with Se-rich and intermediate compositions. This enhancement 

of only certain Raman modes in the spectra was explained by interaction of the 

excitation photon with the corresponding S or Se states in the electronic band structure, 

and confirmed by the first principle calculations. Raman resonant effects in this case are 

achieved due to the tuning of the excitation energy with the energy of the S or Se 

electronic states in the conduction band. These findings advance the fundamental 

understanding of the coupling between the electronic transitions and photons in the case 

of Raman resonance effects, and provide inputs for further studies of lattice dynamics, 

especially in the case of chalcogenide materials. Additionally, application of Raman 

resonant conditions in the case of this kind of materials can be used for development of 

simple and non-destructive optical methodology for the quantitative measurement of [S] 

/ ([S] + [Se]) anion composition. They should also enable easier characterization of the 

ZnSSe system, like reducing the integration time of the Raman measurements, which is 

extremely important in the case of nanosystems. 
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In conclusion, the works presented in this thesis are a significant contribution to 

the study of fundamental properties of materials in general, and kesterites materials in 

particular. Additionally, due to the unique approach of utilizing Raman spectroscopy 

with other characterization techniques, these methods could prove to be very successful 

in structure/function studies of other multinary compounds which are gaining 

increasing interest for electronic applications. In the end, the presented results give 

significant contribution to thin film photovoltaic field and should bring kesterites 

materials one step closer to commercial application. 
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