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Preface: Publications and summary of the thesis 

The work presented in this thesis was carried out at the Catalonia Institute for Energy Research (IREC) in 

Sant Adrià de Besòs (Barcelona), Spain from 2011 to 2014. It is about the processing and 

characterization of Cu2ZnSn(S,Se)4 (CZTSSe) films for use as light absorbing layers in thin film 

photovoltaic (PV) devices. Each chapter is structured around one or more articles accepted or already 

published in peer-reviewed journals, including the following which are submitted in accord with the 

requirements for the Doctor of Philosophy in Engineering and Advanced Technologies at the University 

of Barcelona: 

 

A. Fairbrother, E. García-Hemme, V. Izquierdo-Roca, X. Fontané, F. A. Pulgarín-Agudelo, O. Vigil-Galán, A. 

Pérez-Rodríguez, E. Saucedo. Development of a selective chemical etch to improve the 

conversion efficiency of Zn-rich Cu2ZnSnS4 solar cells, Journal of the American Chemical Society 

2012, 134 (19), 8018, DOI: 10.1021/ja301373e 

 

C. M. Ruiz, X. Fontané, A. Fairbrother, V. Izquierdo-Roca, C. Broussillou, S. Bodnar, A. Pérez-Rodríguez, V. 

Bermúdez. Impact of electronic defects on the Raman spectra from electrodeposited 

Cu(In,Ga)Se2 solar cells: Application for non-destructive defect assessment, Applied Physics 

Letters 2013, 102, 091106, DOI: 10.1063/1.4793418 

 

A. Fairbrother, X. Fontané, V. Izquierdo-Roca, M. Espindola-Rodriguez, S. López-Marino, M. Placidi, J. 

López-García, A. Pérez-Rodríguez, E. Saucedo. Single-step sulfo-selenization method to 

synthesize Cu2ZnSn(SySe1-y)4 absorbers from metallic stack precursors, ChemPhysChem 2013, 14 

(9), 1836, DOI: 10.1002/cphc.201300157 

 

A. Fairbrother, E. Saucedo, X. Fontané, V. Izquierdo-Roca, D. Sylla, M. Espindola-Rodriguez, F. A. 

Pulgarín-Agudelo, O. Vigil-Galán, A. Pérez-Rodríguez. Secondary phase formation in Zn-rich 

Cu2ZnSnSe4-based solar cells annealed in low pressure and temperature conditions, Progress in 

Photovoltaics: Research and Applications 2014, accepted, in press, DOI: 10.1002/pip.2473 

 

A. Fairbrother, V. Izquierdo-Roca, X. Fontané, M. Ibáñez, A. Cabot, E. Saucedo, A. Pérez-Rodríguez. ZnS 

grain size effects on near-resonant Raman scattering: Optical non-destructive grain size 

estimation, CrystEngComm 2014, accepted, in press, DOI:10.1039/C3CE42578A 
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The thesis is structured into six chapters. The first chapter is an introduction into photovoltaics, 

including device structure and physics, motivation for the study of photovoltaics, and the current market 

situation and state of development. The focus is on thin film photovoltaics, in particular those based on 

chalcogenide compounds such as Cu(In,Ga)Se2 (CIGSe) and mainly CZTSSe. The advantages and 

disadvantages of chalcogenide technologies, and of CZTSSe over CIGSe, are presented. An introduction 

into Raman scattering spectroscopy is made, because this technique is referred to frequently in 

subsequent chapters. Finally, the objectives of the thesis are detailed. The second chapter is an 

examination of the Cu-Zn-Sn-S(Se) material system, with particular focus on the secondary phases 

commonly encountered. The formation of secondary phases is very prevalent in this four or five element 

system because of the non-stoichiometric compositions used for the highest performing devices, namely 

Cu-poor and Zn-rich. Phase identification in some cases proves rather difficult, because some of the 

main phases have similar structural characteristics, which limits the use of conventional materials 

characterization methods such as x-ray diffraction. Raman scattering spectroscopy is shown to be 

especially useful in this material system, and this chapter is concluded with an analysis of one of the 

most common secondary phases (ZnS) in the paper “ZnS grain size effects on near-resonant Raman 

scattering: Optical non-destructive grain size estimation”. Note that within the text of the thesis a short 

abstract of each article is presented, but the actual articles are found in the Appendix. 

 

Chapter 3 details some the material properties of CZTSSe, such as crystal structure, defects, and related 

structural, optical, and electronic properties. Part of this chapter is based on a paper in preparation in 

which the electronic and chemical properties of CZTS films are studied by temperature dependent 

resistance measurements. Then a major part of this chapter is based on the paper “Impact of electronic 

defects on the Raman spectra from electrodeposited Cu(In,Ga)Se2 solar cells: Application for non-

destructive defect assessment”. In this paper admittance spectroscopy is used to study the density of 

two main defect types in CIGSe, and these results are correlated with spectral features in Raman 

scattering measurements. CZTSSe is in a much earlier stage of research, so the defect structure is not 

clearly understood and a similar study is not yet feasible with this material. However, preliminary work 

to be published with CZTSSe in this line of study is presented, in which spectral features are correlated 

to changes in grain size (i.e. phonon confinement effects) and composition (i.e. variations in defect type 

and density). 
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The fourth and fifth chapters constitute the main body of the work and to date are the principle 

contributions of the author to the study of CZTSSe. Chapter 4 is about the deposition and thermal 

processing of CZTSSe thin films. The bulk of this chapter is based on the papers “Secondary phase 

formation in Zn-rich Cu2ZnSnSe4-based solar cells annealed in low pressure and temperature conditions” 

and “Single-step sulfo-selenization method to synthesize Cu2ZnSn(SySe1-y)4 absorbers from metallic stack 

precursors”. The first focuses on Cu2ZnSnSe4, and the effect of annealing temperature and precursor 

composition on phase formation are studied. The other is quite unique in this field because it presents a 

method of simultaneous sulfurization and selenization of metallic precursor stacks to form 

Cu2ZnSn(SySe1-y)4 films. Typically CZTSSe is formed from non-metallic precursors or via the synthesis of 

nanoparticles. In each of these works Raman scattering spectroscopy is used regularly to study the 

phase formation. 

 

Chapter 5 is in many respects the culmination and application of the ideas presented in the previous 

chapters and presents work on kesterite-based solar cell devices. It is about the optimization of device 

structure, including front and back interfaces. It is structured around the publication “Development of a 

selective chemical etch to improve the conversion efficiency of Zn-rich Cu2ZnSnS4 solar cells”. Ultimately 

each of the previous subjects – materials properties, secondary phases, deposition and thermal 

processing – influence the final devices properties, so this chapter combines all of these elements and 

shows how they influence the performance of solar cell devices. 

 

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

 

Finally, the following papers are others, in addition to the five listed above, authored or co-authored by 

Andrew Fairbrother, and which are related to this thesis work: 

 

A. Fairbrother, L. Fourdrinier, X. Fontané, V. Izquierdo-Roca, M. Dimitrievska, A. Pérez-Rodgríguez, E.  

Saucedo. Precursor stack ordering effects in Cu2ZnSnSe4 thin films prepared by rapid thermal 

processing, submitted and under review, 2014. 
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A. Fairbrother, E. Saucedo, X. Fontané, V. Izquierdo-Roca, D. Sylla, M. Espíndola-Rodríguez, F.A. Pulgarín- 

Agudelo, O. Vigil-Galán, A. Perez-Rodriguez. Preparation of 4.8% efficiency Cu2ZnSnSe4 based 

solar cell by a two step process, Proceedings of the 38th IEEE Photovoltaic Specialists Conference  

(PVSC) 2012, 002679 

 

M. Ibáñez, D. Cadavid, D. Zamani, N. García-Castelló, V. Izquierdo-Roca, W. Li, A. Fairbrother, J.D. Prades,  

A. Shavel, J. Arbiol. Composition control and thermoelectric properties of quaternary 

chalcogenide nanocrystals: the case of stannite Cu2CdSnSe4, Chemistry of Materials 2012, 24(3), 

562 

 

C.M. Ruiz, X. Fontane, A. Fairbrother, V. Izquierdo-Roca, C. Broussillou, S. Bodnar, A. Pérez-Rodríguez, V.  

Bermudez. Developing Raman scattering as quality control technique: Correlation with presence 

of electronic defects in CIGS-based devices, Proceedings of the 38th IEEE Photovoltaic Specialists 

Conference (PVSC) 2012, 000455 

 

A. Fairbrother, X. Fontané, V. Izquierdo-Roca, M. Espíndola-Rodríguez, S. López-Marino, M. Placidi, L.  

Calvo-Barrio, A. Pérez-Rodríguez. On the formation mechanisms of Cu2ZnSnS4 films prepared by 

sulfurization of metallic stacks, Solar Energy Materials and Solar Cells 2013, 112, 907 

 

M. Espíndola-Rodríguez, M. Placidi, O. Vigil-Galán, V. Izquierdo-Roca, X. Fontané, A. Fairbrother, D. Sylla,  

E. Saucedo, A. Pérez-Rodríguez. Compositional optimization of photovoltaic grade Cu2ZnSnS4 

films grown by pneumatic spray pyrolysis, Thin Solid Films 2013, 535(1), 67 

 

S. López-Marino, M. Placidi, A. Perez-Tomas, J. Llobet, V. Izquierdo-Roca, X. Fontané, A. Fairbrother, M.  

Espíndola-Rodríguez, D. Sylla, A. Perez-Rodriguez. Inhibiting the absorber/Mo-back contact 

decomposition reaction in Cu2ZnSnSe4 solar cells: the role of a ZnO intermediate nanolayer, 

Journal of Materials Chemistry A 2013, 1, 8338 

 

O. Vigil-Galán, M. Espíndola-Rodríguez, M. Courel, X. Fontané, D. Sylla, V. Izquierdo-Roca, A. Fairbrother,  

E. Saucedo, A. Pérez-Rodríguez. Secondary phases dependence on composition ratio in sprayed 

Cu2ZnSnS4 thin films and its impact on the high power conversion efficiency, Solar Energy 

Materials and Solar Cells 2013, 117, 246 
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F.A. Pulgarín-Agudelo, S. López-Marino, A. Fairbrother, M. Placidi, V. Izquierdo-Roca, P.J. Sebastián, F.  

Ramos, B. Pina, A. Perez-Rodriguez, E. Saucedo. A thermal route to synthesize photovoltaic 

grade CuInSe2 films from printed CuO/In2O3 nanoparticle-based inks under Se atmosphere, 

Journal of Renewable and Sustainable Energy 2013, 5(5), 053140 

 

F.A. Pulgarín–Agudelo, M. Placidi, A. Fairbrother, X. Fontané, V. Izquierdo-Roca, P.J. Sebastian, F. Ramos,  

B. Pina, A. Pérez–Rodríguez, E. Saucedo. Synthesis of CuInSe2 nanopowders by microwave 

assisted solvothermal method, International Journal of Nanotechnology 2013, 10(1), 1029 

 

S. López-Marino, Y. Sánchez, M. Placidi, A. Fairbrother, M. Espíndola-Rodríguez, X. Fontané, V.  

Izquierdo-Roca, J. López-García, L. Calvo-Barrio, A. Pérez-Rodríguez. ZnSe etching of Zn-rich 

Cu2ZnSnSe4: An oxidation route for improved solar-cell efficiency, Chemistry - A European 

Journal 2013, 19(44), 14814 

 

O. Vigil-Galán, M. Courel, M. Espíndola-Rodríguez, V. Izquierdo-Roca, E. Saucedo, A. Fairbrother. Toward  

a high Cu2ZnSnS4 solar cell efficiency processed by spray pyrolysis method, Journal of Renewable 

and Sustainable Energy 2013, 5(5), 053137 
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Contribution of the author to publications in the thesis 

The author of this work, Andrew Fairbrother, has been responsible for the design and coordination of 

experiments on the development of different technological processes, as well as the interpretation of 

experimental results. He has directly participated in the deposition by sputtering of the metallic 

precursor films, thermal processing, and in chemical treatments to remove secondary phases. The 

author has also coordinated characterization of the processes, with particular emphasis on the 

interpretation of measurements by Raman spectroscopy and their correlation with the optoelectronic 

characterization of the devices. 

 

Chapter 2.3:  

� A. Fairbrother, et al., “ZnS grain size effects on near-resonant Raman scattering: Optical non-

destructive grain size estimation”, CrystEngComm 2014, DOI  10.1039/C3CE42578A  

Work selected for cover page of the journal 

Impact Factor (IF): 3.88 

1st quartile in areas: Chemistry (multidisciplinary), Crystallography 

 

This article explores the potential of Raman spectroscopy for the advanced characterization of the ZnS 

phase, taking advantage of the knowledge and know-how acquired by the author in the development 

and characterization other processes related to CZTSSe. This permitted him to synthesize a series of 

samples for the study, and report for the first time in literature the dependence of grain size on quasi-

resonant Raman spectra. Andrew Fairbrother was also responsible for the interpretation of the Raman 

data, coordination of characterization of the films by SEM and XRD, and writing of the article.  

 

Chapter 3.3:  

� C. M. Ruiz, X. Fontané, A. Fairbrother, et al., “Impact of electronic defects on the Raman spectra 

from electrodeposited Cu(In,Ga)Se2 solar cells: Application for non-destructive defect assessment”, 

Applied Physics Letters 2013, 102, 091106, DOI: 10.1063/1.4793418. 

IF: 3.79 

1st quartile in areas: Physics (applied) 

 

In this work analysis by admittance spectroscopy of CIGSe-based solar cells is studied and correlated to 

the spectral features of Raman peaks. The density and type of defects correlate to changes in the Raman 
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spectra. The work is especially relevant because it shows for the first time the direct impact of defects 

associated with selenium vacancies on the principal peak of CIGSe. This opens very interesting prospects 

for the use of Raman spectroscopy for the non-destructive detection of electronic defects in the 

absorber films. In this work Andrew Fairbrother coordinated the work between the groups at NEXCIS 

Photovoltaic Technology and the University of Aix-Marseille, participating in the defining of the 

processes used in the clean room at NEXCIS for the fabrication of the devices and films studied. This 

implicated the selection of growth conditions of the films with different composition to favor the 

formation of defects associated with selenium and excess copper. The author was also responsible for 

processing of the cells to selectively remove the buffer and TCO layers, in order to be able to perform 

measurements directly on the surface of the absorber films. Finally, he made a comparative analysis 

between the results of the electrical characterization and the Raman measurements which form the 

basis of the work, and assisted in draft preparation of the article. 

 

Chapter 4.3:  

� A. Fairbrother et al, “Secondary phase formation in Zn-rich Cu2ZnSnSe4-based solar cells annealed in 

low pressure and temperature conditions”, Progress in Photovoltaics: Research and Applications 

2014, DOI: 10.1002/pip.2473 

IF: 7.71 

1st quartile in areas: Materials Science (multidisciplinary), Physics (Applied), Energy & Fuels 

 

In this article Andrew Fairbrother designed and coordinated an ambitious work which included the 

synthesis of CZTSe films by selenization treatments of metallic precursors films with different 

compositions deposited by sputtering. The advanced characterization of the films by Raman 

spectroscopy led to identification of secondary phases present in different regions of the films (ZnSe and 

Sn-Se), and to determine how their formation and distribution is influenced by the process parameters. 

Also studied was the impact on optoelectronic properties of the devices based on these films. Andrew 

Fairbrother organized and completed the synthesis processes for the study, and was responsible for 

coordination of the different measurements made. The optimization of the process presence resulted in 

a maximum efficiency of 4.8%. The author was also the primary writer of the manuscript, and prepared 

the submission of all required files to the journal 
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Chapter 4.4:  

� A. Fairbrother et al, “Single-step sulfo-selenization method to synthesize Cu2ZnSn(SySe1-y)4 absorbers 

from metallic stack precursors”, ChemPhysChem 2013, 14 (9), 1836, DOI: 10.1002/cphc.201300157C 

IF: 3.35 

1st quartile in areas: Physics (atomic, molecular & chemical) 

 

This work described a process of sulfo-selenization which permits the synthesis of photovoltaic grade 

films of CZTSSe solid solutions with compositional control in the range of selenium to sulfur-pure films. 

This allowed a detailed study of the structural and morphological properties of the films, and the 

optoelectronic properties of the solar cells. The novelty of this work is the formation of CZTSSe from 

metallic precursors. CZTSSe is typically formed from non-metallic precursors, but this process results in 

the simultaneous introduction of sulfur and selenium into the films. Andrew Fairbrother designed and 

carried out the sulfo-selenization study, and was responsible for the synthesis and characterization of 

the films and devices. He coordinated the interpretation of the results, and wrote the article. 

 

Chapter 5.3:  

� A. Fairbrother et al., “Development of a selective chemical etch to improve the conversion efficiency 

of Zn-rich Cu2ZnSnS4 solar cells”, Journal of the American Chemical Society 2012, 134 (19), 8018, DOI: 

10.1021/ja301373e 

IF: 10.68 

1st quartile in areas: Chemistry (multidisciplinary) 

 

In this article Andrew Fairbrother identified a major problem for CZTS technologies, namely the 

presence of secondary phases and ZnS especially. This is particularly prevalent because device-grade 

films are prepared in Zn-rich conditions. He developed a selective etching procedure to remove this 

phase, which resulted in significant improvements in device efficiency. He coordinated sample 

fabrication and characterization of the devices and films. He was also responsible for writing of the 

article, and coordinated the discussion between the other co-authors.  
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Barcelona, 25 of February 2014 

 

 

 

 

Alejandro Pérez-Rodríguez     Edgardo Saucedo Silva 
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Prefacio: Publicaciones y resumen de la tesis 

El trabajo presentado en esta tesis fue realizado en el Instituto de Investigación en Energía de Catalunia 

(IERC) en Sant Adrìa del Besòs (Barcelona), España desde el año 2011 hasta el 2014. Se trata del 

procesamiento y caracterización de películas de Cu2ZnSn(S,Se)4 (CZTSSe) como absorbedores de luz en 

dispositivos fotovoltaicos de capa delgada. Cada capítulo está estructurado sobre uno o más artículos en 

preparación o ya publicados en revistas de “peer-review”, incluyendo los siguientes que se utilizan para 

cumplir los requisitos para el Doctorado en Filosofía en Ingeniería y Tecnologías Avanzadas en la 

Universidad de Barcelona: 

 

A. Fairbrother, E. García-Hemme, V. Izquierdo-Roca, X. Fontané, F. A. Pulgarín-Agudelo, O. Vigil-Galán, A. 

Pérez-Rodríguez, E. Saucedo. Development of a selective chemical etch to improve the 

conversion efficiency of Zn-rich Cu2ZnSnS4 solar cells, Journal of the American Chemical Society 

2012, 134 (19), 8018, DOI: 10.1021/ja301373e 

 

C. M. Ruiz, X. Fontané, A. Fairbrother, V. Izquierdo-Roca, C. Broussillou, S. Bodnar, A. Pérez-Rodríguez, V. 

Bermúdez. Impact of electronic defects on the Raman spectra from electrodeposited 

Cu(In,Ga)Se2 solar cells: Application for non-destructive defect assessment, Applied Physics 

Letters 2013, 102, 091106, DOI: 10.1063/1.4793418 

 

A. Fairbrother, X. Fontané, V. Izquierdo-Roca, M. Espindola-Rodriguez, S. López-Marino, M. Placidi, J. 

López-García, A. Pérez-Rodríguez, E. Saucedo. Single-step sulfo-selenization method to 

synthesize Cu2ZnSn(SySe1-y)4 absorbers from metallic stack precursors, ChemPhysChem 2013, 14 

(9), 1836, DOI: 10.1002/cphc.201300157 

 

A. Fairbrother, E. Saucedo, X. Fontané, V. Izquierdo-Roca, D. Sylla, M. Espindola-Rodriguez, F. A. 

Pulgarín-Agudelo, O. Vigil-Galán, A. Pérez-Rodríguez. Secondary phase formation in Zn-rich 

Cu2ZnSnSe4-based solar cells annealed in low pressure and temperature conditions, Progress in 

Photovoltaics: Research and Applications 2014, accepted, in press, DOI: 10.1002/pip.2473 

 

A. Fairbrother, V. Izquierdo-Roca, X. Fontané, M. Ibáñez, A. Cabot, E. Saucedo, A. Pérez-Rodríguez. ZnS 

grain size effects on near-resonant Raman scattering: Optical non-destructive grain size 

estimation, CrystEngComm 2014, accepted, in press, DOI:10.1039/C3CE42578A 
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La tesis está estructurada en seis capítulos. El primer capítulo es una introducción a la tecnología 

fotovoltaica: fundamentos físicos de la fotovoltaica, estructura de los dispositivos, motivación por 

investigar la fotovoltaica, y el mercado y estado actual del campo. El enfoque principal es la tecnología 

fotovoltaica de capa delgada, en particular la basada en compuestos calcogenuros como Cu(In,Ga)Se2 

(CIGSe), pero principalmente CZTSSe. En la Tesis, se presentan las ventajas y desventajas de las 

tecnologías de calcogenuros, comparando los dos materiales más significativos, el CZTSSe y el CIGSe. 

Además se incluye una introducción a la espectroscopia Raman, debido a que es la técnica de 

caracterización más ampliamente utilizada en la Tesis. Por último, se detallan los objetivos de las tesis. El 

segundo capítulo es un estudio del sistema Cu-Zn-Sn-S(Se), con énfasis en las fases secundarias más 

comunes. La formación de fases secundarias es uno de los temas más relevantes en este sistema multi-

elemental debido a las condiciones no-estequiométricas que se utiliza para obtener dispositivos de 

mayor eficiencia de conversión fotovoltaica, en particular rico en Zn y pobre en Cu. La identificación de 

las fases resulta difícil en ciertos casos, porque algunos de las fases principales tienen características 

estructurales muy similares, lo cual limita el uso de los métodos de caracterización convencional como la 

difracción de rayos-x. La espectroscopia Raman se ha revelado como especialmente útil en este sistema, 

y el capítulo concluye con un análisis de una de las fases secundarias más comunes (ZnS) en el articulo 

“ZnS grain size effects on near-resonant Raman scattering: Optical non-destructive grain size 

estimation”. 

 

El tercer capítulo trata de algunas propiedades fundamentales del CZTSSe, tal como la estructura 

cristalina, los defectos,las propiedades estructurales, ópticas, y electrónicas. Parte de este capítulo se 

basa en un artículo en preparación en el cual las propiedades eléctricas y químicas de películas CZTS se 

estudian utilizando medidas de resistividad en función de la temperatura. La siguiente parte del capítulo 

se basa en el articulo “Impact of electronic defects on the Raman spectra from electrodeposited 

Cu(In,Ga)Se2 solar cells: Application for non-destructive defect assessment”. En este artículo se utiliza 

espectroscopia de admitancia para identificar y medir la densidad de dos defectos principales en CIGSe, 

y los resultados están correlacionados con propiedades espectrales obtenidas mediante medidas de 

espectroscopia Raman.  El CZTSSe se encuentra en un estado mucho menos desarrollado que el CIGSe, y 

la estructura de defectos no se conoce adecuadamente, por tanto un estudio parecido aun no es factible 

en este material. No obstante, se presenta un trabajo preliminar pendiente de publicación con CZTSSe 

en esta línea, y en dicho trabajo las propiedades espectrales están relacionados con cambios en tamaño 
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de grano (efectos de confinamiento quántico) y composición (variaciones en tipo y densidad de 

defectos). 

 

Los capítulos cuatro y cinco constituyen el cuerpo principal de este trabajo, y hasta ahora son las 

contribuciones más importantes del autor en el estudio del CZTSSe. El Capitulo 4 trata del depósito y 

procesamiento térmico de películas de CZTSSe. La mayor parte de éste capítulo se basa en los artículos 

“Secondary phase formation in Zn-rich Cu2ZnSnSe4-based solar cells annealed in low pressure and 

temperature conditions” y “Single-step sulfo-selenization method to synthesize Cu2ZnSn(SySe1-y)4 

absorbers from metallic stack precursors”. El primero se enfoca en CZTSe, y el efecto de temperatura y 

composición del precursor en la formación de fases secundarias. El segundo artículo es único en este 

campo porque presenta una metodología de sulfurizar y selenizar simultáneamente capas metálicas 

precursor para formar películas de CZTSSe. Generalmente CZTSSe se forma a partir de precursores no-

metálicas o a través la síntesis de nanopartículas. En cada uno de estos trabajos la espectroscopia 

Raman se utiliza ampliamente para estudiar la formación de fases. 

 

El Capitulo 5 es, en muchos sentidos, la culminación y aplicación de ideas presentadas en capítulos 

anteriores y se centra en el estudio de dispositivos basados en kesteritas. Se describen los primeros 

resultados de la optimización de la estructura de los dispositivos, tanto la interfaz delantera como 

trastera. El capítulo se estructura en base a la publicación “Development of a selective chemical etch to 

improve the conversion efficiency of Zn-rich Cu2ZnSnS4 solar cells”. Cada uno de los temas anteriores – 

propiedades, fases secundarias, depósito y procesamiento térmico – influye en las propiedades del 

dispositivo final, por tanto este capítulo combina todos estos elementos y demuestra su influencia en los 

dispositivos. 

 

El último capítulo de la tesis es un resumen y conclusión del trabajo. 

Por último, en los artículos descritos a continuación Andrew Fairbrother ha participado como autor o co-

autor, adicionalmente a los presentados anteriormente que forman el núcleo de la Tesis y están 

relacionados al trabajo experimental desarrollado durante este período: 

 

A. Fairbrother, L. Fourdrinier, X. Fontané, V. Izquierdo-Roca, M. Dimitrievska, A. Pérez-Rodgríguez, E.  

Saucedo. Precursor stack ordering effects in Cu2ZnSnSe4 thin films prepared by rapid thermal 

processing, submitted and under review, 2014. 
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A. Fairbrother, E. Saucedo, X. Fontané, V. Izquierdo-Roca, D. Sylla, M. Espíndola-Rodríguez, F.A. Pulgarín- 

Agudelo, O. Vigil-Galán, A. Perez-Rodriguez. Preparation of 4.8% efficiency Cu2ZnSnSe4 based 

solar cell by a two step process, Proceedings of the 38th IEEE Photovoltaic Specialists Conference 

(PVSC) 2012, 002679 

 

M. Ibáñez, D. Cadavid, D. Zamani, N. García-Castelló, V. Izquierdo-Roca, W. Li, A. Fairbrother, J.D. Prades,  

A. Shavel, J. Arbiol. Composition control and thermoelectric properties of quaternary 

chalcogenide nanocrystals: the case of stannite Cu2CdSnSe4, Chemistry of Materials 2012, 24(3), 

562 

 

C.M. Ruiz, X. Fontane, A. Fairbrother, V. Izquierdo-Roca, C. Broussillou, S. Bodnar, A. Pérez-Rodríguez, V.  

Bermudez. Developing Raman scattering as quality control technique: Correlation with presence 

of electronic defects in CIGS-based devices, Proceedings of the 38th IEEE Photovoltaic Specialists 

Conference (PVSC) 2012, 000455 

 

A. Fairbrother, X. Fontané, V. Izquierdo-Roca, M. Espíndola-Rodríguez, S. López-Marino, M. Placidi, L.  

Calvo-Barrio, A. Pérez-Rodríguez. On the formation mechanisms of Cu2ZnSnS4 films prepared by 

sulfurization of metallic stacks, Solar Energy Materials and Solar Cells 2013, 112, 907 

 

M. Espíndola-Rodríguez, M. Placidi, O. Vigil-Galán, V. Izquierdo-Roca, X. Fontané, A. Fairbrother, D. Sylla,  

E. Saucedo, A. Pérez-Rodríguez. Compositional optimization of photovoltaic grade Cu2ZnSnS4 

films grown by pneumatic spray pyrolysis, Thin Solid Films 2013, 535(1), 67 

 

S. López-Marino, M. Placidi, A. Perez-Tomas, J. Llobet, V. Izquierdo-Roca, X. Fontané, A. Fairbrother, M.  

Espíndola-Rodríguez, D. Sylla, A. Perez-Rodriguez. Inhibiting the absorber/Mo-back contact 

decomposition reaction in Cu2ZnSnSe4 solar cells: the role of a ZnO intermediate nanolayer, 

Journal of Materials Chemistry A 2013, 1, 8338 

 

O. Vigil-Galán, M. Espíndola-Rodríguez, M. Courel, X. Fontané, D. Sylla, V. Izquierdo-Roca, A. Fairbrother,  

E. Saucedo, A. Pérez-Rodríguez. Secondary phases dependence on composition ratio in sprayed 

Cu2ZnSnS4 thin films and its impact on the high power conversion efficiency, Solar Energy  

Materials and Solar Cells 2013, 117, 246 



20 
 

F.A. Pulgarín-Agudelo, S. López-Marino, A. Fairbrother, M. Placidi, V. Izquierdo-Roca, P.J. Sebastián, F.  

Ramos, B. Pina, A. Perez-Rodriguez, E. Saucedo. A thermal route to synthesize photovoltaic 

grade CuInSe2 films from printed CuO/In2O3 nanoparticle-based inks under Se atmosphere, 

Journal of Renewable and Sustainable Energy 2013, 5(5), 053140 

 

F.A. Pulgarín–Agudelo, M. Placidi, A. Fairbrother, X. Fontané, V. Izquierdo-Roca, P.J. Sebastian, F. Ramos,  

B. Pina, A. Pérez–Rodríguez, E. Saucedo. Synthesis of CuInSe2 nanopowders by microwave 

assisted solvothermal method, International Journal of Nanotechnology 2013, 10(1), 1029 

 

S. López-Marino, Y. Sánchez, M. Placidi, A. Fairbrother, M. Espíndola-Rodríguez, X. Fontané, V.  

Izquierdo-Roca, J. López-García, L. Calvo-Barrio, A. Pérez-Rodríguez. ZnSe etching of Zn-rich 

Cu2ZnSnSe4: An oxidation route for improved solar-cell efficiency, Chemistry - A European 

Journal 2013, 19(44), 14814 

 

O. Vigil-Galán, M. Courel, M. Espíndola-Rodríguez, V. Izquierdo-Roca, E. Saucedo, A. Fairbrother. Toward  

a high Cu2ZnSnS4 solar cell efficiency processed by spray pyrolysis method, Journal of Renewable 

and Sustainable Energy 2013, 5(5), 053137 

 

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

Rodríguez. Multiwavelength excitation Raman scattering study of polycrystalline kesterite 

Cu2ZnSnS4 thin films, Applied Physics Letters 2014, 104(2), 021901 
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En este trabajo se realiza un análisis mediante medidas de espectroscopia de admitancia de celdas de 
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1. Introduction and objectives 

This work is about the processing and characterization of Cu2ZnSn(S,Se)4 (CZTSSe) thin films, including 

the sulfur-pure Cu2ZnSnS4 (CZTS) and selenium-pure Cu2ZnSnSe4 (CZTSe) compounds. This class of 

compounds is being investigated as a potential light absorbing layer in thin film photovoltaics. The 

introduction includes an overview of photovoltaics (PV), including the motivation of mass PV production, 

the current economic picture, the main technologies, and the basic physical principle exploited by PV to 

generate electricity. There is also a more in-depth look at thin film photovoltaic technologies, including 

device structure and materials. The next to last section is about Raman scattering spectroscopy, which 

has proven to be an invaluable tool in characterization of the complex CZTSSe material system, and is 

referred to regularly throughout the thesis. The final section includes the objectives of the thesis. 

 

1.1 Current state of photovoltaic technologies 

Energy is the invisible driver of modern economies, and consumption has increased exponentially since 

the 19th century with the onset of the Industrial Revolution. The main source of energy, including 

electricity, is from fossil fuels such as coal and natural gas,1 but in recent decades there has been a push 

towards the usage of renewable energy sources. This effort is driven by the need to reduce greenhouse 

emissions and mitigate climate change, and also improve energy security via domestic energy 

production. In this context the conversion of sunlight into electricity has significant potential to be a 

viable energy source because of the sheer abundance of solar irradiation. Thus the development and 

industrialization of PV technologies in order to exploit this renewable energy source has intensified in 

the past several years. 

 

The installed PV capacity is rapidly increasing each year, but is still far from the desired TW level 

production. As of 2012 there is an installed capacity of 102 GW,1 less than 1% of the total electricity 

production worldwide (note, this percentage is usually higher in developed countries, for example 6% in 

Germany and 7% in Italy).1 The reasons for the low production levels are various. On one hand, the cost 

per MWh is still higher than electricity production by fossil fuels, approximately $65-136 vs $144 

(estimates for plants entering service in 2018).2 This often requires the implementation of governmental 

policies to encourage PV installation, including feed-in-tariffs (guaranteed prices for electricity injection 

into the grid). Other challenges are environmental, for example, the availability of solar irradiation varies 

regularly from season to season, and even minute by minute. Without a viable long term storage 

technology, this means that more continuous production sources are required, in other words, coal, 
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natural gas, and nuclear electricity generation. In spite of the technological and manufacturing 

challenges, as production is increased, costs are steadily declining, and further developments in each PV 

technology lead to increases in performance and reductions in production costs.1 In fact, historically 

each time the installed capacity doubles, the price per Watt peak decreases about 22%.3 

 

1.2 Photovoltaic effect and main technologies 

Photovoltaic solar cells function by exploiting the photovoltaic effect, in which separating photo-

generated charge carriers are carried out through an external circuit. As a semiconductor absorbs a 

photon, an electron-hole pair can be generated, which normally recombine and generate a small 

amount of heat. In a PV solar cell however, a built in electric field is used to separate the electron-hole 

pair before recombination. This is achieved by the formation of a semiconductor p-n junction, as 

illustrated in Figure 1.1. The band structure at the junction bends in order to align the Fermi level 

energies of the different layers, and generates an electric field in this region. Now when an absorbed 

photon generates and electron-hole pair, these charge carriers separated by the field and run outside of 

the device into an external circuit. 

 

 
Figure 1.1. Band structure of a solar cell demonstrating the photovoltaic effect, with e-: free electron, 

h+: free hole, hν: photon of a given energy. 

 

As alluded to 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. The 

first generation PV is the most developed, and includes mono- and poly-crystalline silicon. Research and 

development has been ongoing for decades, and the highest efficiency single junction solar cells are 

silicon-based (greater than 24%).4 Silicon solar cells are slowly reaching their theoretical performance 

limit (29% given by the Shockley-Queisser limit)5 so further improvements are harder and harder to 

come by, and they are limited by the high material cost, especially in the case of mono-crystalline 
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silicon. Additionally, because silicon has an indirect bandgap, and as a consequence a low absorption 

coefficient, relatively thick light absorbing layers (>100μm) are required, which increases module weight 

makes the layers inflexible. Nonetheless, as the most developed technology, about 90% of the PV 

market is controlled by the first generation technologies, though it is slowly decreasing and giving way 

to the second generation technologies.1,3  

 

Second generation technologies are so-called thin film solar cells. Whereas the light absorbing layer in 

first generation PV is greater than 100 μm thick, thin film solar cells typically employ absorber layers 

which are less than 5 μm thick, even reaching submicron thickness. This is because of the use of direct 

bandgap materials which are much more efficient at absorbing light. In principle this confers a great 

advantage over silicon-based PV because this significantly reduces the material usage for modules and is 

potentially compatible with flexible substrates. Processing can be streamlined and costs may be 

reduced, especially with the development of roll-to-roll deposition. The main second generation 

technologies include Cu(In,Ga)Se2 (CIGSe), CdTe, and stabilized amorphous silicon (a-Si:H). Some 

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

and poor long-term performance (a-Si:H). These technologies currently account for about 10% of the PV 

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

technologies. Further details of this generation are provided in the following section. 

 

Third generation PV technologies are even less developed than the second generation PV, and are based 

on the incorporation of multiple ideas to increase efficiencies beyond the Shockley-Queisser theoretical 

limit. Some examples include intraband and tandem solar cells, photon up/down conversion, 

incorporation of quantum dots, and organic PV. Many of these technologies are attempts to use a 

broader spectrum of solar irradiation, because single junction solar cells (first and second generation) 

are limited by this. Some third generation technologies may also be considered thin film technologies, 

such as organic and dye sensitized solar cells, but because they employ non-conventional materials (i.e. 

organics), they are usually classed as third generation PV. 

 

1.3 Thin film solar cells 

Thin film photovoltaics based on CIGSe, CdTe, and a-Si:H form the second generation of photovoltaics, in 

between the mature and aging first generation mono- and poly-crystalline silicon technologies, and 

nascent third generation technologies intended to further lower cost and improve device efficiencies. 
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The device structure for a thin film (CIGSe-based) solar cell is shown in Figure 1.2, in what is called the 

substrate configuration. Thin film solar cells are typically characterized by a transparent front contact, 

usually a transparent conducting oxide (TCO) such as ZnO:Al, In2O3:Sn, and SnO2:F, up to 500 nm thick. 

This layer acts as a conduit for the photo-generated electrons, and carries them to metal contacts. 

Beneath this is an n-type buffer layer, 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 

top two layers should have low electrical resistivity and be fairly transparent to allow light to pass 

through to the absorbing layer. The next lowest layer is the p-type semiconductor, which plays the role 

of absorbing the majority of incoming light, hence its commonly being referred to as the absorber layer, 

and has a thickness anywhere from submicron up to 5 μm. This layer is often used to describe a 

technology, for example, CIGSe-based solar cells use CIGSe as the absorbing layer, but many different 

materials can be used for the rest of the layers. 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. 

 

 
Figure 1.2. Thin film (CIGSe) solar cell device structure as seen by cross section. 

 

CIGSe has proven to be the highest performing of thin film technologies in terms of device performance, 

recently achieving 20.8% on the laboratory scale.6 The promise of CIGSe is also based on the potential 
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for cost reduction in module production compared to first generation silicon-based technologies from 

the lower material usage and the possibility of non-vacuum deposition for PV-grade material. However, 

CIGSe contains the relatively rare elements of In and Ga, in addition to Cd in the form of the commonly 

employed CdS buffer layer. These metals are a by-product of other mining operations, making “ramping 

up” of production difficult, and most operations are concentrated in a single country (China), which 

raises concerns about mid- to long-term material supply.7,8 Additionally, there are toxicity concerns 

because of the use of heavy metals (Cd), and H2Se gas which is often used in processing. These factors 

have led to investigation of absorber layers based on more earth abundant materials such as CZTSSe, in 

addition to more environmentally friendly buffer layers as alternatives to CdS. CZTSSe shares many 

commonalities with CIGSe, and as such is viewed as a potential replacement in long-term production of 

PV modules. 

 

The development of CZTSSe-based solar cells has benefited tremendously from its similarities with 

CIGSe. By and large, the device structure has been copied (Figure 1.2), including the usage of a Mo back 

contact, CdS buffer layer, and ZnO:Al transparent conducting oxide layer (alternatively In2O3:Sn or 

SnO2:F). Undoubtedly the use of an optimized structure for CIGSe has aided in the relatively rapid 

increase in efficiency up to 12.6% in a period of 17 years.9 However, with time the differences between 

CZTSSe and CIGSe have become more apparent, and novel device structure and film processing must be 

developed in order to improve the efficiency of CZTSSe-based solar cells up to the 20% level of CIGSe. 

For example, CZTSSe has been shown to be unstable at high temperatures due to surface decomposition 

to form volatile Sn-S(Se) phases,10,11 and also back interface decomposition because of the preferential 

formation of MoS(Se)2.12,13 Secondary phase formation is also a serious problem because of the non-

stoichiometric compositions used for the highest efficiency devices, and identification of these phases 

requires more than conventional material characterization techniques such as x-ray diffraction.14  

 

1.4 Raman scattering spectroscopy 

Raman scattering spectroscopy has proven itself to be an invaluable tool in the characterization of thin 

film solar cells, especially with CZZTSe for reasons detailed in Chapter 2. It is based on the measurement 

of scattered light from a material. The physical process of light scattering is illustrated in Figure 1.3: 

monochromatic light of a known energy interacts with the material, and most light is elastically back-

scattered (Rayleigh scattering); a small number of photons (typically 1 in 106) interacts with the crystal 

lattice and undergoes inelastic (Raman) scattering by generating (Stokes) or absorbing (anti-Stokes) a 
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phonon, and thus has a slightly lower or higher energy than the incident light. By measuring the energy 

of scattered light from a sample, Raman spectra can be generated, which are strongly dependent on 

material composition, structure, defects, and other factors. 

 

 
Figure 1.3. Schematic of the physical process in light scattering, including Rayleigh and Raman scattering. 

 

Examples of Raman spectra are shown in Figure 1.4. Figure 1.4a shows spectra of kesterite compounds 

of different composition (selenium or sulfur) and crystalline quality. Note that the main peak is found at 

197 cm-1 for CZTSe, and 337 cm-1 for CZTS. In the nanocrystalline CZTS thin, the Raman peaks becomes 

much broader (compare the two bottom spectra for CZTS). An additional Raman scattering phenomena 

of great interest is pre-resonant Raman scattering. Pre-resonant Raman scattering leads to a strong 

enhancement of the Raman signal, and is sometimes, but not always, achieved when the excitation 

source is closely matched to a fundamental energy value in the material such as the bandgap. Figure 

1.4b shows Raman scattering spectra of ZnS measured under 514 and 325 nm (pre-resonant) excitation 

conditions. In the first case normal Raman scattering occurs with a main peak at 348 cm-1. With 325 nm 

excitation ZnS is in pre-resonant conditions, and the signal is greatly enhanced, so that even second (697 

cm-1) and third order (1045 cm-1) resonance of the main peak are visible. This enhancement is especially 

useful in cases which the phase is present in small quantities as a secondary phase, as seen in 

subsequent sections. It is important to note that the acquisition times between the two spectra is 2-3 

orders of magnitude lower in the pre-resonant case. 

 

Rayleigh scattering

Energy

- phonon+ phonon

Anti-StokesStokes

Raman scattering
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Figure 1.4. Raman scattering spectra of CZTSe and CZTS, including nanocrystalline CZTS (i.e. low 

crystalline quality) (a), and Raman spectra of ZnS powder with 514 nm excitation ((b) top spectra), and 

325 nm excitation ((b) bottom spectra); note that measurement acquisition times when using 325 nm 

excitation are 2-3 orders of magnitude shorter when compared with 514 nm excitation.15 

 

1.5 Objectives of this thesis 

The main objective of the thesis is to further develop a two-stage process for the preparation of high 

efficiency Cu2ZnSn(S,Se)4 thin film solar cells. In view of this goal, some of the specific objectives of this 

thesis include: 

 

- Study and optimization of metallic precursor film deposition by DC-magnetron sputtering, 

including minimization of surface roughness, ideal stack order, thickness, and compositional 

ratios 

- Optimization of thermal processes for forming CZTS, CZTSe, and CZTSSe thin films from metallic 

precursors, including understanding of phase formation and reaction mechanisms 

- Preparation of solar cell devices from CZTSSe thin films, including development of etching 

processes for secondary phases 

- Characterization and testing of CZTSSe thin films and CZTSSe-based solar cells, including with 

Raman scattering spectroscopy, x-ray diffraction, scanning electron microscopy, x-ray 

fluorescence spectroscopy, etc.  
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2. Cu-Zn-Sn-S(Se) material system 

Of course CZTS and CZTSe are not the only phases which may form in the Cu-Zn-Sn-S(Se) material 

systems, as secondary phases may form in any multi-element material systems. This is particularly true 

for CZTSSe, in which the highest performance devices are formed under nonstoichiometric 

compositions.16–18 CZTSSe of photovoltaic grade is formed under Cu-poor and Zn-rich conditions: 

Cu/(Zn+Sn) = 0.7-0.9 and Zn/Sn = 1.1-1.3. The phase stability region of CZTSSe is much smaller than 

CIGSe, which increases the chances of secondary phase formation, especially ZnS(Se).19,20 This chapter is 

about the different phases in this material system, and concludes with the publication “ZnS grain size 

effects on near-resonant Raman scattering: Optical non-destructive grain size estimation”. 

 

2.1 Cu-Zn-Sn-S(Se) phase diagram 

The phase diagram of Cu-Zn-Sn-S has only been studied extensively by Olekseyuk et al.21 Figure 2.1a 

shows the pseudo-ternary phase diagram of Cu2S-ZnS-SnS, and Figure 2.1b shows the middle section at 

higher amplification along with expected secondary phases for a given composition (note that the Zn 

and Sn axes are swapped between (a) and (b)). In addition to CZTS, binary sulfides and ternary Cu-Sn-S 

phases may form. Given the non-stoichiometric compositions of the highest efficiency devices (Cu-poor 

and Zn-rich), ZnS is the most expected secondary phase (Figure 2.1b). Similar phase behavior is expected 

for the Cu-Zn-Sn-Se system, though to date no similar studies exist. In the five element Cu-Zn-Sn-S-Se 

system even less is known about phase formation, though there is evidence to suggest that sulfur-

containing binaries would form preferentially over selenium-containing binaries because of lower free 

energy of formation.22  
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Figure 2.1 Psuedo-ternary phase diagram of Cu2S-ZnS-SnS2 (a),21 note that compound 2 (Cu2ZnSn3S8) has 

not been detected in other works, though this projection is taken at approximately 400 °C; (b) shows a 

zoomed view of the center showing expected secondary phases for different compositions,20  note that 

the Zn(S) and Sn(S) axes are swapped between the two figures. 

 

The presence of secondary phases is generally regarded as undesirable in CZTSSe-based devices. 

Secondary phases may act as recombination centers for charge carriers by creation of additional 

interfaces in the PV device. Lower bandgap phases may reduce the maximum open circuit voltage of the 

solar cell (i.e. Cu2SnS(Se)3),23 and highly resistive (ZnS(Se))24,25 or conductive phases (CuxS(Se)) could also 

reduce device performance. This presents a serious challenge for development of CZTSSe as a light 

absorbing layer, because of the aforementioned Cu-poor and Zn-rich conditions used in higher efficiency 

device fabrication. Thus strategies to minimize secondary phase formation or reduce its impact on final 

device properties, including posterior removal, are important. 

 

2.2 Phase identification 

Not only does the presence of secondary phases pose challenge for CZTSSe, so does the detection and 

identification of these phases. This can be difficult because of overlap in the principle x-ray diffraction 

(XRD) peaks, as an example illustrates in Figure 2.2a for Cu2ZnSnSe4, ZnSe, and Cu2SnSe3 (CTSe) (the 

same issue occurs in the sulfur system). In order to surpass this shortcoming, Raman scattering 

spectroscopy has proven to be a nearly indispensible tool. Figure 2.2b shows Raman spectra for these 

same phases, where more unique signatures are found for each compound, though still with some 
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overlapping. If a phase is present in small quantities, normal Raman scattering may not be sufficient to 

detect it. In this case pre-resonant Raman scattering can be employed to enhance phase detection, as 

seen in Figure 2.2c for the ZnSe phase under 458 nm excitation conditions (and Figure 1.4b for ZnS 

under 325 nm excitation). Under these excitation conditions Raman scattering of ZnSe is in pre-resonant 

conditions,26,27 and measuring times are greatly reduced compared to, for example, 532 nm 

measurement conditions. Figure 2.3 contains Raman spectra from standard samples of some of the 

common phases in the Cu-Zn-Sn-Se (Figure 2.3a) and Cu-Zn-Sn-S (Figure 2.3b) material system. 
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Figure 2.2. XRD reference patterns (a) and Raman scattering spectra (b,c) of CZTSe, ZnSe, and CTSe, 

showing the limitations of the former technique, and advantages of Raman, especially with pre-resonant 

scattering (c). 
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Figure 2.3. Raman spectra of some common phases in the Cu-Zn-Sn-Se (a) and Cu-Zn-Sn-S (b) material 

systems (modified from reference 28)  
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2.3 “ZnS grain size effects on near-resonant Raman scattering: Optical non-destructive grain size 

estimation” 

This publication which is attached in the Appendix is accepted and in press in CrystEngComm. It is about 

the near-resonant Raman scattering characterization of ZnS nanoparticles and thin films. As seen in the 

previous sections, ZnS is one of the main expected secondary phases in the CZTS and CZTSSe material 

systems. This work correlates pre-resonant (325 nm) Raman spectral features, namely the intensity of 

the first, second, and third order main peaks, with the ZnS grain size. The cause of this variation is a 

change in the optical bandgap of the material due to phonon confinement, which leads to preferential 

enhancement of the different modes, depending on the energy of the photoluminescence emission 

(corresponding to bandgap). The final part of the paper is an application of the developed methodology 

on CZTS thin films with varying amounts of ZnS on the surface of the films. The graphical abstract 

submitted with this manuscript is shown in Figure 2.4. 

 

 
Figure 2.4. Graphical abstract for “ZnS grain size effects on near-resonant Raman scattering: Optical non-

destructive grain size estimation”, illustrating how increasing ZnS particle or grain size correlates with 

changes in the near-resonant Raman scattering spectra. 
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3. Properties of kesterite compounds 

This chapter is about various characteristics of CZTSSe, including structural, optical, and electronic 

properties. The combination of ideal properties makes it a strong candidate to replace CIGSe as an 

absorber layer in thin film PV devices. Part of this chapter is based on the papers “Compositional 

dependence of chemical and electrical properties in Cu2ZnSnS4 thin films” and “Impact of electronic 

defects on the Raman spectra from electrodeposited Cu(In,Ga)Se2 solar cells: Application for non-

destructive defect assessment”. The first is under preparation for submission, and the later is published 

in Applied Physics Letters (DOI: 10.1063/1.4793418). The first paper examines compositional 

dependence of the electrical properties in CZTS thin films. The second is a study correlating defect 

properties (type and density) with Raman spectral features of CIGSe films. The remainder of the chapter 

is a preliminary extension of the ideas in the latter paper to the CZTSe compound, the defect structure 

of which is understood much less than CIGSe. 

 

3.1 Structural, optical, and electrical properties 

CZTSSe crystallizes in the kesterite structure which is a derivative of the chalcopyrite (CIGS) structure, 

which itself is a derivative of the zincblende or sphalerite (ZnS) structure.29–32 Chalcopyrites and 

kesterites have a unit cell that is twice as long in which Cu+, In3+(Ga3+), Zn2+, or Sn4+ replace the Zn2+ ions 

in adjacent positions, as illustrated in Figure 3.1. Until recently there was some controversy as to 

whether CZTSSe crystallizes in the stannite or kesterite structure.19,30 Both structure are quite similar, 

except for the positioning of the Cu+ and Zn2+ cations. Numerous theoretical and experimental results 

now point to kesterite as the lowest energy equilibrium structure of both CZTS and CZTSe. Nonetheless, 

stannite may still persist as a secondary structure in kesterite CZTSSe. In addition to stannite, disordered 

kesterite33 and wurtzite34,35 crystal structures have been reported for CZTSSe. Considerable work is still 

left to be done to understand the defect structure of CZTSSe, especially considering the non-

stoichiometric compositions used in film growth (discussed in the following sections). 
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Figure 3.1. Derivation of the CZTSe crystal structure from ZnS.29 

 

CZTSSe has a direct bandgap, the value of which varies depending on the anion composition. As such, it 

can range from about 1.0 eV in CZTSe up to 1.5 eV in CZTS.14,27,36 Cation substitution in kesterites is also 

being explored to modify this energy, for example, with Cd in place of Zn,37 and Ge or Si in place of Sn.38 

The absorption coefficient of CZTSSe has been measured to be greater than 10-4 cm-1 in the visible 

range,39 which, along with its direct bandgap energy, make it ideal as a light absorbing material in thin 

film PV. Defect type and density play an integral role in the optical and electronic properties of 

semiconducting compounds. The main p-type defects expected in CZTSSe – because of their low 

formation energy – include VCu and CuZn.19,36,40,41 This is based mostly on theoretical calculations, and of 

stoichiometric CZTSSe, rather than Cu-poor and Zn-rich compounds. Interestingly, the ZnCu point defect, 

which may be expected because of theZn-rich compositions, is actually an n-type defect. The formation 

of [CuZn+ZnCu] defect clusters has been proposed as a cause for lower than expected VOC.36,42 

Experimental work is still somewhat scarce in this matter, though it is of high importance. Nonetheless, 

it is clear that CZTSSe, similar to CIGSe, exhibits p-type conductivity because of the formation of p-type 

defects. The conductivity of CZTSSe has been found in the range of 100-10-1 Ωcm,39 and is dependent on 

both cation43 and anion44 ratios. 
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3.2 Compositional dependence of electronic properties 

This section contains portions of a publication currently being written and tentatively titled 

“Compositional dependence of chemical and electrical properties in Cu2ZnSnS4 thin films”. CZTS films of 

varying composition were prepared by DC-magnetron sputtering deposition using the parameters 

presented in references 14,24. The range of compositions includes Cu/(Zn+Sn) = 0.61-0.89 and Zn/Sn = 

1.10-1.43, which include compositions used for device-grade CZTS films. Annealed films were etched in 

HCl in order to remove superficial ZnS phases, a procedure presented in reference 24. Composition 

measurements were made by x-ray fluorescence spectroscopy and electrical conductivity was measured 

as a function of temperature (10-430 K) using the van der Pauw method. 

 

The cation composition of the precursor, annealed, and etched films is shown in Figure 3.2a. In general 

the samples become more Zn-rich with annealing, an effect attributed to Sn-loss.10,11 Most notably 

though is the composition after etching which falls on a line of constant Cu/Zn, this is seen more clearly 

with the cation ratios, shown in Figure 3.2b. This seems to indicate that after a certain amount of Zn is 

incorporated into the CZTS films, the Zn-excess tends to accumulate on the surface of the films. This is 

why the Cu/Zn ratios are constant after etching, and vary within the small range of 1.84-1.92. On the 

other hand, Cu/Sn ratios vary greatly from 1.57-2.12. While this may be attributable to the presence of 

secondary phases (Sn-S), none are detected on the surface by Raman scattering spectroscopy. Thus, this 

may be a result of the multivalent nature of Sn, i.e. from Sn4+ to Sn2+.45 This possibility may arise with the 

formation of SnCu or SnZn anti-site defects, and are expected to have an effect on the electrical 

properties of the films. 
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Figure 3.2. Psuedo-ternary phase diagram of Cu-Zn-Sn (a) for precursor metallic stack, as-grown, and 

etched CZTS films; the stoichiometric composition for CZTS is indicated by a green dot; Cu/Zn versus 

Cu/Sn ratio for the CZTS films (b), while there is a relatively large spread for precursor and annealed 

compositions, after etching there is a tendency towards nearly constant Cu/Zn, and a range of Cu/Sn. 

 

Electrical measurements were made on a series of samples with varying Cu/Sn ratio (1.57-1.88) to 

determine differences in electrical conductivity, shown in Figure 3.3a. As the Cu/Sn ratio increases, so 

does the conductivity, from 2.2 up to 16.0 mΩ-1cm-1 (resistivity 450 to 63 Ωcm). The resistivities are 

much higher than other reported values,39,43 and may be non-ideal for a solar cell device, but a posterior 

heating procedure reduces the resistivity by two orders of magnitude. The results of the posterior 

heating are not shown here, as the work is preliminary and still ongoing. The activation energy of 

different charge carrier processes is strongly depending on this ratio. The two main processes are grain 

boundary (GB) conduction and nearest neighbor hopping (NNH), and activation energies, shown in 

Figure 3.3b, are proportional to the slope of the conduction curves in Arrhenius plots. GB barrier energy 

is found through a linear fit of the high temperature data points, and NNH activation energy is calculated 

by fitting the lower temperature data points. Both energies increase as the samples become more Cu-

poor. There are no Cu-rich samples with which to compare, but it appears that while Cu-poor conditions 

are necessary to fabricate device-grade CZTS films, it should not be too far from stoichiometry because 

of the increase in charge carrier activation energies. 
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Figure 3.3. Temperature dependent conductivity of CZTS films with varying etched Cu/Sn ratios (a), and 

activiation energies of different charge carrier processes (b). 

 

3.3 “Impact of electronic defects on the Raman spectra from electrodeposited Cu(In,Ga)Se2 solar cells: 

Application for non-destructive defect assessment”46 

This paper, found in the Appendix, is submitted in requirement for the Doctor of Philosophy in 

Engineering and Advanced Technologies at the University of Barcelona.  The paper is based on the 

electrical and Raman scattering characterization of CIGSe thin films with varying densities of defects. 

Copper and selenium related point defects and their density were measured by admittance 

spectroscopy, and these values were correlated to changes in the Raman spectral features. The results 

show the potential of Raman scattering for optical and non-destructive detection of electronic defects 

which may potentially impact the performance of the solar cell devices. This is a great advantage 

because admittance measurements typically require sample destruction (isolation and contacting) and 

are slow compared to Raman spectroscopy. In the following section a preliminary extension of these 

results is made to understand Raman spectra of CZTSSe. 
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3.4 Defect analysis in Raman spectra 

The defect structure of CZTSSe is not as well understood as in CIGSe, which is an impediment to the 

application of a similar study presented in section 3.3 to the kesterite material system. Nonetheless, 

there is some preliminary work along these lines which should eventually open the possibility of such an 

extension in the future. The first of these is based on samples prepared in 14, where Cu-Zn-Sn stacks 

were annealed at 550 °C for various times. The result was CZTS films of varying crystalline quality and 

grain size, as seen in Figure 3.4. The average grain size increases from hundreds of nanometers at 0 

minutes to greater than 2 μm for the film annealed 120 minutes. 

 

 
Figure 3.4. Surface SEM images of CZTS films annealed at different times, showing variations in average 

grain size.47 

 

In Figure 3.5 Raman spectra of each film made with 532 nm excitation are shown, centered on the main 

A1 peak. These spectra are ordered top to bottom by annealing time, and consequently grain size. There 

is a clear shift and broadening of the main CZTS peak with the lower grain size films. The broadening is 

also asymmetric, tending towards lower Raman shift. The cause of this broadening is attributed to both 

strain and phonon confinement effects.47 These results are particularly relevant because they relate 

microstructural information via fast and non-destructive Raman measurements. Understanding the 

influence of microstructure on the Raman spectra is a major step to furthering the application of Raman-

based methodologies to CZTS (and CZTSe, CZTSSe). 

 

2 μm
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Figure 3.5. Raman spectra of CZTS films annealing different times zoomed on the main A1 peak.47 

 

In addition to phonon confinement effects in Raman spectra, point defects are also expected to 

influence them. Point defects such as VCu and CuZn are the most expected defects in CZTSSe of PV-grade 

(Cu-poor and Zn-rich).36 The density and kind of defects are expected to vary with the film composition. 

For example, while increasing the Cu/(Zn+Sn) ratio one would expect fewer VCu to form, and perhaps 

more CuZn point defects. Most compositional studies focus on sets of samples, with a range of 

compositions, but because of the “piece-by-piece” nature of such studies, the range and variations must 

be limited. To overcome this limitation a compositionally graded CZTSe film was made. The precursor 

film was prepared with the same conditions presented in other works.25,27 However, to form the 

gradient composition the substrate was not rotated during precursor deposition. Because of the off-

center position of the three metallic targets, areas of higher or lower metal content are formed, 

depending on the relative position from the targets. From the graded precursor film, a 5x5 cm2 sample 

was cut and selenized, resulting in a smoothly graded range of compositions from Cu/(Zn+Sn) = 0.60-

1.00 and Zn/Sn = 1.00-2.50. This is an especially interesting range because it falls within the Cu-poor and 

Zn-rich compositions used for the highest efficiency devices, and even goes beyond them to attain an 

even greater range of compositions. A 14x15 grid of 3x3 mm2 squares was scribed in the film to 

delineate different compositional regions, and then composition was measured using x-ray fluorescence 

spectroscopy at the center of each square. The resulting compositional ratios (Cu/(Zn+Sn) and Zn/Sn) 

are shown in Figure 3.6.  
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Figure 3.6. Mapping of cation compositional ratios Cu/(Zn+Sn) and Zn/Sn in a compositionally graded 

CZTSe film. 

 

Next Raman scattering measurements were made at the center of each square using green (532 nm) 

excitation conditions. Four sample spectra are shown in Figure 3.7a. The main CZTS peak (197 cm-1) is 

notably broader under increasingly Cu-poor compositions, and changes in peak shape around 173 cm-1 

are even more notable. Additionally, in the higher Raman shift range (230-250 cm-1) there are also 

changes in peak shape. Taking “iso-compositional” lines and comparing the features seen in Raman 

spectra yields particularly interesting results. In Figure 3.7b peak ratios and full-width-at-half-max 

(FWHM) of an “iso-composition” of Zn/Sn = 1.10 are shown. As the Cu/(Zn+Sn) ratio increases the 

intensity ratios of the A1 and A2 peaks increases from 0.40 to 0.57. In the same range FWHM decreases 

from 15.2 to 6.1 cm-1 (A2) and 4.9 to 3.3 cm-1 (A1). It should be noted that the A2 region is actually an 

overlapping of multiple peaks, which explains why the FWHM varies much more than for the A1 peak. 

This indicates that Cu-excess improves the crystalline quality of the films. A study of the defect types and 

their density is ongoing for similar samples, and here one may only speculate that the compositional 

deviations shown here are the source of variations in the Raman scattering spectra. 
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Figure 3.7. Four sample spectra from the compositionally graded CZTSe film (a); ratio of the main CZTSe 

peaks (A1/A2) and FWHM of each with respect to Cu/(Zn+Sn) ratio (in a line of constant composition, 

Zn/Sn = 1.10) (b).  
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4. Cu2ZnSn(S,Se)4 deposition and thermal processing 

CZTSSe thin films can be deposited by a wide array of techniques, including physical vapor deposition 

(PVD - sputtering, evaporation, pulsed laser), chemical vapor deposition (CVD), chemical deposition 

(electroplating, slurry) and printing (nanoparticles). Typically the highest efficiency chalcogenide-based 

devices are prepared by PVD because it affords greater compositional and morphological control than 

non-vacuum methods. For example, the highest efficiency CIGSe device (20.8%)6, CZTS (9.2%)18, and 

CZTSe (9.2%)17 based devices were prepared co-evaporation. A notable exception is the highest 

efficiency CZTSSe device (12.6%)9 which was prepared by a hydrazine slurry deposition process. This 

chapter will focus first on the deposition of CZTSSe films by sputtering deposition, and then on the 

thermal processing of precursor films in order to chalcogenize (sulfurize/selenize) and recrystalize the 

precursor films. The majority of this chapter is based on four publications, three of which are already 

published or in press, and one which is under review. 

 

4.1 Sputtering deposition 

Physical vapor deposition is commonly divided into three main categories: sputtering, evaporation, and 

pulsed-laser deposition. These deposition processes share some similarities, the most fundamental of 

which is the use of a physical process – such as laser ablation or bombardment of energetic particles – to 

remove material from a target material and deposit in the vapor phase onto a substrate. This is in 

contrast to chemical vapor deposition, in which a precursor gas containing the elements to be deposited 

is reacted in the chamber, and subsequently deposited onto the substrate. Sputtering is the most 

commonly used PVD method for CZTSSe films,13,24,25,27 followed by evaporation,12,17,48 and finally pulsed-

laser deposition49 which is the least commonly employed. Sputtering deposition is the main technique 

employed in the works presented in this thesis, and functions by bombarding a target with energetic 

particles (from a plasma, typically Ar). A schematic of this process is shown in Figure 4.1. PVD methods 

are used for the highest efficiency CIGSe (20.8%)6, CZTS,18 and CZTSe17 devices. However, the highest 

efficiency CZTSSe based device is produced by hydrazine solution processing (12.6%)9. PVD is an 

industrially important technique which has been regularly used in the microelectronic industry for 

decades. This is because of high material usage rate, good step coverage, and process control. The 

highest efficiency CIGSe devices have carefully controlled In-Ga gradients in order to optimize photon 

absorption and charge carrier separation, which is much easier to control in PVD processes. 
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Figure 4.1 Schematic of sputtering deposition chamber, Ar+ ions are generated in the plasma and eject 

atoms from the target material, which then condense onto the substrate to form a thin film. 

 

Target materials used for PVD may be metallic or non-metallic.17,24,27,48,50 Metal deposition is more 

simple from a technological point of view, and knowledge gained from such processes is somewhat 

transferable to other thin film metal deposition processes like electroplating.51 The majority of the work 

presented in this thesis uses metallic precursor films deposited by DC-magnetron sputtering 

deposition.14,15,24,27,52 However, vertical compositional gradient control is more difficult, and Zn is more 

readily lost in its metallic form due to its low vapor pressure. Deposition of sulfide and selenide 

compounds is more complex, and more expensive, but has produced the highest efficiency CZTS and 

CZTSe devices to date. From a developmental point of view, it is also easy to attain a better understand 

of the thermal treatments in a PVD metal precursor process of CZTSSe and later apply it to non-vacuum 

methods such as electroplating. 

 

4.2 Thermal processing 

Regardless of the deposition method used for CZTSSe films, a high temperature thermal processing step 

is utilized almost universally. In the case of metallic precursors, it is necessary to “chalcogenize” the film 

and form the desired kesterite compound. It is also necessary to crystallize the films, which is necessary 

for deposition processes performed at relatively low temperatures. The range of temperatures used 

varies from about 400 °C up to 600 °C. High temperatures are desirable to improve the crystalline 

quality of the films,13,50 however, low temperatures may also be of interest because of the loss of 

volatile elements. Figure 4.2 shows the vapor pressure of the most volatile components of the CZTSSe 
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system in order of decreasing vapor pressure: sulfur, selenium, zinc, tin selenide, and tin sulfide. If loss 

of a certain element is too high, it may seriously affect final film composition and properties. 
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Figure 4.2. Vapor pressure of the most volatile elements and compounds in the CZTSSe system, arrows 

mark the melting point of each phase.53–57 

 

Additional concerns during thermal processing arise from the occurrence of at least two detrimental 

reactions. The first is decomposition of CZTSSe at the surface, and volatilization of low-vapor pressure 

Sn-S(Se) compounds.10,11 Because of this the thermal treatment atmosphere is often charged with Sn in 

order to suppress elemental loss by this means. The second reaction of note occurs in the region of the 

conventionally employed Mo back contact. MoS(Se)2 is formed in preference of CZTSSe, leaving binary 

copper, zinc, and tin compounds in this area.12,13,22 A schematic of these two reactions in the case of 

CZTS is shown in Figure 4.3, and both are treated in more detail in following sections. 
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Figure 4.3. Schema of detrimental reactions in CZTS thin films during high temperature processing; on 

the surface is the decomposition of CZTS and evaporation of sublimation of SnS and S, and on the back 

region is the decomposition of CZTS to form MoS2 and other binary sulfides. 

 

  

S

MoS2

Mo

SnSZnS

Cu2ZnSnS4

Cu2S

SnSZnSCu2S

S(g)SnS(g)



50 
 

4.3 “Secondary phase formation in Zn-rich Cu2ZnSnSe4-based solar cells annealed in low pressure and 

temperature conditions”27 

This is the third article submitted for the Doctor of Philosophy in Engineering and Advanced 

Technologies at the University of Barcelona, and was published in Progress in Photovoltaics: Research 

and Applications (DOI: 10.1002/pip.2473). In this paper the effect of annealing temperature and 

precursor Zn-excess on secondary phase formation and accumulation is detailed. ZnSe is the main 

secondary phase, and increasing annealing temperature and Zn-excess promotes its accumulation in the 

back contact region, where it is especially detrimental to device performance. The highest performing 

device was prepared under low temperature and Zn-excess conditions, resulting in a 4.8% efficiency. 

The full paper is found in the Appendix. 

 

 
Figure 4.5. Graphical abstract for the article “Secondary phase formation in Zn-rich Cu2ZnSnSe4-based 

solar cells annealed in low pressure and temperature conditions”, illustrating how the accumulation of 

ZnSe is influences by processing temperature and precursor Zn-excess. 
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4.4 “Single-step sulfo-selenization method to synthesize Cu2ZnSn(SySe1-y)4 absorbers from metallic 

stack precursors”52 

This is the fourth article submitted to complete the graduation requirements for the Doctor of 

Philosophy in Engineering and Advanced Technologies at the University of Barcelona, and was published 

in ChemPhysChem (DOI: 10.1002/cphc.201300157). Found in the Appendix, it details the development 

of a process to simultaneously sulfurize and selenize (“sulfo-selenization”) metallic precursors to form 

CZTSSe films. This is an especially unique work because to date sulfur-selenium kesterites are formed 

from non-metallic precursors, or from solution and nanoparticle synthesis. By tailoring the thermal 

processing conditions, including temperature, chalcogen source, and pressure, a range of S/(S+Se) 

compositions from very selenium-rich to very sulfur-rich is attained. The best performing device in this 

study is 4.4%. 

 

 
Figure 4.7. Graphical abstract of “Single-step sulfo-selenization method to synthesize Cu2ZnSn(SySe1-y)4 

absorbers from metallic stack precursors”, by modifying the process conditions CZTSSe films of varying 

S/(S+Se) content were synthesized from metallic precursors. 

 

 

 

  

300 600 900 1200
Wavelength (nm)

N
or

m
. E

Q
E 

(a
rb

. u
ni

ts
) Increased annealing

temperature and 
Se in source, 
lower system

pressure

Cu2ZnSn(S,Se)4 sulfo-selenization:

CZTS CZTSeCZTSSe



52 
 

5. Kesterite-based devices 

CZTSSe films form just one layer of the thin film PV device structure (Figure 1.1), and the function of the 

entire cell depends on the proper optimization of each layer. Perhaps the principle reason for the rapid 

improvement of CZTSSe-based devices (Table 5.1) has been the inheritance of an optimized device 

structure from CIGSe. The most commonly used device structure includes a Mo back contact, CdS buffer 

layer, and TCO front contact. It is becoming increasingly clear that while these materials may be 

adequate for CZTSSe, they are certainly not optimum. Further improvement of CZTSSe-based devices 

must optimize the front and back contact interfaces. While a detailed review of the other layers is 

beyond the scope of this thesis, this chapter will look at some of these factors. Here some front and 

back interface optimization strategies will be detailed. Part is based on a publication about removing 

secondary phases from the surface of CZTS and CZTSe films. The problems encountered include 

potentially non-optimal materials for proper band alignment, and also depend strongly on the 

deposition and processing parameters, for example, the presence of secondary phases in these regions. 

Of the highest efficiency CZTSSe-based devices shown in Table 5.1, many employ strategies to overcome 

issues with the front and back interfaces. 

 

Table 5.1. Some of the highest efficiency CZTSSe, CZTS, and CZTSe devices which have been reported, 

including compositional ratios and deposition method. 

Absorber Eff. (%) Cu/(Zn+Sn) Zn/Sn Method Reference 

CZTSSe 12.6 0.8 1.1 Hybrid sol-part. 9 

CZTSSe 9.6 0.8 1.2 Hybrid sol-part. 59 

CZTS 8.9 --- 1.1 Co-sputter 48 

CZTS 8.4 --- 1.3 Co-evap. 60 

CZTSe 9.2 0.9 1.2 Co-evap. 17 

CZTSe 8.4 --- 1.3 Co-evap. 50 

 

5.1 Back interface optimization 

In the back contact Mo typically reacts to form MoS(Se)2 when processed at high temperatures. But 

rather than forming solely from excess sulfur or selenium in the atmosphere, there is evidence of a 

decomposition reaction in the proximity of Mo for both CZTS and CZTSe (section 4.2). MoS(Se)2 has a 

lower enthalpy of formation than CZTS or CZTSe, so a decomposition occurs to form MoS(Se)2, Cu2S(Se), 

ZnS(Se), and SnS(Se).12,13,22 The presence of these secondary phases would likely act as recombination 
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centers for charge carrier, reducing device performance. This leaves the CZTSSe community with three 

main options:12 1. replace the Mo back contact for another, more stable compound 2. introduce barrier 

layers to reduce decomposition, and 3. modify processing to reduce the possibility for decomposition.12 

Very little work has been done finding a replacement for Mo (option 1), and in CZTSSe based devices it is 

the only back contact material with notable research results to date. 

 

Concerning option 2, at least two different barrier layers have been investigated, including TiN and ZnO. 

Shin et al. and Scragg et all have used TiN in CZTS and CZTSe based devices,48,50 showing that the barrier 

is effective and reducing the formation of MoS(Se)2 and inhibiting CZTS(Se) decomposition in the vicinity 

of Mo. Lopez-Marino et al. shows ZnO to be an effective barrier for preventing decomposition of CZTSe, 

though ineffective at preventing selenization of the Mo back contact.13 Finally, modifications of the 

thermal process (option 3) may also help prevent the decomposition of CZTSSe. It is important to note 

that decomposition is not readily observed by all researchers, and the various thermal processes may be 

a reason. An idea studied by Scragg et al. includes supplying an external sulfur source they show how 

the decomposition can be suppressed.12,48 

 

5.2 Front interface optimization 

CdS is the most commonly used buffer layer in CIGSe- and CZTSSe-based devices. In conjunction with the 

CZTSSe layer, the interface forms the p-n junction. Band alignment in the p-n junction is an important 

factor in device properties. Optimally there should be a perfect alignment between the absorber and 

buffer layer conduction band minimums. In reality, it is more commonly to encounter a higher buffer 

layer conduction band (“spike”) or lower conduction band (“cliff”). These two configurations are 

illustrated in Figure 5.1. In the case of a spike, photogenerated charge carriers encounter a barrier, and 

the series resistance of the device is increased. In the case of a cliff there is increased recombination of 

charge carriers at the interface, and the maximum open circuit voltage attainable is decreased. Of these 

two alignment types, cliff alignment is the most detrimental to device performance because it may 

potentially reduce open circuit voltage of the devices. 
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Figure 5.1. Band structure at the p-n junction in a CZTSSe solar cell device, showing different alignment 

possibilities, including “spike” (left) and “cliff” (right) offsets. 

 

The alignment between CZTSSe and CdS is not yet clear, and there are conflicting theoretical and 

experimental results.61–63 Also, the alignment may also be different for pure CZTS or CZTSe. CZTS devices 

have much lower than expected Voc, and one explanation for this is a cliff-type configuration. 

Additionally, the use of Cd is non-ideal, because it is a relatively rare element, and poses environmental 

hazards as a heavy metal. Some works have looked at alternative buffer layer materials such as ZnO and 

In2S3,18,64 but with poorer results than CdS. Further compromising the junction quality is the presence of 

secondary phases on the surface. Many different phases have been detected on the surface of CZTSSe 

absorbers, including native oxide phases,65 ZnS(Se)24,25,66, and CuXS(Se).43 While the influence of these 

phases is only partially understood, they are expected to lower junction quality, and thus device 

performance. 
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5.3 “Development of a selective chemical etch to improve the conversion efficiency of Zn-rich 

Cu2ZnSnS4 solar cells”24 

This is the final article used in completion of the requirements for the Doctor of Philosophy in 

Engineering and Advanced Technologies at the University of Barcelona, attached in the Appendix. ZnS is 

shown to be accumulated on the surface of the CZTS absorbers, and a HCl-based etch is used to 

selectively remove it. The removal of this phase leads to a massive increase in device efficiency, from 2.7 

up to 5.2%, in part from the reduction in series resistance of the solar cell. The graphical abstract is 

shown in Figure 5.2. It should be noted that ZnSe is the most expected secondary phases in CZTSe films, 

and this etching procedure has been found to be relatively ineffective at removing it. Other work has 

been made to remove ZnSe, and is based on a two-step etching processing, first with potassium 

permanganate, and then sodium sulfide.25 

 

 
Figure 5.2. Abstract image for “Development of a selective chemical etch to improve the conversion 

efficiency of Zn-rich Cu2ZnSnS4 solar cells”, it shows the non-homogeneous distribution of ZnS on a CZTS 

films, and how it is effectively removed with a HCl etch, leading to large increases in device efficiency. 
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6. Conclusions 

The main of objective of this thesis was to deepen understanding of CZTS, CZTSe, and CZTSSe thin films 

and solar cell devices prepared by a two stage process, specially developed at IREC. This principally 

included studies about the processing of these materials, and how this influences the material 

properties and secondary phase formation of these systems, and finally the device performance. The 

results were shown in a series of articles which have been published or are under review. In the first of 

these ZnS nanoparticles and thin films were studied with UV Raman spectroscopy. The 

photoluminescence emission was shown to shift depending on grain size, thus preferentially enhancing 

first, second, or third order ZnS Raman peaks. By comparing the ratios of these peaks, it is possible to 

estimate the grain size in an optical and non-destructive way. This methodology was then applied to 

CZTS films with varying quantities of ZnS in order to estimate the thickness of this secondary phase on 

the films. Next, features in Raman spectra were correlated to defect density of CIGSe thin films. This is 

particularly interesting because defect analysis is typically a destructive process, and requires elaborate 

sample preparation, whereas Raman spectroscopy is a more rapid and non-destructive process. This 

idea was extended preliminarily to CZTS and CZTSe, which are still at early stages of development, so 

their defect structures are not widely understood. 

 

The next four articles are focused on thermal processing of CZTS, CZTSe, and CZTSSe. In the first, the 

reaction mechanisms of CZTS from metallic precursors were studied, resulting in a process yielding CZTS-

based devices of 5.5% efficiency. It elucidated the reaction mechanisms for the synthesis of CZTS, 

showing that the reaction proceeds first by the formation of inter-metallic compounds, and that the 

presence of (SnS-Cu2S) solid solution is a key step for the formation of CZTS in a solid-liquid-gas reaction 

at temperatures higher than 480 °C. Also, it was shown that Zn-excess is segregated towards the back 

region as ZnS during the crystallization step. In the next two CZTSe is studied by CTP and RTP processes. 

By CTP the effect of annealing temperature and precursor Zn-excess are shown to affect secondary 

phase formation and distribution in the films, using a low-temperature/low-pressure process with the 

best performing device prepared under low temperature and Zn-excess conditions (4.8%). Further 

optimization of this process at IREC has resulted in an 8.2% efficiency device. In the RTP work precursor 

stack order is demonstrated to influence phase formation, distribution, and device performance, with a 

maximum of 4.3% in this first optimization of the process. For the RTP processes Zn loss is identified as a 

big challenge, due to the volatility of Zn, and that the stack order plays a major role in the synthesis of 

CZTSe. In the work on CZTSSe a one-step sulfo-selenization process was developed, that opens the 
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possibility to control the S/Se ratio in the whole range, using a single thermal step to incorporate both 

elements. CZTSSe is typically formed from non-metallic precursors, thus excluding deposition of metallic 

precursors from forming this compound. In this work simultaneous sulfurization and selenization are 

used to form CZTSSe from metallic precursors, and the influence of process parameters (pressure, 

chalcogen source, temperature) on sulfur/selenium incorporation are studied. A maxium 4.4% efficiency 

device was produced in this work, and further optimization at IREC has resulted in a maximum efficiency 

of 5.9%. The final chapter includes work on an HCl etching process for ZnS in CZTS films. This was the 

first customized etching published for kesterite technologies, demonstrating the high selectivity of this 

etching process and their effectiveness. By removing this phase the series resistance of CZTS-based 

devices decreases, leading to significant improvements in efficiency, from 2.6% up to 5.2%, which is 

demonstrated to correlate with the ZnS removal on the CZTS surface. 

 

In conclusion, the works presented in this thesis are a significant contribution to the study of thin film 

photovoltaics in general, and kesterite materials in particular. While still at an incipient state of 

development, kesterite-based devices have shown their potential with maximum device efficiencies of 

12.6%, compared to over 20% for chalcopyrite-based devices. While still much lower, this is a notable 

result because much less research has been carried out on this material system. In order to improve this 

efficiency even further, specialized and unique processes and device structures must be developed. In 

this way the true potential and advantages of kesterite materials – the usage of earth abundant 

elements – may be realized. 
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Abstract 
 
Near-resonant Raman scattering measurements of zinc sulfide nanoparticles and thin films have been made 
and correlated to grain or particle size respectively using a 325 nm wavelength excitation source. The area 
ratios between first, second, and third order peaks of ZnS identified as the T2(LO) mode decrease with 
increasing ZnS grain size. This is an effect attributed to changes in bandgap energy from quantum 
confinement due to the varying grain size between the films/particles, as noted by a shift in the room 
temperature photoluminescence emission corresponding to the free exciton emission energy. While Raman 
scattering spectroscopy is typically limited to identification of phases and their crystalline properties, it is 
possible to attain more than such straightforward information by calibrating spectral features to variations 
between a set of samples. These results open the possibility of making a quantitative grain size estimation in 
ZnS thin films and nanostructures, as well as in other material systems where it may be expected as a 
secondary phase, such a Cu2ZnSnS4. Additionally, more commonly used excitation wavelengths for Raman 
scattering, such as 514 or 532 nm, are shown to be of limited use in characterizing ZnS thin films due to 
extremely low Raman scattering efficiency in films with sub-micron thicknesses. 
 
Introduction 
 
Zinc sulfide is a wide bandgap semiconductor of interest because of its optical and electronic properties. With a 
wide bandgap of 3.7 eV, and consequent low absorption in visible wavelengths, it has numerous applications, 
from filter and lens materials, to UV photodiodes and other compound semiconducting devices.1–6 Depending 
on the intended application, ZnS nanoparticles and thin films can be prepared by various methods including 
physical vapor deposition, chemical vapor deposition, chemical bath deposition, and other wet chemical 
synthesis methods.3–5,7,8 The fabrication method can significantly affect optical and electronic properties, in part 
because of varying grain or particle size which can affect these properties due to increased quantum 
confinement effects at the nanometer scale.3–5,7–11 
 
In the Zn-S binary material system ZnS is the only expected phase under ambient pressure conditions.12 The 
two polymorphs of ZnS include the low temperature α-ZnS, and high temperature β-ZnS (>1293 K), which 
crystallize, respectively, in the zincblende (cubic) and wurtzite (hexagonal) crystal structures.12 
Characterization of crystalline quality and thickness of ZnS thin films and devices is commonly made with 
traditional methods such as x-ray diffraction (XRD) and scanning or transmission electron microscopy (SEM or 
TEM).2,3,5–7,10 As the physical dimensions of the films or structures are decreased, XRD becomes less viable 
due to the smaller amount of material available for analysis, and SEM becomes limited by resolution. In light of 



this deficiency, Raman scattering spectroscopy is a promising alternative because it can be more sensitive to 
thinner films and able to measure in a smaller, and even microscopic area when coupled with a 
microscope.13,14  
 
The Raman scattering spectra of ZnS (Alfa Aesar, 99.99%) under green excitation conditions (λ = 514 nm, 
2.41 eV) is shown in Fig. 1, and is found to have a main peak at 347.8 cm-1, identified as a T2(LO) mode,14,15 
commonly referred to as simply a LO mode in literature (i.e. references 2, 4, 10). In order to simplify notation 
and better fit with the commonly used description of this peak, hereafter this peak will be referred to as a LO 
mode, rather than T2(LO). In addition to this LO peak, several weaker peaks are identified as pure acoustic or 
optical modes, and combinations of these.14,15 Under UV excitation conditions (λ = 325 nm, 3.82 eV) near-
resonant scattering is observed4,9,13 and the peak at 348 cm-1 is strongly enhanced. Second and third order 
peaks of each of these modes are also observed (LO2 and LO3). Additional peaks are identified at 277 cm-1 
(T2(TO)) and 419 cm-1 (second order TO + LA and LO + TA modes)14 are also observed. The broad bands 
centered around 635 and 978 cm-1 are higher order combinations of these fundamental modes. It is important 
to note that because of the near-resonant scattering, the measurement acquisition time is two to three orders 
of magnitude lower than under green excitation conditions, on the order of seconds versus minutes. 
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Fig. 1. Raman spectra of ZnS powder with 514 nm excitation (top spectra), a 325 nm excitation (bottom 

spectra); note that measurement acquisition times when using 325 nm excitation are 2-3 orders of magnitude 
shorter when compared with 514 nm excitation. 

 
ZnS may also appear as a secondary phase in other multinary compound material systems, such as I-Zn-IV-S 
(I: Cu, Ag, Au; IV: Si, Ge, Sn),16–18 and Zn,(II)-III-S (II: Cd, Hg; III: Al, Ga, In).19–21 Of these, Cu2ZnSnS4 (CZTS) 
has received significant attention recently due to promising results for use as a thin film absorber layer in solar 
cells.17,18 The highest performance devices are based on CZTS absorber layers are prepared under Zn-rich 
conditions, which can lead to the formation of ZnS. The ZnS secondary phase has been shown to affect solar 
cell device properties by increasing series resistance when present on the surface of the CZTS absorber 
films.17,18 ZnS in this system is particularly difficult to detect in part because it is present in minor quantities, but 
more critically due to the overlapping of most characteristic x-ray diffraction peaks with CZTS, including the 
main peak around 2θ = 28-29°. However, with near-resonant Raman scattering this limitation is overcome due 
to the strong enhancement of the Raman scattering cross section and consequent increase in Raman 
scattering efficiency. 
 



In this work a study of ZnS nanoparticles and thin films with varying particle size of thickness, respectively, was 
made using x-ray diffraction and Raman scattering spectroscopy with 514 nm and 325 nm excitation. ZnS is 
shown to have very low scattering efficiency with 514 nm excitation, and being detectable only in films with 
thicknesses on the order of 1 μm and higher. With 325 nm excitation even the thinnest film (about ten nm thick) 
is readily detectable. A correlation between grain size and the area or intensity ratio of the first, second, and 
third order LO peaks (LO/LO2 and LO/LO3) is found. This behavior is attributed to variations of the material 
bandgap energy from quantum confinement due to the small grain size, and a corresponding shift in the 
photoluminescence emission from the free exciton energy.3,9,13 Correlating the crystallite size measured by 
XRD with the UV Raman measurements permits an estimation of ZnS grain size and minimum thickness in 
thin films and other nanostructures. Application of this measurement to estimate the ZnS grain size is applied 
to CZTS films in which ZnS is present as a secondary phase in varying quantities. 
 
Experimental 
 
Thin film formation 
  
ZnS thin films were prepared by sulfurization of sputter deposited Zn films. Glass substrates with 500 nm of Mo 
were used for the deposition of Zn thin films by DC-magnetron sputtering (Alliance Concepts Ac450) at room 
temperature from a 99.99% purity Zn target. Mo-coated glass was chosen in order to provide a reference 
signal for normalization in XRD measurements, and also to reduce interference in XRD and Raman 
measurements from fluorescence of the underlying glass substrate. Deposition parameters for the Zn 
precursor films include a power density of 1.27 W/cm2 and Ar pressure of 1x103 mbar. Zn films were prepared 
with thicknesses from a few nanometers up to hundreds of nanometers. The Zn precursor films were placed in 
a graphite box containing 50 mg of sulfur power (Alfa-Aesar, 99.995%), and then heated up to 550 ºC for 30 
minutes under a 1 bar Ar atmosphere, and left to cool naturally to room temperature. The thermal treatment 
leads to the formation of ZnS films of varying thickness and grain size. 
 
Nanoparticle formation 
 
ZnS nanoparticles were prepared using a modified approach developed by Yu et al.8 Octadecene (10 mmol, 
Sigma-Aldrich, 90%), hexadecylamine (Sigma-Aldrich, 90%), and elemental sulfur (3 mmol, Sigma-Aldrich, 
99.98%) were mixed and degassed under vacuum for one hour at 100 ºC. With the addition of diethyl zinc (0.5 
mmol, Sigma-Aldrich, 52.0 wt%), the temperature reduced to 45 ºC, and the mixture was then heated to 300 
ºC, at which point the temperature maintained for two hours. After cooling to room temperature, the crude 
solution was washed by sequential precipitation with acetone and redispersion with chloroform. Varying the 
amount of hexadecylamine in the starting mixture changes the size of the resulting ZnS nanoparticles. 
 
Characterization 
 
As-grown ZnS nanoparticles and films were then characterized and the particle or grain sizes correlated to 
these results. X-ray diffraction (XRD) measurements with a Bruker D8 diffractometer were made in order to 
estimate the crystallite/grain size in the films. A Zeiss Series Auriga field emission scanning electron 
microscope (SEM) with 10 kV acceleration voltage was used to probe film morphology, and in addition to x-ray 
fluorescence measurements (XRF) with a Fischerscope XVD spectrometer, used to estimate film thickness. 
Transmission electron microscopy (TEM) was used to measure average size of the nanoparticles using a Zeiss 
Libra 120 microscope with a 120 keV accelerating voltage. Finally, room temperature Raman scattering 
measurements were made using a T64000 Horiba-Jobin Yvon spectrometer (514 nm excitation source) and 
LabRam HR800-UV Horiba-Jobin Yvon spectrometer (325 nm excitation source). The measurement spot sizes 
were approximately 100 μm for 514 nm excitation, and 1 μm for the 325 nm excitation, rastered over an area of 



30x30 μm using a DuoScan accessory. Based on the results from these characterizations, the estimation for 
ZnS grain size is applied to CZTS films with varying amounts of superficial ZnS, where it is present as a 
secondary phase. 

Results and discussion: 

Fig. 2 shows TEM and SEM images of some of the nanoparticle and thin film samples used in this work. A 
relatively uniform distribution of nanoparticle sizes is evident in Fig. 2A. For the thinner ZnS film there is 
uniform growth, and a thickness of less than 30 nm (Fig. 2B). Also visible is the underlying Mo/MoS2 substrate. 
For a much thicker ZnS film (Fig. 2C) nanometric grains are seen in spite of the thickness being greater than 1 
μm. This is later confirmed with XRD measurements which were used to estimate the grain sizes of the thin 
films. 

 
Fig. 2. TEM of ZnS nanoparticles with inset showing histogram of size distribution (A), and cross sectional 

SEM of ZnS thin films of different thickness (B and C). 

Characterization of the ZnS films by Raman scattering spectroscopy with standard excitation conditions (λexc = 
514 nm) and XRD proved to be rather limited, especially in the case of the thinnest films. Raman scattering 
spectra of two ZnS films are shown in Fig. 3A. Raman scattering efficiency in ZnS films is very weak with green 
excitation, due to low absorption and scattering in that range.7 In fact, the strongest signal comes from the 
underlying MoS2 layer which formed from sulfurization of the substrate during thermal treatment. The MoS2 
signal (principal peaks at 286, 383, and 408 cm-1) is visible even for relatively thick ZnS films (1400 nm), while 
ZnS only barely becomes detectable above this thickness. As most standard Raman measurements are 
performed with 514 nm or 532 nm excitations, it is important to take note of the low Raman scattering 
efficiency of ZnS with visible wavelengths, due to weak photon-matter interaction under such conditions. XRD 
is more capable in characterization of the thinner ZnS films, as seen in Fig. 3B, and ZnS (zincblende), Mo, and 
MoS2 are the main phases detected. With XRD a 30 nm thick film is barely detectable, though for more 
detailed characterization, thicker films would be more ideal. In the thicker films there is clear preferential 
texturing of the along the (220) plane when compared with the bulk reference. Under near-resonant Raman 
scattering conditions shown next, this texturing should have little effect on the results, except in the case 
polarization measurements are performed. Though wurtzite ZnS may be present in small quantities as a 
secondary phase, it has similar scattering characteristics in near-resonant Raman and is not expected to 
significantly alter the interpretation of the subsequent results if it is present. Diffractograms of the thin films 
were used to make an estimation of the crystallite size using the Scherrer equation. The crystallite size is 
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approximately equivalent to the grain size, though actual grain size may be larger than crystallite size in some 
cases. 
 

 
Fig. 3. Raman spectra with green excitation (514 nm) of ZnS films showing the underlying MoS2 layer and 

demonstrating the limited detection of ZnS (A), and XRD of sample films, including reference patterns for both 
ZnS, Mo, and MoS2 (B). 

 
Raman scattering measurements using UV excitation (λexc = 325 nm) are shown in Fig. 4A of as prepared ZnS 
nanoparticles and thin films. Note that samples are now referred to by their estimated grain size, and not their 
thickness. In contrast with Raman scattering using 514 nm excitation and XRD, even the thinnest ZnS film is 
readily detected with characteristics peaks as seen in the powder sample (Fig. 1). The LO peak position moves 
slightly towards lower Raman shift as particle or grain size increases, from 349.4 cm-1 for the thinnest film, up 
to 348.0 cm-1 for the film with the largest grains. This shift may be attributed to strain effects from a lattice 
mismatch with the substrate,4 an effect of phonon confinement,11 or both factors. Additionally, and more 
significantly, there is a change in area and intensity ratios between the first, second, and third order ZnS peaks 
(LO/LO2 and LO/LO3). As shown in Fig. 4B, this ratio increases with the decrease in grain size. This is 
attributed to a room temperature photoluminescence emission correlated to the free exciton energy, which is 
related to and on the order of the bandgap energy, but with lower energy.9,13 This contribution is shown in Fig. 
4A by dashed lines. In the case of the nanoparticles and thinnest films, which exhibit higher bandgap energies, 
the free exciton energy is at or even above to the excitation energy of 325 nm (3.82 eV), which leads to an 
enhancement of the principal LO mode of ZnS. As the film thickness and grain size increases, the 
corresponding bandgap energies are lower, and the free exciton energy shifts further away from the excitation 
energy, leading to increased enhancement of the LO2, and then LO3 peaks. This effect seen more clearly 
when calculating the area or intensity ratios of LO/LO2 and LO/LO3, shown in Fig. 4B. The decrease is 
logarithmic up to approximately 20 nm, at which point quantum confinement effects become less significant 
and the values level off. A logarithmic dependence of the bandgap is expected for nanometric semiconductor 
crystallites,22,23 in agreement with the observed trend. Note that these ratios are calculated after removing the 
baseline photoluminescence contribution (dashed lines in Fig. 4A). It is interesting to remark that Fig. 4B also 
contains data from Wang et al.5 for even smaller sized nanoparticles, which agrees with the behavior observed 
in the nanoparticles and thin films of this work. 
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Fig. 4. Raman spectra (solid lines) with UV excitation (325 nm) of ZnS nanoparticles and films and, including 

baseline photoluminescence contribution (dashed lines) (A), and intensity ratio of the main ZnS peaks (LO/LO2 
and LO/LO3), showing dependence on grain or particle size (B), note that the first data point for LO/LO2 is 

taken from Wang et al.5 
 
These results open interesting perspectives for the non-destructive estimation of ZnS grain sizes, which is 
particularly useful because numerous applications require careful control of crystallite size. For example, Hu et 
al.1 develop ZnO/ZnS photodetectors which have stronger absorption and photocurrent than monolayer-based 
devices, which they attribute to the presence of whispering gallery mode resonances in the ZnS layer. These 
resonances are strongly dependent on the optical and electronic properties of a material, and while the size of 
their ZnS crystallites is about 20 nm, on the limit of the dependence shown in Fig. 4, if they were reduced in 
size the performance of the device may be significantly altered. Again, in quantum dots not only is the material 
itself important, but also the particle size or layer thickness (in case of multilayer quantum dots), both of which 
influence absorption and photoluminescence properties, and final device characteristics.2,6 Use of near-
resonant excitation conditions allows the use of very short integration times that can be on the order of 
seconds, which is a significant advantage when compared to TEM- or XRD-base grain size estimations. The 
possibility of using a small sized Raman spectrometer probe together with the short measurement times makes 
these measurements compatible with the development of methodologies for process monitoring applications at 
the online/inline level, which are required for process and quality control in large scale industrial applications. 
 
In addition to ZnS nanoparticles and thin films, this method of quasi-quantitative analysis can be applied to 
other material systems in which ZnS is an expected secondary phase. A noteworthy example is Cu2ZnSnS4 
(CZTS), which has received significant interest in recent years due to its potential as a low-cost thin film solar 
cell absorber material. Higher efficiency devices based on CZTS films are typically prepared under Zn-rich 
conditions, and this imposed Zn-excess may lead to the formation of ZnS as a secondary phase.16–18 It is of 
interest to be able to detect and characterize this phase, and also remove it, as it can deteriorate the 
performance of CZTS-based devices. To apply this measurement methodology, Zn-rich CZTS films were 
selectively etched using a procedure presented in work by Fairbrother et al.17 The films were etched in an HCl 
solution for varying amounts of time, which selectively removes ZnS from the CZTS film surface until little ZnS 
is present (>300 seconds of etching). The UV Raman spectra for this set of samples is shown in Fig. 5, while 
the inset shows the LO/LO2 area ratios. Similar to the case observed previously, the increasing spatial 
confinement of the ZnS phase from etching results in an increase in free exciton energy, and consequent 
enhancement of the LO peak with respect to the LO2 peak. Using the rubric presented in Fig. 4B, the grain 
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size of the superficial ZnS layer is estimated to decrease from 14 nm in the as-grown film, to less than 7 nm 
after 300 seconds of etching, an etch rate of approximately 1.4 nm per minute. Further etching does not reduce 
the signal of ZnS, indicating that part of this phase is located just beneath the surface of the films and is 
therefore unaffected by the etching process. This removal of ZnS from the CZTS films is further corroborated 
by XRF measurements, with which a reduction in the Zn content from 17 at% down to 14 at% is observed after 
the etching procedure. 
 

 
Fig. 5. UV Raman spectra of as-grown and etched CZTS films (from procedure presented in Fairbrother et 

al.17), the inset shows the intensity ratio of LO/LO2 ZnS peaks from the spectra. 
 
Conclusions 
 
XRD and Raman scattering spectroscopy have been used for structural and grain size characterization of ZnS 
nanoparticles and thin films. XRD and Raman with 514 nm excitation are shown to be of limited use for 
characterizing ZnS thin films with sub-micron dimensions because of the small quantity of material available for 
analysis. Near-resonant Raman scattering characterization with a 325 nm excitation source is much more aptly 
suited, and spectral characteristics were correlated to particle and grain size. At the nanometer scale 
decreasing the grain size leads to an increase in quantum confinement, which causes an increase in the 
optical bandgap of the material. This increase is reflected in a varied photoluminescence emission from the 
free exciton energy, and preferentially enhances the main LO Raman peak, or the LO2 and LO3 peaks, 
depending on the grain size. The ratio of LO/LO2 and LO/LO3 can thus be used to perform a quantitative 
estimation of the grain size in ZnS nanoparticles and films. An application using CZTS thin films, in which ZnS 
is commonly encountered as a secondary phase, was demonstrated. The CZTS films were etched for different 
times in an HCl solution which preferentially removed ZnS from the surface. 
 
Acknowledgements 
 
This research was supported by the People Programme (Marie Curie Actions) of the European Union´s 
Seventh Framework Programme under REA grant agreement number 269167 (PVICOKEST) and the Spanish 
Ministerio de Economía y Competividad (MINECO) under KEST-PV (ref. ENE2010-121541-C03-01/02). 
Authors from IREC belong to the M-2E (Electronic Materials for Energy) Consolidated Research Group and the 
XaRMAE Network of Excellence on Materials for Energy of the “Generalitat de Catalunya”. A. Fairbrother 

 

300 400 500 600 700

300 200 100 00

1

2

3
6 9 12 15 

In
t. 

LO
/In

t. 
LO

2
Etch time (sec)

 Est. grain size (nm) ZnS LO2ZnS LO

CZTS

Etch time

without ZnS

300 s

90 sIn
te

ns
ity

 (a
rb

. u
ni

ts
)

Raman shift (cm-1)

0s



thanks the MINECO for support via the FPU program (FPU12/05508), V. Izquierdo for the Juan de la Cierva 
program (JCI-2011-10782), and E. Saucedo for the Ramón y Cajal program (RYC-2011-09212). 
 
Notes and references 
 

1.  L. Hu, M. Chen, W. Shan, T. Zhan, M. Liao, X. Fang, X. Hu, and L. Wu, Adv. Mater., 2012, 24, 5872–5877. 
2. S. Kim, T. Kim, M. Kang, S. K. Kwak, T. W. Yoo, L. S. Park, I. Yang, S. Hwang, J. E. Lee, S. K. Kim, and S.-W. 

Kim, J. Am. Chem. Soc., 2012, 134, 3804–3809. 
3. A. U. Ubale, V. S. Sangawar, and D. K. Kulkarni, Bull. Mater. Sci., 2007, 30, 147–151. 
4. Y.-M. Yu, M.-H. Hyun, S. Nam, D. Lee, B. O, K.-S. Lee, P. Y. Yu, and Y. D. Choi, J. Appl. Phys., 2002, 91, 

9429–9431. 
5. X. Wang, J. Shi, Z. Feng, M. Li, and C. Li, Phys. Chem. Chem. Phys., 2011, 13, 4715–4723. 
6. J. Liu, H. Chen, Z. Lin, and J.-M. Lin, Anal. Chem., 2010, 82, 7380–7386. 
7. S. S. Kumar, M. A. Khadar, K. G. M. Nair, S. Dhara, and P. Magudapathy, J. Raman Spectrosc., 2008, 39, 

1900–1906. 
8. J. H. Yu, J. Joo, H. M. Park, S.-I. Baik, Y. W. Kim, S. C. Kim, and T. Hyeon, J. Am. Chem. Soc., 2005, 127, 

5662–5670. 
9. Y.-M. Yu, S. Nam, B. O, K.-S. Lee, Y. D. Choi, M.-Y. Yoon, and P. Y. Yu, Mater. Chem. Phys., 2003, 78, 149–

153. 
10. A. V. Baranov, Y. P. Rakovich, J. F. Donegan, T. S. Perova, R. A. Moore, D. V. Talapin, A. L. Rogach, Y. 

Masumoto, and I. Nabiev, Phys. Rev. B, 2003, 68, 165306. 
11. A. K. Arora, M. Rajalakshmi, T. R. Ravindran, and V. Sivasubramanian, J. Raman Spectrosc., 2007, 38, 604–

617. 
12. K. C. Sharma and Y. A. Chang, J. Phase Equilibria, 1996, 17, 261–266. 
13. H. Kanie, M. Nagano, and M. Aoki, Jpn. J. Appl. Phys., 1991, 30, 1360–1362. 
14. W. G. Nilsen, Phys. Rev., 1969, 182, 838–850. 
15. Y. C. Cheng, C. Q. Jin, F. Gao, X. L. Wu, W. Zhong, S. H. Li, and P. K. Chu, J. Appl. Phys., 2009, 106, 

123505. 
16. X. Fontané, L. Calvo-Barrio, V. Izquierdo-Roca, E. Saucedo, A. Pérez-Rodriguez, J. R. Morante, D. M. Berg, P. 

J. Dale, and S. Siebentritt, Appl. Phys. Lett., 2011, 98, 181905–181905–3. 
17. A. Fairbrother, E. García-Hemme, V. Izquierdo-Roca, X. Fontané, F. A. Pulgarín-Agudelo, O. Vigil-Galán, A. 

Pérez-Rodríguez, and E. Saucedo, J. Am. Chem. Soc., 2012, 134, 8018–8021. 
18. T. Kato, H. Hiroi, N. Sakai, S. Muraoka, and H. Sugimoto, Proc. 27th Eur. Photovolt. Sol. Energy Conf. Exhib., 

2012, 2236–2239. 
19. H. Zhang, Y. Zhang, Q. He, L. Liu, G. Ding, and Z. Jiao, CrystEngComm, 2011, 13, 6650–6657. 
20. S. B. Bonsall and F. A. Hummel, J. Solid State Chem., 1978, 25, 379–386. 
21. S. Peng, L. Li, Y. Wu, L. Jia, L. Tian, M. Srinivasan, S. Ramakrishna, Q. Yan, and S. G. Mhaisalkar, 

CrystEngComm, 2013, 15, 1922–1930. 
22. L. E. Brus, J. Chem. Phys., 1984, 80, 4403–4409. 
23. S. Baskoutas and A. F. Terzis, J. Appl. Phys., 2006, 99, 013708. 
 



�������	
������
	������
�����	�����������������
��

	�������
	���	�����
��������������	��
�����������������	��
	
��	������
���������
���
����������
�!�"!����#��$!�&	����<���!�&��
?
	���
��[!��#\���
�	��	�����!�]
	������	�������!

������	�������!�^�_�!�`���!�{|���|}{{|~���|{�����	���{|!{|~��{!��}��{�
[����	����������������!�	�!	
��{|!{|~��{!��}��{�
[������?���	
��	������������������!���!	
��
��	�
���{��^^`�]��{|���}
^�?�������?_��������
���������������	
�^�_����!

���������
������
"	����
	
�������[����
����
�������	
����
������	�_��
��	��
������
�!�����!�^�_�!�{{���|}��|����|{��
���������	����	���
	�����
	
�������������������	��
�������?_�	�������������
	���	����	��	
�������	����
�
���
�	
�
������������
�	���������
������	�
�!�������?�����������?������
�_����|{{�|����|{��
�����������������
	�������������

������_������	������
�����	�������	�
�!�������?�����������?������
�_����|{{�|����|{��
��������_�	
���
�������	
��	�����?_��	�����	
���������	��������
������	
���	�	����
�������

������

��
���������
�!�������?�����������?������
�_����|{{�|{���|{��
�������#���	��	
��������	��
���

�_��������������
	
����
����_�������?�	
?�
��	��
������
�!�������?�����������?������
�_����|{{�|����|{��

������	������
	
����	��	������!�^�_�!�`���!
�	�
�����	������������������!���!	
��
�	�
������
	
����	�������������!���!	
���?	����?	��������	�
���
�	���	���	���������������!���!	
��
����
����	����	���	����
��
	
����	��
	
�����	
�������������!���!	
������	
�

Downloaded 06 Mar 2013 to 161.116.100.92. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions



Impact of electronic defects on the Raman spectra from electrodeposited
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This work reports on the electrical and Raman scattering analysis of Cu(In,Ga)Se2 cells

synthesised with different densities of Se and Cu related point defects. The analysis of the Raman

spectra from the surface region of the absorbers shows a direct correlation between the spectral

features of the main Raman peak and the density of Se vacancies detected by admittance

spectroscopy, being sensitive to the presence of vacancy densities higher than 1015 cm�3. These

results corroborate the potential of Raman scattering for the non-destructive detection of electronic

defects with potential impact on the characteristics of the solar cells. VC 2013 American Institute of
Physics. [http://dx.doi.org/10.1063/1.4793418]

CuInSe2 and its related chalcopyrite alloys—such as

Cu(In,Ga)Se2 (CIGS)—have received strong interest in the

last years because of their potential for the development of

high efficiency and low cost solar cells and modules. The effi-

ciency of chalcopyrite based laboratory cells has achieved a

record value higher than 20%.1 Chalcopyrite based tech-

nologies have already entered the stage of industrial mass

production, with commercial modules that provide stable effi-

ciencies in the range of 12%–13%.2 However, attaining

higher efficiency values at the module level is challenging

due to the difficulty of controlling the production processes

on large area substrates. In particular, CIGS films produced

by large scale processes may contain several inhomogeneities

that can lead to significant loss in the performance of the

modules or to their degradation over time. Detection of

potentially detrimental defects at an early stage of production

is of great interest, giving the possibility to correct the

anomalies in the process and minimize their impact on the

completed devices. While certain inhomogeneities such as

Ga distribution or selenization rate can already be detected

by current inline quality control techniques applied to CIGS

module production, such as techniques based on x-ray fluo-

rescence (XRF) or photoluminescence (PL),3 detection at

early process stages of inhomogeneities related to point

defects is still a challenging issue. Point defects normally

occur in sufficiently low concentrations to be undetectable by

XRF measurements, but can potentially be very detrimental

for the final module performance. They cannot be detected

by room temperature PL either, because of the low optical

efficiency of their corresponding transitions. Traditional tech-

niques for detection of these kinds of defects such as low

temperature PL, admittance spectroscopy, or deep level tran-

sient spectroscopy (DLTS) are not suitable for in-line process

control applications, due to the necessity of long measure-

ment times and limited size of the samples.4

On the other hand, Raman scattering is an optical non-

destructive technique that has a significant potential for the

development of process monitoring tools, thanks to its ability

to provide information directly related to the chemical and

structural properties of the films at different process steps.

The technique is also very well adapted to the analysis of the

homogeneity of the films and is able to achieve diffraction

limited spatial resolution (�1 lm). The direct interrelation of

these features with the optoelectronic properties of the solar

cells developed with these materials shows a correlation

between the spectral features of the main Raman peaks in

the spectra from chalcopyrite based absorbers and the char-

acteristics of the devices.5,6 This has usually been related to

the presence of defects affecting the crystalline quality of the

absorbers. However, quantitative correlation of these effects

with the presence of point defects identified in the films is

still lacking in literature reports.

In this context, we report on the correlation between the

electrical characterization and the Raman scattering analysis

of electrodeposited CIGS absorber films and devices.

Electrodeposition based processes have a strong poten-

tial to achieve a significant reduction of production costs

with an industrial implementation at mass production stages.

CIGS cells have been produced with different densities of

electronic defects that have been identified and characterised

by admittance spectroscopy measurements. This has allowed

us to analyse the dependence of the Raman spectral features

on the presence and density of the different kinds of defects

identified in the films. The results corroborate the potential

of Raman scattering measurements for the early stage non-

destructive detection of inhomogeneities related to the

presence of electronic defects with a potential impact on

the characteristics of the cells, such as Se vacancies in

Cu(In,Ga)Se2 based devices.

Cu(In,Ga)Se2 absorbers have been synthesised on

15� 15 cm2 Mo coated soda-lime glass substrates with a

two-step process including the electrodeposition of Cu/In/Ga

metallic stack precursors followed by the selenization under

different rapid thermal processing (RTP) conditions. For

these experiments, two sets of Cu-poor precursors (Cu/

(Gaþ In)¼ 0.8 and 0.95 content ratios) have been used with

0003-6951/2013/102(9)/091106/4/$30.00 VC 2013 American Institute of Physics102, 091106-1
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a constant Ga/(Gaþ In) content ratio of 0.3. A selenium

layer has then been deposited on the precursors prior to the

RTP annealing step.7

After absorber formation, cells have been completed by

chemical bath deposition of a CdS buffer layer and sputter-

ing deposition of a ZnO(i)-ZnO(Al) window layer. The best

material obtained on these 15� 15 cm2 samples yielded

active area efficiencies up to 12%.

Admittance spectroscopy measurements have been car-

ried out on the finished devices in the 80K–320K tempera-

ture range with an Agilent 4282 LCR-meter. Density of

states (DOS) profiles have been calculated following the

method proposed by Walter et al.8 for all the samples.

Defect density has been determined from the area of the

peak for each defect. Raman scattering measurements have

been performed directly on the surface of the absorbers, after

an HCl-etching of the window and buffer layers. The Raman

spectra have been made in backscattering configuration

using a Horiba Jobin-Yvon T64000 spectrometer with an

Arþ laser excitation source (514.5 nm excitation wave-

length), with a laser spot size on the sample of about

100 lm. For these experimental conditions, penetration depth

of scattered light in Cu(In,Ga)Se2 is approximately 100 nm.

This is similar to the depth of the space charge region where

the DOS profiles have been extracted from the electrical

measurements. The spectral features of the main peaks in the

spectra (frequency, full width at half maximum (FWHM))

have been obtained from their fitting with Lorentzian curves.

Figure 1 shows typical DOS profiles measured from dif-

ferent devices. These measurements allow identification of

two main defects in the samples: one at about 100meV (D1

defect) and a deeper one at 210meV (D2 defect). The presence

and intensity of both defects vary from one sample to another,

indicating the variation of the electronic nature of the samples

with the changes in the absorber layer. In particular, the defect

at 100meV has been previously identified as the selenium va-

cancy (VSe).
9 The nature of the 210meV remains unclear, but

it seems to be related with the Cu content of the CIGS layers.

Defect densities calculated from each peak surface area on the

DOS give values from 1015 cm�3 up to 6 * 1016 cm�3 for

defect D1, while defect D2 appears within a smaller density

range (from 5* 1015 cm�3 up to 1016 cm�3).

As the impact of a particular defect in the characteristic

of the cells is difficult to assess from experimental values, a

batch of simulations has been performed with SCAPS 3.0.01

(Refs. 10 and 11) to determine the effect of defects D1 and

D2 in the performance of the devices. JV curves have been

calculated taking as starting point a model of a standard

NEXCIS cell developed from experimental results as in

other cases.12 The model is constructed as a stacking of

layers, with each layer corresponding to a film in the actual

device. Measured physical parameters of the layers (such as

thickness, bandgap, doping density, etc) are introduced in

the software in order to produce a model comparable with a

real cell.13 The defects are included in the layer correspond-

ing to the CIGS properties. For this, experimental data from

the admittance measurements are implemented for each

defect (defect energy, density, energy distribution, etc).14

Two different types of defects have been introduced in the

CIGS layer, with similar characteristics and densities as the

defects observed by admittance spectroscopy from the differ-

ent samples. IV curves show a deterioration of photovoltaic

parameters as the density of the defects increases on the

CIGS layer, as can be seen in Figure 2. This figure shows a

decrease in both Voc and Jsc (with a relative decrease of 27%

and 44% of both parameters) that is directly related to the

presence of defect D2. Similar quantitative results are

obtained for defect D1. This gives strong interest in the early

detection of these defects.

Figure 3 shows the typical Raman spectrum measured

in the 100–250 cm�1 region of a sample corresponding to

devices with the lowest densities of defects. Raman spectra

have also been measured on unetched cells, focusing the

laser spot through the window and buffer layers. The spectra

measured from both HCl etched and unetched samples are

very similar and show the same behavior with the density of

defects D1 and D2 detected by admittance spectroscopy.

This allows us to rule out the potential presence of HCl

etching effects in the reported measurements. The spectrum

is characterised by a dominant peak centered at about

175 cm�1 that corresponds to the main A1 Raman mode

from CIGS. As already reported, the frequency of this peak

depends linearly on the Ga/(InþGa) relative content in the

CIGS alloy.15 The spectrum also shows additional weaker

peaks in the 210–230 cm�1 spectral region that are identified

with E/B2 and E/B1 symmetry modes. Detection of these

weaker modes in the spectra suggests a high crystalline

FIG. 1. DOS energy profile from selected cells showing the presence of two

defects at 100meV (D1) and 210meV (D2). FIG. 2. Simulated JV curves for different D2 defect densities.
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quality of the absorbers, in spite of the presence of the elec-

tronic defects identified by the electrical measurements. In

addition, there is a shoulder in the 150–160 cm�1 spectral

region, which has been identified with the main vibrational

mode from a Cu-poor ordered vacancy compound (OVC)

phase.16 OVC phases are closely related to the chalcopyrite-

type structure and can be derived by randomly introducing

in the lattice complex defects in the form of InCu antisites

and Se vacancies (V2�
Se ) and imposing the preservation of

the charge neutrality in the lattice. Formation of these

phases is favoured by the existence of a Cu-poor composi-

tion of the films, which has been assessed by quantitative

inductive coupled plasma (ICP) measurements. According

to these measurements, the final Cu/(Gaþ In) content in the

absorbers ranges from 0.8 (for samples with the lowest den-

sity of D2 defect) up to 0.95 (for samples with the highest

density of D2 defect). In principle, penetration depth of scat-

tered light in the absorbers is of the order of 100 nm. This

implies that detected OVC phases are located at the surface

region of the layers and agrees with the depth of the space

charge region where the DOS profiles are measured.

Detection of the OVC phase at greater depths would require

the use of higher excitation wavelengths with longer pene-

tration depth.

The spectral features analysis of the main A1 CIGS peak

has enabled the observation of a blue shift (towards higher

values) of the frequency and an increase in the FWHM with

the increase in the density of defect D1, as shown in Figure 4.

External quantum efficiency (EQE) measurements performed

in the cells with different defect densities give a roughly con-

stant value of the bandgap of the order of 1.04 eV6 0.02 eV.

This contrasts with the estimation of the bandgap assuming

that the blue shift of the Raman peak is due to changes in the

Ga/(InþGa) relative content, which gives values between

1.01 eV and 1.30 eV. This allows the exclusion of the pres-

ence of effects related to different Ga contents in the changes

of the spectral features of the A1 peak from the different

samples.

Accordingly, the blue shift and broadening of the A1

peak have been directly related to the presence of the D1

defect. The broadening of the peak with the increasing den-

sity of Se vacancies is related to the decrease of the phonon

lifetime for higher defect densities, as the phonon lifetime is

inversely proportional to the FWHM of the corresponding

peak.6,17 Presence of these point defects in the scattering vol-

ume also indicates a relaxation of the momentum conserva-

tion rule in the crystal, enabling the activation of phonons

with non-zero wave vector.18 Because of the positive slope

of the phonon dispersion curve in the vicinity of the C point

of the Brillouin zone,19 this leads to the observed blue

shift of the peak and contributes to an asymmetric broaden-

ing of the peak with the increase of the density of defects. In

addition, stress effects in the CIGS lattice can also partially

contribute to the observed blue shifts of the Raman peak.

This behavior contrasts with that observed for samples

with different densities of defect D2, where no significant

changes are observed in the spectral features of the main A1

Raman peak. This can be observed in Figure 5, where the

spectra corresponding to the absorbers with the lower

(5� 1015 cm�3) and higher (�8� 1015 cm�3) D2 defect den-

sities are plotted. Main differences related to these spectra

are located in the spectral region corresponding to the OVC

secondary phase contribution: as can be observed, increasing

the density of defect D2 to values higher than 5� 1015 cm�3

leads to a significant decrease of the relative intensity of this

contribution. This indicates that synthesis conditions favor-

ing formation of the D2 defect (which is likely related to

Cu-excess in the lattice) also lead to an inhibition in the for-

mation of the Cu-poor OVC secondary phase. This is also

accompanied by a shift of this contribution towards higher

frequencies with the increase of the content of the D2 defect,

as shown in the inset of Figure 5. This suggests that the

decrease in the occurrence of the OVC phase is also accom-

panied by the formation of OVC phases with higher Cu/In

FIG. 3. Raman spectrum from a CIGS absorber corresponding to cells with

lower point defect densities, showing A1 and E/B CIGS peaks and OVC con-

tribution at 150 cm�1 spectral region.

FIG. 4. Frequency (black squares) and FWHM (red circles) of the main A1

CIGS peak in the Raman spectra versus density of defect D1. Dashed lines

are included as guide for the eye.
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content ratios,16 which leads to a decrease in the amount of

InCu antisites and Se vacancies (V2�
Se ) present in the phase.

This decrease in the occurrence of the OVC phase correlates

with the increase in the occurrence of the D2 defect, and with

the increase in the relative Cu/(Gaþ In) relative content in

the absorbers as, measured by ICP (that ranges from 0.8 for

samples with the highest spectral OVC contribution up to

0.95 for samples with the lowest OVC spectral contribution).

In this sense, monitoring of the relative spectral OVC contri-

bution can give indirect qualitative information about the

possible occurrence of defects related to Cu-excess inhomo-

geneities in the layers. In addition, it is interesting to remark

that the presence of a surface OVC phase in the absorbers is

also believed to have a beneficial effect on the characteristics

of the devices, leading to a better band alignment at the

buffer/CIGS interface.20

In conclusion, combining the electrical and Raman scat-

tering analysis of CIGS electrodeposited cells has allowed

characterization of the impact of the presence of Se and Cu

related electronic defects on the Raman spectra. In particular,

we have observed a direct correlation between the density of

a defect at 100meV that has been previously identified with

Se vacancies and a blue shift and broadening of the main A1

Raman peak, being sensitive to in the presence of defect den-

sities higher than 1015 cm�3. These results have been related

to the decrease of the phonon lifetime and the appearance of

disorder effects in the spectra breaking the momentum con-

servation rule as a consequence of the presence of the vacan-

cies. Presence of a Cu related defect at 210meV has also

been observed to determine a significant inhibition in the rel-

ative intensity of the spectral contribution from OVC

secondary phases at the surface of the absorbers. These data

corroborate the potential of Raman scattering for the indirect

detection at early process stages of layer inhomogeneities

related to the presence of point defects that are relevant for

device performance.
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FIG. 5. Raman spectra from absorber layers corresponding to cells with

different densities of D2 defect: (a) D2 defect density 4.9� 1015 cm�3,

(b) D2 defect density �9.3� 1015 cm�3. In the inset, the evolution of the

OVC peak position is plotted vs the D2 defect density for the analyzed sam-

ples. Frequency positions of the main Raman peak from different OVC

phases are also included in the inset.16
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ABSTRACT

Zn-rich Cu2ZnSnSe4 (CZTSe) films were prepared by a two-step process consisting in the DC-magnetron sputtering
deposition of a metallic stack precursor followed by a reactive anneal under a Se + Sn containing atmosphere. Precursor
composition and annealing temperature were varied in order to analyze their effects on the morphological, structural,
and optoelectronic properties of the films and solar cell devices. Raman scattering measurements show the presence of
ZnSe as the main secondary phase in the films, as well as the presence of SnSe at the back absorber region of the films
processed with lower Zn-excess values and annealing temperatures. The ZnSe phase is found to accumulate more towards
the surface of the absorber in samples with lower Zn-excess and lower temperature annealing, while increasing Zn-excess
and annealing temperature promote its aggregation towards the back absorber region of the devices. These measurements
indicate a strong dependence of these process variables in secondary phase formation and accumulation. In a preliminary
optimization of both the composition and reactive annealing process, a solar cell with 4.8% efficiency has been fabricated, and
potential mechanisms limiting device efficiency in these devices are discussed. Copyright © 2014 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Kesterite semiconductors, such as Cu2ZnSn(S,Se)4 (CZTS,Se),
have received increasing interest as a photovoltaic ab-
sorber layer due to promising results obtained in the past
decade, especially for the pentenary sulfo-selenide com-
pounds [1–5]. CZTS,Se exhibits p-type conductivity and
has an absorption coefficient on the order of 104�105
cm�1 [6]. These properties, in addition to its band gap of
between 1.0 eV (CZTSe) and 1.5 eV (CZTS) [6], make it
an ideal candidate as a thin film photovoltaic absorber.
The key advantage of these materials with respect to more
mature thin film solar cell absorbers like Cu(In,Ga)Se2 and
CdTe is that CZTS,Se is composed of more abundant and

lower toxicity elements [7], and thus more aptly suited for
mass production. Nevertheless, these materials are still at
an incipient state of development, with a maximum device
efficiency of 11.1% at the laboratory scale [8], which,
while promising, is still far from the record cell efficien-
cies of above 20% and 16% for Cu(In,Ga)Se2 and CdTe,
respectively [6].
Because of the complexity of this material system,

even small compositional variations or inhomogeneities
are expected to have a strong influence on the properties
of the final film, with secondary phases typically limiting
the performance of the absorber layer. There is a general
agreement that Zn-rich conditions are beneficial [1–5,8,9],
because they may improve p-type conductivity and prevent
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the formation of the ternary Cu2Sn(S,Se)3 (CTS,Se) com-
pound, which can limit VOC because of its lower band gap
(0.84 eV for CTSe) [10], even though Zn-excess increases
the risk of forming the n-type Zn(S,Se) binary phase.
Nonetheless, under non-stoichiometric conditions, secondary
phase formation becomes inevitable, thus it is also desirable
to control the segregation of these phases in a manner in
which they may be removed (i.e., via chemical etching)
[11] or have a minimized effect on the absorber properties.
Characterization of kesterite films is an additional

challenge specific to these systems because some of the
main secondary phases are not readily distinguishable from
one another using traditional methods such as x-ray
diffraction (XRD). This is the case for CZTSe, CTSe and
ZnSe phases, which has led to the rise of Raman spectros-
copy as an important characterization technique for this
material system. While the spectra of the main secondary
phases still overlap with CZTSe in some cases, the greatest
advantage is the ability to use different excitation wave-
lengths, which may potentially lead to pre-resonant Raman
scattering if the excitation wavelength is closely matched
to a fundamental energy transition of a particular phase,
greatly increasing the signal of that phase. For ZnSe
(Eg = 2.7 eV) this occurs with an excitation of about
457.9 nm, and permits the detection of even miniscule
amounts of this phase [12].
The majority of research published up to now is devoted

to the study of pure sulfide or sulfo-selenide kesterite
systems [1–3,8]. In fact, while the record efficiency for
the sulfo-selenide compound is 11.1% [8] and for the sul-
fide is 9.2% [2], in the case of the pure selenide compound
it was much lower (3.2%) [13] until somewhat recently.
The currently reported record of 9.2% was prepared by a
single step co-evaporation process [4]. With careful control
of the deposition rates and substrate temperature Repins
et al. [4] were able to prevent the evaporation of volatile
phases and greatly improve on the previous record effi-
ciency for CZTSe and vacuum based techniques. These
results and the fact that record device efficiencies have
been obtained with Se-rich compositions give increased
motivation for the study of the selenide system. A deeper
understanding of the characteristics of this system is an
important issue in order to improve the knowledge of these
technologies and to identify the mechanisms limiting
efficiency in selenium-rich record devices. Furthermore,
devices based on pure selenium systems have additional
interest related to their potential for higher current devices
when compared with sulfide systems due to their smaller
bandgap, albeit with lower VOC: record JSC= 37.4mA/cm

2

for CZTSe [4] versus 21.6mA/cm2 for CZTS [2] and
35.0mA/cm2 for CZTS,Se (Se-rich) [9], and compared with
VOC of the same devices, 377, 708, and 460mV, respectively.
In this work, we present a systematic study of

Cu2ZnSnSe4 films prepared by a two-stage process as a
function of precursor film Zn-excess concentration and
reactive annealing temperature. This is done using a low
total pressure thermal treatment, in order to protect the
Mo back contact, which can be greatly affected by higher

pressure and temperature treatments when using two-step
processes. These processes commonly lead to the forma-
tion of a relatively thick MoSe2 interfacial layer between
the absorber and the back Mo contact layer, which can lead
to decrease in device performance [5,14]. We show the
importance of the accurate control of both parameters
(composition and annealing temperature), which are signif-
icant determining factors for the optoelectronic properties
of CZTSe devices. ZnSe is detected as the main secondary
phase, and accumulation of this phase towards the surface
or back absorber regions is significantly affected by the
two process variables. With these preliminary results, we
have obtained a maximum cell efficiency of 4.8% by using
a relatively low temperature process (compare with, e.g,
[4,5,14]) and identify potential mechanisms limiting the
performance of the cells.

2. EXPERIMENTAL

Sn, Cu, and Zn films were sequentially deposited by DC-
magnetron sputtering deposition (Ac450 Alliance Concepts)
using 99.99% purity targets in Zn-excess and Cu-deficient
conditions, as shown in Table I. The Zn layer was fixed at
about 230nm thickness, and the thickness of the other layers
adjusted to achieve the desired compositional ratios. The
substrate was 10×10 cm2Mo-coated soda-lime glass approx-
imately 500 nm thick with a sheet resistance of 0.25Ω/□.
The depositions were carried out in a 1 × 10�3mbar Ar atmo-
sphere at 30 sccm flow, using power densities of 0.64W/cm2

for Sn and 1.27W/cm2 for Cu and Zn. The substrate/Sn/Cu/
Zn stack order was selected in an effort to minimize Sn
evaporation [9] and to promote the segregation of Zn-rich
phases towards the surface, where they can be more easily
removed by suitable etching processes [11]. The thickness
and composition of the stacks were measured by X-ray fluo-
rescence spectroscopy (Fischerscope XVD), which had been
calibrated with inductively coupled plasma mass spectros-
copy measurements. The topography of each precursor layer
was imaged by tapping mode atomic force microscopy
(AFM) (Park Systems XE-100).
Samples of the metallic precursors (2 × 2 cm2 in area)

were reactively annealed in a tubular furnace capable of
working in vacuum (10�4mbar) or an inert gas (Ar) atmo-
sphere. A graphite box (23.5 cm3 in volume) with crucibles
containing Se powder (50mg, Alfa Aesar 99.999% purity)
and Sn powder (5mg, Alfa Aesar 99.999%) was used for

Table I. Compositional ratios and total thickness of precursor
stacks used in this study.

Precursor name Zn/Sn Cu/(Zn+Sn) Total thickness (nm)

SnCuZn-1 1.24 0.77 814
SnCuZn-2 1.40 0.84 835
SnCuZn-3 1.49 0.87 798
SnCuZn-4 1.73 0.67 688
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the reactive annealing. While elemental Sn and Se are
placed in the annealing box, upon heating, they evaporate
and react with the precursor film or each other to form
Sn–Se binary phases. This means that while the initial
annealing atmosphere contains elemental Sn and Se, within
a short time, they form compounds based on Sn–Se. None-
theless, Sn–Se phases are also volatile at these tempera-
tures and serve as a chalcogen source to react with the
film and form the desired CZTSe phase. After purging
the tube with Ar, the system was brought under vacuum
and the Ar flow increased until a stable working pressure
of 1–2mbar was obtained. The annealing temperature
was set between 425°C and 550°C with a ramp rate of
20°C/min. After 45min at the selenization temperature,
the furnace was left to naturally cool to room temperature
(approximately 2–3 h).
To fabricate solar cell devices, each sample was etched

in 10% v/v HCl for 5min at 75°C in order to remove super-
ficial ZnSe phases [11]. It is important to note that this
etching process has been demonstrated as effective for
the removal of superficial ZnS from CZTS films, and its
effectiveness at removing ZnSe is more limited. Next, a
film of CdS (60 nm) was deposited by chemical bath
deposition, followed immediately by pulsed DC-magnetron
sputtering deposition of undoped ZnO (50nm) and ZnO:Al
(450nm, 19Ω/□ sheet resistance) (CT100Alliance Concepts).
For the optoelectronic characterization, 3×3mm2 cells were
scribed using a micro-diamond scriber (MR200 OEG), thus
avoiding the necessity of metallic grid deposition onto the
ZnO:Al surface. Measurement of the optoelectronic prop-
erties was carried out using a Sun 3000 Class AAA solar
simulator from Abet Technologies (uniform illumination
area of 15 × 15 cm2).
Selected absorbers were characterized by scanning

electron microscopy (SEM), energy-dispersive X-ray spec-
troscopy (EDX), and Raman scattering spectroscopy. SEM
images were taken using a Zeiss Series Auriga field emission
scanning electron microscope. EDX elemental mappings
were made with 10kV acceleration voltage using an Oxford
Instruments X-Max detector directly on the back absorber
surface from films that were mechanically removed from

the substrate by using double-sided tape to peel them
off [15]. This usually results in a clean cleavage at the
Mo/CZTSe interface, as evidenced by Raman scattering
measurements, which show a lack of CZTSe characteris-
tic peaks on the substrate, and a lack of MoSe2-related
peaks at the back region of the absorber layer after
removal. Characterization by Raman spectroscopy was car-
ried out with a T64000 Horiba-Jobin Yvon spectrometer with
457.9 nm, and 514.5 nm excitation wavelengths inmicro- and
macro-configurations. Scattered light penetration depth in
CZTSe is estimated to be below 100nm for these wave-
lengths. Raman spectroscopy with a 457.9 nm laser is partic-
ularly useful for identification of the ZnSe phase because it is
in pre-resonant conditions [12], while with lower energy exci-
tation, it is more difficult to distinguish between the contribu-
tions from the main CZTSe phase and a ZnSe secondary
phase because of the proximity between the main ZnSe
Raman peak and CZTSe characteristic ones. For the micro-
configuration setup, the spot diameter is approximately 1μm,
and for the macro setup it is 100μm. The macro-configuration
was used to characterize the surface of the absorbers, and for
measurements with the micro-configuration, the films were
mechanically removed from the substrate so that the back
absorber and substrate regions could be characterized [15].

3. RESULTS

Atomic force microscopy images of the precursor stacks
shows relatively smooth and uniform deposition of Cu
and Zn onto a glass or Mo substrate (average roughness
(Ra) of a few to tens of nanometers depending on substrate
and thickness). However, Sn films deposited onto Mo are
much rougher (Ra = 165 nm for a 330 nm thick film), and
subsequently deposited layers of Cu and Zn take on the
morphology of the underlying Sn layer, as shown in
Figure 1 (Ra = 138 nm for complete stack of precursor with
Zn/Sn = 1.24). The rough morphology of Sn films depos-
ited by physical vapor deposition methods has been noted
in other works as well [16,17] and shown to have signifi-
cant effects on the absorber properties.

Figure 1. Atomic force microscopy topographical image of Sn film deposited onto a glass/Mo substrate (A) and glass/Mo/Sn/Cu/Zn
precursor stack (Zn/Sn=1.24) (B).
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The morphology and grain size of the CZTSe absorber
films as seen by SEM depends strongly on both the
annealing temperature and precursor composition. Figure 2
(A), (B), and (C) shows the SEM cross sectional images of
the complete cells fabricated with the first precursor stack
(Zn/Sn = 1.24) and annealed at different temperatures.
The grain size clearly increases with annealing tempera-
tures from about 500 nm at 450°C up to 2μm at 550°C.
However, increasing the temperatures leads to a deteriora-
tion of the morphology of the Mo/CZTSe back absorber
region, as voids are formed, which are detrimental to the
optoelectronic properties and mechanical robustness of
the cell. The size of these voids matches closely with the
larger features seen in the Sn films by AFM, thus we
attribute the formation of these voids to the diffusion and
evaporation of Sn and SnSe, which becomes more proba-
ble at higher temperatures, as evidenced by subsequent
Raman scattering measurements. Some of these voids
may also be related to the decomposition of CZTSe in
contact with the Mo back contact [14], and is suggested
by the accumulation of ZnSe seen in these regions by
Raman and EDX measurements. Increasing the Zn-excess
in the precursor leads to the formation of a bilayer grain
structure as seen in Figure 2(D) and (E) for films annealed
at 450°C with precursors containing Zn/Sn = 1.40 and
1.49, respectively. In the front of the film, a grain size
similar to that seen with the lowest Zn-excess is seen,
while in the back absorber region smaller nanometric
grains form. This back region becomes proportionally
larger with respect to the upper one with increasing Zn
excess. In fact, with the highest Zn-excess the entire film
is composed of these small grains, as seen in Figure 2(F).
The cause of the formation of this nanometric bilayer grain
structure is not entirely clear, as it may be related to the
varied Cu-deficient or Zn-excess conditions. Cu-excess/de-
ficiency has been shown to affect the grain growth in
CZTS,Se thin films [18,19], and each precursor has a

varied Cu/(Zn + Sn) ratio (0.67–0.87). However, Zn/Sn
ratios are varied over a much larger range (1.24–1.73)
and may also have a significant effect on grain growth,
though we have found no reports focusing on this effect
in CZTSe films.
It is also important to remark that by using this low

pressure thermal process, the Mo back contact is affected
a little, indicating that this “soft” thermal treatment is effec-
tive in protecting the back region, avoiding the formation
of a thick MoSe2 layer. In other works, by using high
pressure thermal treatments, the Mo layer is significantly
affected, with the formation of very thick MoSe2 layers
[5,14]. In this case, because of the low background pres-
sure used during annealing, a thin MoSe2 layer is observed
(and confirmed later by Raman spectroscopy), and inde-
pendently of the annealing temperature and precursor
composition, the thickness of this layer is estimated by
SEM to be less than 50 nm. This low pressure process is
attractive because it may avoid the necessity of using a
chemical barrier for Se (such as TiN [5]), thus simplifying
the technology. Also, by working at lower temperatures,
the energy consumption and velocity of the thermal pro-
cess could be remarkably improved.
To determine the impact of composition and annealing

temperature on the structural properties of the absorbers,
Raman spectroscopy measurements have been carried out on
selected absorbers. Figure 3 shows the macro-Raman spectra
measured with an excitation wavelength of 514.5 nm on the
surface of the absorbers from the same precursor composition
(Zn/Sn=1.24) and annealed at different temperatures (450°C,
500°C, and 550°C). Also shown is a spectrum of Cu2SnSe3
(CTSe) synthesized from a Sn/Cu stack selenized at 450°C
for comparative purposes. The spectra are characterized by
the presence of twomain peaks at 196 and 173 cm�1 identified
as the main peaks of CZTSe [20–22], as well as weaker
CZTSe characteristic peaks at about 233 and 244 cm�1.
Fitting of the spectra also shows a contribution at about

Figure 2. Cross sectional scanning electron microscopy micrographs for devices fabricated from precursor with Zn/Sn=1.24 and
selenized at 450°C (A), 500°C (B), and 550°C (C), and films annealed at 450°C with precursors with Zn/Sn=1.40 (D), 1.49 (E), and
1.73 (F). Grain size increases with temperature, but the back absorber region degrades. Conversely, grain size decreases with

increasing Zn-excess.

Secondary phase formation in Zn-rich Cu2ZnSnSe4-based solar cells A. Fairbrother et al.

Prog. Photovolt: Res. Appl. (2014) © 2014 John Wiley & Sons, Ltd.
DOI: 10.1002/pip



248–250 cm�1 that has been attributed to the main Raman
peak of ZnSe [12,15], As shown later, this has been confirmed
by Raman scattering measurements performed with 457.9 nm
excitation wavelength. Increasing the annealing temperature
leads to a slight red shift of the main CZTSe mode (from
196.2 to 195.3 cm�1) and to an increase of the full width at
half maximum (from 7.1 to 11.4 cm�1). Similarly, broad
CZTSe peaks are observed in [14] and are related to the
decomposition of CZTSe at high temperatures, though those
measurements were from samples prepared under a high
pressure thermal process. These features could additionally
be related to stress and/or disorder effects related to a higher
density of point or extended defects at the surface region of

the absorbers, or even the localized surface formation of CTSe
at this temperature. However, even if the possibility of
overlapping with CTSe peaks cannot be ruled out, we expect
the relatively Sn-poor conditions to limit the formation of this
phase. Changes in the surface Raman spectra due to composi-
tion at 450°C are less significant, and surface Raman spectra
with 514.5 nm excitation are very similar (not shown).
By using 457.9 nm excitation, significant differences

are observed in the samples in the surface region of the
absorbers, as shown in Figure 4. First (250 cm�1) and
second order (about 498 cm�1) peaks characteristic of ZnSe
are clearly detected on the surface of all samples (a reference
spectrum from a ZnSe sample (ABCR 99.995%) is also
shown). The strong increase in the intensity of the ZnSemain
peak at 250 cm�1 and the appearance of the second order
peak are due to the existence of pre-resonant excitation
conditions of these modes with the 457.9 nm wavelength
and permit a very sensitive detection of this secondary phase.
With increasing annealing temperature, the intensity of the
ZnSe peaks decreases (Figure 4(A)). This is attributed
initially to the diffusion of ZnSe towards the back absorber
region, promoted by the higher annealing temperature, as
evidenced later by EDX mapping measurements. The effect
of the annealing process on Zn-rich phase accumulation has
been noted in other works as well, such as [2] for the case of
CZTS. For samples annealed at the same temperature,
increasing the Zn-excess also leads to a decrease of the
amount of ZnSe detected on the surface (Figure 4(B)), except
for the sample grown with the highest Zn-excess in which
the amount of ZnSe is comparable with that from the sample
with lowest Zn-excess. This indicates that the amount of
excess Zn also affects the formation and accumulation of
ZnSe in the films, with higher excess promoting aggregation
towards the back absorber region. In the case of the sample
with the highest Zn-excess, the presence of ZnSe is expected
to be more uniform throughout the film due to the high
amount of Zn present (precursor Zn/Sn= 1.73) and lower
film thickness (Figure 2(F)). In principle, presence of ZnSe

Figure 3. Surface Raman spectra of CZTSe films using precursor
with Zn/Sn=1.24 and annealed at different temperatures; also
shown is a CTSe reference spectra for comparison (514.5 nm

excitation, macro-configuration).

Figure 4. Surface Raman spectra of CZTSe films varying temperature (A) and Zn/Sn ratio annealed at 450°C (B); also shown in (A) is a
reference spectrum of ZnSe (457.9 nm excitation, macro-configuration).
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(n-type conductivity) on the surface of the absorber may be
preferable because it could be removed more easily by a
suitable etching process or it may even improve the p–n
junction properties formed with the CdS layer. On the other
hand, accumulation in the back absorber region could lead to
the formation of an inverted p–n junction, with a subsequent
deterioration of the optoelectronic properties of the devices.
Micro-configuration Raman scattering measurements

directly performed in the back surface of the absorbers
after mechanical removal of the films from the Mo-coated
substrates confirm the presence of secondary phases in the
back absorber region. With 514.5 nm excitation wavelength
peaks characteristic of the SnSe phase are detected, as
shown in Figure 5(A), with several peaks present: 35, 69,
106, 129, and 150 cm�1. A reference spectrum of a SnSe
powder sample (Alfa Aesar 99.999%) is also shown for com-
parison. This phase was only detected in the back region of
samples with the lower Zn-excess values (Zn/Sn≤ 1.40)
and processed at lower temperatures (Tsel≤ 500°C). This
phase may be expected to form at the back region because
of the poor uniformity of the sputtered Sn precursor layer
as seen by AFM (Figure 1). In fact, the SnSe phase is only
detected in certain points of the back region as seen in spectra
taken at two distinct points shown in Figure 5(A), indicating
that it is non-uniformly distributed. Also, the fact that this
phase is not detected in samples with higher Zn-excess or
annealing temperatures suggests that Sn-rich secondary
phases are not readily formed under such conditions, or more
readily diffuse towards the surface and volatilize. Also with a
514.5 nm excitation wavelength, the Raman peaks character-
istic of MoSe2 are also detected in the spectra directly
measured on the substrate region from all the samples
(spectra not shown).

With 457.9 nm excitation ZnSe is detected in the back
absorber region of all samples (Figure 5(B)), and as with
SnSe, it is unevenly distributed. Because of the non-uniform
distribution of these phases, EDX elemental mapping mea-
surements were performed on the back absorber region using
low accelerating voltage (10 kV) to perform a relatively
superficial measurement, shown in Figure 6. Accumulations
of Sn are detected in samples with lower Zn-excess and
annealing temperatures (Figure 7(A)). This accumulation is
attributed to the presence of the SnSe phase, corresponding
with Raman scattering measurements (Figure 5). Addition-
ally, there are agglomerations of Zn in all samples. The loca-
tions of these agglomerations correspond with Raman
measurements in which significant quantities of ZnSe are
detected (Figure 5), thus excess Zn detected by EDX is
shown to form as part of the ZnSe phase. It is interesting to
note that the accumulation of Zn is found in regions in which
voids have been formed. With increasing annealing temper-
ature, the quantity of Zn in the back absorber region in-
creases notably (comparison between Figure 6(A) and (B)).
The same is also true to a lesser extent for the sample with
high Zn-excess (comparison between Figure 6(A) and (C)).
The average Zn concentration estimated from various EDX
mappings agrees with this tendency, with Cu/Zn ratios
compared with bulk measurements from X-ray fluorescence
spectroscopy indicating increased accumulation of Zn in the
back absorber region in samples with higher annealing
temperature and precursor Zn-excess. In conjunction with
Raman measurements of the surface with 457.9 nm excita-
tion, this provides significant evidence that both increasing
annealing temperature and precursor Zn-excess promote
Zn/ZnSe accumulation towards the back absorber region of
the CZTSe films, confirming the importance to develop

Figure 5. Raman spectra at different points of the back region of film with precursor Zn/Sn=1.24 and selenized at 450°C, showing the
non-uniform distribution of the SnSe (point 1, 2, and SnSe reference, 514.5 nm excitation) (A), and ZnSe phases (point 3 and 4, 457.9

nm excitation) (B).
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low temperature annealing processes or other means of
promoting accumulation of this phase on the surface rather
than back of the absorber. Another potential explanation
for the localized formation of ZnSe and SnSe in the back
absorber region may be due to the decomposition of
CZTSe to preferentially form MoSe2 [14,23]. While
Cu-Se phases are not detected, they may diffuse towards
to surface region and react with the Se+Sn atmosphere and
superficial ZnSe to form CZTSe, thus leading to a change

from front absorber ZnSe accumulation in preference of
back absorber region accumulation.
Finally, the AM1.5 illuminated J–V curve of the best

cell and the evolution of device efficiency, VOC and JSC
are shown as a function of precursor composition and
annealing temperature in Figures 7. From Figure 7(B), it
is clear that the highest efficiencies are typically obtained
at 450°C regardless of the precursor composition for this
low pressure thermal treatment (Eff. = 4.8%, VOC = 0.382

Figure 7. AM1.5 illuminated J–V curve of the best cell obtained in this work (A), and various cells properties as functions of precursor
composition and annealing temperature: efficiency (B), VOC (C), and JSC (D).

Figure 6. Energy-dispersive X-ray elemental mappings of the back of absorbers with precursor Zn/Sn=1.24 annealed at 450°C (A),
and 550°C (B), and sample with precursor Zn/Sn=1.73 annealed at 450°C (C). The mapped elements are Cu (red), Zn (green), and
Sn (blue), showing clear agglomerations of Zn and Sn in the back which, corresponding to Raman scattering measurements, are

attributed to the presence of the ZnSe and SnSe phases.
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V, JSC = 22.4mA/cm
2, FF= 55.9%). At higher and lower

selenization temperatures, the efficiency tends to decrease.
It is likely that selenization at 425°C does not allow suffi-
cient crystallization of the films, while higher annealing
temperatures lead to the deterioration of the back absorber
region, as indicated by SEM and Raman scattering mea-
surements. This means that working in such conditions,
the optimum annealing temperature is remarkably lower
than the optimum temperatures reported for processes at
typically higher pressure, commonly equal to or higher
than 500°C [4,5,13,14], that could be a clear advantage
of the process presented here. Comparing Figure 7(B),
(C), and (D), it is clear that the evolution of efficiency is
mainly controlled by the VOC, and not by JSC. We propose
that for higher Zn-excess and annealing temperatures the
accumulation of ZnSe (n-type conductivity) and formation
of voids at the back region of the absorber are the main
mechanisms responsible for limiting the VOC, as suggested
by Raman scattering, SEM, and EDX measurements.
Accumulation of ZnSe on the surface of the absorber does
not appear to be as detrimental as formation of these voids.
In contrast to VOC, the average JSC generally increases with
temperature, but is not clearly influenced by the precursor
composition. This suggests that the presence of ZnSe at
the surface absorber region is detrimental for the short
circuit current. This agrees with the behavior reported in
[2,11,24,25] for the pure selenium and sulfide systems,
where presence of superficial ZnS or ZnSe has been shown
to have a direct impact on JSC. On the other hand, the
presence of SnSe in the back absorber region does not
appear to be as detrimental to device properties as the
presence of ZnSe and voids, because this phase is observed
in samples with higher efficiencies.

4. CONCLUSIONS

CZTSe-based solar cells were prepared by a two-step process
including a low pressure thermal treatment and the impact of
the precursor composition, and annealing temperatures were
studied. Both parameters have a significant effect on the VOC
of the devices, thus in turn on the power conversion efficiency.
We have shown that ZnSe and SnSe are the main secondary
phases in this system, and also how process parameters affect
the accumulation of these phases. Increasing Zn-excess sup-
presses the formation of SnSe, but at the expense of increasing
ZnSe formation especially at the back absorber region, concur-
rent with a reduction of the ZnSe concentration detected at the
absorber surface region. Increasing annealing temperature
leads to the formation of voids in the back absorber region
due to the evaporation of SnSe formed from the poor unifor-
mity of the Sn precursor layer or decomposition of CZTSe
in contact with Mo, and promotes the diffusion of ZnSe to
the back absorber region even more strongly than increased
precursor Zn-excess. The best performing device had a power
conversion efficiency of 4.8% and was fabricated from a
precursor with compositional ratio of Zn/Sn=1.24 and reac-
tively annealed at the relatively low temperature of 450°C.

We propose that the accumulation of ZnSe and formation of
voids at the back absorber region mainly affects the VOC,
whereas accumulation on the surface appears to be detrimental
for JSC. Finally, low pressure and low temperature process
parameters prevent the formation of a thick MoSe2 interfacial
layer at the absorber/Mo back contact interface, avoiding
potential series resistance losses that can appear in devices
with absorbers synthesized following a two-stage process.
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Single-Step Sulfo-Selenization Method to Synthesize
Cu2ZnSn(SySe1�y)4 Absorbers from Metallic Stack
Precursors
Andrew Fairbrother,[a] Xavier Fontan�,[a] Victor Izquierdo-Roca,[a] Moises Espindola-
Rodriguez,[a] Simon L�pez-Marino,[a] Marcel Placidi,[a] Juan L�pez-Garc�a,[a] Alejandro P�rez-
Rodr�guez,[a, b] and Edgardo Saucedo*[a]

1. Introduction

The future mass deployment of thin-film photovoltaic technol-
ogies calls for the development of cost-effective processes
based on earth-abundant, low-cost, and low-toxicity materials
without significant reduction of the solar-cell efficiency. Of the
three main thin film technologies at industrial levels of produc-
tion, those based on Cu(In,Ga)Se2 (CIGS) absorbers have the
highest cell (>20%)[1] and module efficiency. However, the
scarcity of indium constitutes a potential limitation for future
mass deployment, and consequently, its replacement has led
to the investigation of materials with similar properties.
Among these materials, kesterite [Cu2ZnSn(S,Se)4, abbreviated
CZTSSe] is attracting strong interest because it is composed of
more earth-abundant elements, and has the potential to fulfill
the requirements of a thin-film absorber layer.[2–4] The similari-
ties between CZTSSe and CIGS indicate the potential of this
new material to become a reliable alternative in the near
future. Although very promising, the maximum conversion effi-
ciencies reported for devices based on these materials are still
far from those achieved with more mature CIGS technologies.

Further improvement of these efficiencies strongly depends on
a deeper understanding of the key parameters that limit the
efficiency of the devices in the whole range of S/(S+Se) com-
positional ratios, as well as the development of customized
synthesis routes adapted to the peculiarities of CZTSSe.

Currently, the highest efficiencies for kesterite-based devices
that have been reported consist of the mixed sulfur-selenide
compound with selenium-rich S/(S+Se) ratios, as illustrated in
Figure 1, where the relevant references are listed. To date, sev-
eral methods have been employed for the preparation of
CZTSSe pentenary films and devices, for example, co-evapora-
tion,[5] pulsed-laser deposition,[6] monograin molten-salt synthe-
sis,[7] nanocrystal coatings,[8] hybrid solution-particle coat-
ings,[2, 9] and so forth. In nearly all cases, a precursor containing
sulfur or selenium is submitted to a reactive annealing step
under an atmosphere containing the alternate chalcogenide el-
ement to form the desired pentenary compound. However,
little is reported on how to precisely tune the chalcogen com-
position, and therefore affect the bandgap of kesterite and
other sulfur-selenium multinary compounds, except in the syn-
thesis of bulk and powder compounds.[7,10,11] Deeper under-
standing of the influence of the different process parameters
on the incorporation of sulfur and selenium into the precursor
films is critical for the development of simple and reliable pro-
cesses allowing for precise control of the composition and
bandgap of the pentenary absorbers.

In this context, and in contrast to the typical method for fab-
rication of CZTSSe films, this work reports the preparation of
CZTSSe pentenary films from chalcogenide-free (metallic) pre-
cursors using a one-step sulfo-selenization process. This pro-
cess is of interest for a variety of metallic-film deposition meth-

Pentenary Cu2ZnSn(SySe1�y)4 (kesterite) photovoltaic absorbers
are synthesized by a one-step annealing process from copper-
poor and zinc-rich precursor metallic stacks prepared by
direct-current magnetron sputtering deposition. Depending on
the chalcogen source—mixtures of sulfur and selenium pow-
ders, or selenium disulfide—as well as the annealing tempera-
ture and pressure, this simple methodology permits the tuning
of the absorber composition from sulfur-rich to selenium-rich

in one single annealing process. The impact of the thermal
treatment variables on chalcogenide incorporation is investi-
gated. The effect of the S/(S+Se) compositional ratio on the
structural and morphological properties of the as-grown films,
and the optoelectronic parameters of solar cells fabricated
using these absorber films is studied. Using this single-step
sulfo-selenization method, pentenary kesterite-based devices
with conversion efficiencies up to 4.4% are obtained.
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ods, many of them already used to prepare CZTS or CZTSe, in-
cluding DC (direct current)-magnetron sputtering deposi-
tion,[12,13] thermal and electron-beam evaporation,[27] electroless
and electrochemical deposition,[14,28] printing or coating of
metal-based slurries or particulates, and so forth. The method
proposed herein, even though applied to the particular case of
the formation of Cu2ZnSn(S1�ySey)4 pentenary films from metal-
lic precursors, can also be applied to other important photo-
voltaic semiconductor materials, such as CuIn(S1�ySey)2,
CuIn1�xGax(Se1�ySy)2, ZnS1�ySey, among others.

One potential method to prepare the pentenary compound
from metallic precursors is to submit the precursors to a two-
step thermal annealing, starting with a sulfurization step fol-
lowed by a selenization step, or vice versa. Although viable,
this approach complicates technology implementation due to
the necessity of two different thermal processes with different
characteristics, which would require different furnace setups.
This would consume a considerable amount of time and
energy by effectively doubling the total thermal processing
time. Thus, a single-step thermal treatment capable of intro-
ducing both sulfur and selenium is of interest. There are some
reports on single-step sulfo-selenization processes for Cu-
In,[29,30] and even for Cu-Zn-Sn precursors,[13,25] but little is
known on the effect of process parameters on chalcogen in-
corporation. Lechner et al. ,[13] for example, used a fixed thermal
treatment process giving a compositional ratio of S/(S+Se) of
~0.25, and focused their study on precursor composition varia-
tions. Momose et al.[25] demonstrated the ability of tuning the
S/(S+Se) ratio by varying the amount of each chalcogen
placed in vacuum-sealed ampoules. Under similar thermal
processing conditions, the devices produced varied broadly in
efficiency, indicating the need for different thermal processes
(temperature, pressure, and so forth) to form high-quality ab-
sorber materials of a given composition.

To better understand the sulfo-selenization process it is
useful to study sulfur and selenium in the vapor phase. Pure
and mixed sulfur and selenium have been studied extensively.
They have a complex structure involving numerous stable ring
configurations, most commonly based on eight-atom rings (i.e.
S8�ySey).

[31–36] Vapors of these chalcogens are mostly derived
from such eight-atom-based clusters in a complementary
manner (i.e. pairs of Sy

+ +S�8�y),
[33] with smaller clusters form-

ing at higher temperatures, and up to monatomic sulfur above
2200 8C.[32] Cluster formation varies significantly for sulfur-sele-
nium mixtures when compared to pure sulfur or selenium
vapors.[33–36] Vapors of sulfur-selenium mixtures have a tendency
to form smaller clusters at higher temperatures, with sulfur-
rich clusters inclined to form negatively charged ionic species,
whereas selenium-rich clusters are positively charged.[33] Also,
the vapor pressure of selenium is higher when mixed with
sulfur, even when compared to pure selenium vapors under
similar conditions.[35] The relation between various volatile spe-
cies will affect CZTSSe formation during annealing, as positive-
ly charged chalcogenide clusters can be expected to be more
reactive toward the metallic precursor. Additionally, the forma-
tion and stability of various compounds in the Cu-Zn-Sn-S-Se
material system have been calculated.[37] Under equilibrium
conditions sulfur binaries tend to have lower Gibbs free ener-
gies of formation. All these features confirm the complexity of
the processes involved in annealing in a sulfur- and selenium-
containing atmosphere to induce the formation of a sulfo-sele-
nized compound. In the first case, the formation of selenium-
rich Cu-Zn-Sn-S-Se compounds can be expected to be kineti-
cally favored due to the positively charged selenium-rich clus-
ters, which are more reactive. On the other hand, thermody-
namic equilibrium conditions would favor the formation of
sulfur-rich Cu-Zn-Sn-S-Se compounds due to a lower Gibbs
free energy of formation for pure sulfur phases. An additional
complication arises from the decomposition of CZTSSe,[37,38] as
SnS is more volatile than its selenium analogue, SnSe.

In this work, pentenary CZTSSe thin films are synthesized by
a one-step sulfo-selenization process, using Sn/Cu/Zn metallic
precursor stacks deposited by DC-magnetron sputtering. We
show the possibility of tuning the S/(S+Se) ratio to form
sulfur-rich CZTSSe films, down through a range of selenium-
rich films. Structural analysis by Raman scattering spectroscopy,
morphological analysis by scanning electron microscopy (SEM),
and photoluminescence measurements (PL) of the films are
presented. The influence of annealing variables (chalcogenide
source, total system pressure, and temperature) on sulfur and
selenium incorporation in the films is studied. Solar-cell devices
are prepared and characterized with the different absorbers,
from which moderate efficiencies in the whole S/(S+Se) ratio
range are obtained, including a maximum efficiency of 4.4%.
The results obtained corroborate the potential of the proposed
methodology for the development of a simple and reliable
thermal process enabling deposition technologies based on
metallic precursors to form pentenary CZTSSe-based solar cells
of superior efficiency, which to date has been mostly limited to
chalcogen-containing precursors.

Figure 1. Efficiency versus estimated S/(S+Se) ratio from various devices re-
ported in the literature. [*] refers to devices presented in this work. For refer-
ences in which this value is not reported, S/(S+Se) content ratio was esti-
mated from reported bandgaps,[10] assuming the commonly reported
bandgap values of 1.0 eV for CZTSe and 1.5 eV for CZTS.
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2. Results and Discussion

Cu2ZnSn(SySe1-y)4 films were formed by a single-step sulfo-sele-
nization process in a wide range of compositions, as shown in
the schematic representation of the Raman spectra for ten dif-
ferent samples as a function of the S/(S+Se) ratio (Figure 2A),
which includes nearly selenium-pure to nearly sulfur-pure
films. Figure 2B shows the Raman spectra from selected sam-
ples, including both pure selenide and pure sulfide com-
pounds (bottom and top spectra, respectively). The Raman
spectrum from a pure sulfide CZTS film presents a dominant
peak at ~337 cm�1, whereas that from a pure selenide CZTSe
film is found at ~194 cm�1, both peaks corresponding to the
main A-symmetry vibrational mode of the kesterite struc-
ture.[39,40] The Raman spectrum of the pentenary compound is
characterized by the presence of a CZTS- and CZTSe-like
peaks.[7] The changing composition of the films is reflected in
the variation of the frequency of the CZTSe-like peak, which in-
creases significantly with the S/(S+Se) relative content, where-
as the relative peak intensity decreases. In contrast, the fre-
quency of the CZTS-like peak shows a much smaller depend-
ence on the S/(S+Se) content ratio. This peak is shifted only
slightly in the spectral region from 337–331 cm�1, even for se-
lenium-rich films. On the other hand, the full width at half
maximum (FWHM) increases significantly, from 6.6 to 17.2 cm�1

across the same range of sample compositions. This agrees
with the behavior previously reported by Grossberg et al. ,[7]

and is similar to the evolution of Se�Se- and S�S-like vibration-
al modes from the structurally similar chalcopyrite CuIn(S,Se)2
quaternary system.[41] Raman scattering is a superficial mea-
surement (less than 100 nm penetration depth in CZTS for
a 514 nm excitation), therefore, it is important to note that
there is no evidence of grading in the S/(S+Se) ratio through-
out the film thickness, as confirmed by secondary-ion mass
spectroscopy measurements (not shown). The estimated com-
positions shown in Figure 2 were derived from external quan-
tum efficiency (EQE) measurements presented in Figure 3A.

Incorporation of selenium and sulfur is affected in various
orders of significance by each of the three process parameters :
1) chalcogen source, 2) total system pressure, and 3) annealing
temperature. The most significant factor is the chalcogen
source (1). Sulfur-rich S+Se mixtures and SeS2 sources favor
the formation of sulfur-rich films. This might be expected,[25]

however, the amount of sulfur or selenium incorporated into
the films may not readily be determined by the chalcogen
source, as the vapor-phase behavior of S+Se mixtures varies
from that of pure sulfur or selenium.[33–36] The second thermal
treatment factor, apparently of lesser significance, is the total
system pressure (2), in which higher pressures give rise to films
richer in sulfur. Sulfur in the vapor phase is more likely to asso-
ciate in small clusters,[33,34] which have higher vapor pressures
than selenium and selenium-rich clusters. This means that
more sulfur is lost than selenium in the low-pressure thermal
processes. In fact, low-pressure thermal treatments with sulfur-
rich chalcogen sources produce films that are still partially
metallic, another indication of the higher volatility of sulfur-
rich clusters. The least significant factor studied is the anneal-
ing temperature (3). Higher temperatures incorporate preferen-
tially selenium into the films. This can be related to the in-
creased volatility of selenium-rich clusters at higher tempera-
tures, as well as the formation of smaller positively charged se-
lenium-rich clusters, which may be more reactive. In summary,
we can conclude that a selenium-rich chalcogen source, lower
system pressure, and higher annealing temperatures favor the
formation of more selenium-rich CZTSSe films, whereas sulfur-
rich chalcogen sources, higher system pressure, and lower an-
nealing temperatures favor the formation of more sulfur-rich
films.

Photoluminescence and spectral response (EQE) measure-
ments of some of the prepared films are shown in Figure 3,
spanning the range of compositions shown in Figure 2. Re-
gardless of the precursor composition and multiple process
runs, each specific process resulted in films of a particular
bandgap (�20 meV), indicating the reproducibility of achiev-

Figure 2. Multi-sample schematic color-code representation of the Raman spectra of ten different samples showing the whole range composition from sulfur-
pure to selenium-pure compounds (A), and selected spectra of four samples (B). The sulfur content was estimated using the bandgaps estimated in Fig-
ure 3A from external quantum efficiency measurements.
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ing a particular S/(S+Se) composition using this method. The
EQE measurements (Figure 3A) can be used to perform
a rough estimation of the absorber bandgap and thus deter-
mine the S/(S+Se) ratio.[10] These measurements corroborate
the possibility of wide-range tuning of the CZTSSe-film band-

gap, from 1.00 eV (CZTSe) to 1.46 eV (CZTS), obtaining peak
EQE values for most samples between 50–80% in the 600–
800 nm wavelength region. Room temperature PL measure-
ments (Figure 3B) show a broad luminescence band that shifts
toward higher energies as the S/(S+Se) relative content in-
creases. As shown in Figure 3C, the energy of the maximum
PL signal correlates linearly with the bandgap estimated from
EQE measurements. However, this plot shows a slope lower
than one. For selenium-rich films, the energy of the PL peak is
close to the bandgap of the absorber, whereas increasing the
S/(S+Se) relative content leads to a decrease of the energy of
the PL peak in relation to that of the bandgap. Although the
origin of the peaks observed in the PL measurements is not
elucidated in this study, we suggest that the PL band from
sulfur-rich films is related to donor–acceptor pair transitions
from defects rather than band-to-band or band-to-defect radia-
tive recombinations. The fact that the EQE bandgap estimation
and PL energy are closely matched for CZTSe and selenium-
rich CZTSSe suggests that the shallow defect levels are much
closer to the valence and conduction bands for these films.
This could be a confirmation of the noticeable differences be-
tween the band structure of selenium-rich and sulfur-rich ab-
sorbers.[7] This effect is also noticed in the EQE measurements,
because the peak-charge collection region is much flatter for
CZTSe compared to CZTS. This may explain why the open-cir-
cuit voltage (VOC) of sulfur-rich CZTSSe-based devices is much
lower than the expected value from the bandgap of the films
(the so-called VOC deficit), especially when compared with sele-
nium-rich CZTSSe-based devices, as explained in more detail in
the discussion of the device properties.

The morphology of the devices fabricated from the CZTSSe
films is shown in the cross-sectional SEM micrographs in
Figure 4. All films are approximately 2.5 mm thick, and a thin
layer of Mo(S,Se)2 forms at the Mo back contact, barely dis-
cernible from the SEM micrographs. These images show that
the grain size of the pure selenide compound (Figure 4A) is
typically smaller than that of the pure sulfide one (Figure 4F),
whereas the pentenary compounds exhibit even larger grain
sizes, up to 2 mm (Figure 4B–E, in order of increasing sulfur
content). Note that annealing pressure and temperature for
the pure-sulfide and pure-selenide films are different, 550 8C
and 450 8C, respectively, which may be responsible for the
larger grain size in pure sulfide films. Interestingly, when com-
pared with the quaternary films, the sulfo-selenide films have
larger grain sizes, even for similar annealing temperatures and
pressures. According to these results, annealing atmospheres
with mixed-chalcogen sources (S+Se or SeS2) enhance grain
growth when compared to pure sulfur or selenium atmos-
pheres under the same conditions used herein. This could be
related to the higher reactivity of S+Se vapor mixtures com-
pared to the pure vapors. In addition, annealing temperature
and pressure also affect the grain size. Figure 4B, C shows
films annealed with 40 mg Se+10 mg S, at 550 8C, 1 bar Ar,
and 450 8C and 1 mbar Ar flow, respectively. In this case, the
grain size is larger at lower temperature and annealing pres-
sure, an unexpected result. This feature is potentially related to
the increased volatility of the S+Se mixture at higher temper-

Figure 3. External quantum efficiency of CZTSSe-based devices and corre-
sponding estimated bandgaps (A), room temperature photoluminescence
spectra of films with varying S/(S+Se) content (B), and correlation between
peak PL energy and bandgap (C). The dashed line shows the 1:1 correlation.
Discontinuities (i.e. 0.9 and 1.1 eV) in the PL spectra are due to water ab-
sorption from the air.
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atures, which is not compensated by the total pressure of
the system. It may also be related to the decomposition of
the CZTSSe phase at these temperatures, which is due to tin
loss at the surface of the films and reaction with the molyb-
denum back-contact, as observed in pure CZTS films,[37,38]

which may inhibit grain growth. Figure 4D, E shows films an-
nealed with 10 mg SeS2 at 550 8C, at 1 mbar and 1 bar Ar
pressure, respectively. In this case—a more sulfur-rich chalc-
ogen source than the previous example—it appears that
higher system pressure enhances grain growth for these
films.

The maximum conversion efficiency as a function of the
estimated bandgap and composition of the absorbers is
listed in Table 1, with best-performing pentenary-device effi-
ciencies of 4.4, 4.4, and 4.0%, obtained for S/(S+Se) ratios of
0.09, 0.28, and 0.74, respectively. Also listed are the anneal-
ing conditions used for each composition. The highest effi-
ciencies were obtained for the pure sulfide and selenide
compounds, in contrast to chemical-based routes reporting
higher efficiencies for pentenary compounds.[2,9] This implies
that further improvement on the sulfo-selenization process
may increase device efficiency considerably. Various devices
above 3% efficiency were produced, both with sulfur- and
selenium-rich compositions. Samples prepared from precur-
sors with the lowest Zn-excess (Zn/Sn=1.24), exhibited
higher device performance than those with higher precursor
Zn-excess. There is a notable drop in device efficiency for
films with bandgaps of ~1.2–1.3 eV, which does not necessa-
rily indicate an intrinsic deficiency of middle-bandgap
CZTSSe films (see for example the numerous higher efficien-
cy devices in this range in Figure 1), but rather a need to opti-
mize the thermal treatment parameters for this range of film
compositions. When comparing grain sizes in the SEM micro-
graphs, some films with smaller grains show higher efficiency
than large-grain films. While one might expect higher efficien-
cy for films with larger grains, there are additional factors af-
fecting it, including passivation at the grain boundaries, inter-
faces with back and front contacts, and so forth. Thus, a direct

correlation between grain size and efficiency may not be ap-
propriate. It is interesting to note that sulfur-rich films (40 mg
S+10 mg Se, 550 8C, 1 bar Ar) show a notably lower efficiency
compared to the pure sulfide compounds prepared under sim-
ilar conditions (50 mg S, 550 8C, 1 bar Ar). This may be due to
the addition of a small amount of selenium, which decreases
significantly the abundance of positively charged sulfur-rich
clusters in the annealing atmosphere; this could slow down
the formation reaction and lead to worsened film properties.

Figure 4. Cross sectional SEM images of kesterite films: pure selenide compound (A), sulfo-selenides with increasing S/(S+Se) ratios: 0.26 (B), 0.39 (C), 0.63 (D),
and 0.74 (E), and pure sulfur compound (F). These samples were prepared from the same precursors with a composition of Zn/Sn=1.24.

Table 1. Best cell efficiencies listed by chalcogen source.

Chalcogen
source[a]

Bandgap
[eV]

S/(S+Se) Best cell
efficiency [%]

Annealing
temp. [8C]

System
pressure [bar]

50 mg Se
1.00 0.00 4.8[24] 450 0.001

40 mg Se
+10 mg S

1.04 0.09 4.4 550 0.001
1.05 0.11 3.3 550 0.001
1.11 0.24 3.0 550 1
1.12 0.26 3.6 550 1
1.13 0.28 4.4 550 1
1.18 0.39 0.1 450 0.001

10 mg
SeS2

1.28 0.61 0.2 450 0.001
1.29 0.63 0.7 550 0.001
1.32 0.70 2.9 550 0.001
1.33 0.72 1.6 550 1
1.34 0.74 4.0 550 1
1.34 0.74 3.4 550 1
1.37 0.80 2.0 500 1

10 mg Se
+40 mg S

1.43 0.93 0.9 550 1
50 mg S

1.46 1.00 5.5[23] 550 1
1.46 1.00 5.2[12] 550 1

[a] Repeated thermal treatments were done with different precursor films of
varying composition in order to test the reproducibility of each process.
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Additionally, low-pressure processes, with the exception of
those for devices made from pure and selenium-rich films, pro-
duced shunted (i.e. still partially metallic films) or low-efficiency
devices (<1%). These results indicate a need for optimization
of the sulfo-selenization process to improve device perfor-
mance for a desired S/(S+Se) composition.

While device efficiency did not show any apparent depend-
ence on composition, other optoelectronic properties did
(Figure 5). As expected, the values for VOC show a positive
linear dependence (Figure 5A) on the absorber bandgap, and

are comparable to some of the best results reported so far in
the literature.[2–4] On the other hand, short-circuit current densi-
ty (JSC) shows a negative linear dependence on the bandgap
(Figure 5A).

When comparing relative changes for VOC and JSC [DVOC/
VOC(max) and DJSC/JSC(max)] , the change for VOC (~0.35) is smaller
than for JSC (~0.58). This could be related to the observed dis-
crepancy of the estimated bandgap by EQE and PL, as shown
in Figure 3C. For the sulfur-rich absorbers, VOC is much lower
than expected, suggesting that for these materials recombina-
tion at the bulk phase plays a more important role in the limi-
tation of the devices efficiency than in selenium-rich devices.
The series and shunt resistances are shown in Figure 5B; while
these trends are less evident for VOC and JSC, both values in-
crease with increasing bandgap. In summary, all of these re-
sults corroborate the possibility to tune the S/(S+Se) ratio and
in consequence the bandgap of CZTSSe absorber-films with
this simple sulfo-selenization approach. This opens the possi-
bility to have a simpler route to synthesize pentenary films
with a desired composition, starting from metallic precursors.

3. Conclusions

This work demonstrates the possibility of obtaining device-
grade CZTSSe films of a wide range of S/(S+Se) compositions
using a single-step sulfo-selenization annealing process of
sputter-deposited metallic precursors. Such a single-step pro-
cedure does not necessitate incorporation of sulfur or seleni-
um into the precursor prior to annealing, as usually done to
obtain pentenary films, and as such is aptly suited for a wider
variety of techniques used to prepare metallic thin films. Chalc-
ogen source, pressure, and annealing temperature affect the
incorporation of sulfur and selenium in order of decreasing ef-
fectiveness. Sources richer in one chalcogen favor its incorpo-
ration into the final film, whereas lower system pressures and
higher annealing temperatures lead to preferential incorpora-
tion of selenium. Structural and morphological characterization
of the films confirm the high-crystalline quality of the films,
and suggest that further progress in the conversion efficiency
(4.4%) depends on the improvement of the annealing process,
which varies depending on the desired composition.

Experimental Section

Sn/Cu/Zn metallic-stack precursors were deposited by DC-magnet-
ron sputtering (Ac450 Alliance Concepts) using four-inch diameter,
99.99% purity targets, onto 10�10 cm2 Molybdenum-coated soda-
lime glass (800 nm thickness, R&=0.18W/&). The conditions for the
deposition of each metal were: tin (power density: 0.64 Wcm�2,
argon gas pressure: 0.001 mbar), copper (1.27 Wcm�2, 0.001 mbar),
and zinc (1.27 Wcm�2, 0.001 mbar). In all cases the substrate was
rotated at 10 rpm unheated, though some heating may occur as
a result of the deposition process. Thickness and composition of
the stacks was determined by X-ray fluorescence spectroscopy
(XRF, Fisherscope XVD), which was previously calibrated with meas-
urements by inductively-coupled plasma-optical emission spectro-
scopy (ICP-OES). Precursor films were approximately 800–840 nm
thick, with composition ratios of Cu/(Zn+Sn)=0.77–0.87 and Zn/
Sn=1.24–1.49.

For pure sulfide and selenide samples, metallic precursors (2�
2 cm2 in area) were annealed reactively in a tubular furnace with
the capability of functioning under vacuum (10�4 mbar) or an inert
gas atmosphere (Ar). In this step the samples and chalcogen
source were placed directly next to each other in a graphite box
with an interior volume of 23.5 cm3. The box serves as a semi-
closed system to partially protect and maintain the chalcogen-con-
taining atmosphere during annealing, though overpressure eventu-
ally equilibrates with the atmosphere of the tube outside of the
box. Standard quaternary CZTS absorbers were produced by reac-
tive annealing under a sulfur atmosphere at 550 8C during 30 min
in a 1 bar argon atmosphere, using two crucibles, one with 50 mg
of sulfur powder (Alfa Aesar, 99.995%) and the other with 5 mg of
tin powder (Alfa-Aesar, 99.999%). Addition of elemental tin in the
annealing process has been shown to suppress its loss from the
films during annealing, and significantly improved device proper-
ties.[38] The standard CZTSe absorbers were produced by reactive
annealing under a selenium atmosphere at 450 8C during 45 min,
under a flow of argon to maintain a pressure of 1 mbar, and also
with two crucibles, one containing 50 mg of selenium powder
(Alfa Aesar, 99.999%) and the other with 5 mg of tin powder. The
heating ramp for all thermal treatments was 20 8Cmin�1, and the

Figure 5. Device properties versus estimated absorber bandgap: A) open cir-
cuit voltage (VOC, *) and short-circuit current density (JSC, &) and B) series re-
sistance (^) and shunt resistance (~).
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cooling was allowed to proceed naturally, requiring approximately
2–3 h.

To form pentenary CZTSSe films a single-step sulfo-selenization an-
nealing was used. The process is similar to that used for pure CZTS
or CZTSe films, varying the reactive annealing element with pow-
ders of either a mixture of sulfur and selenium (S+Se), or selenium
disulfide (SeS2). For S+Se powder mixtures two compositions were
used: sulfur-rich (10 mg Se powder +40 mg S powder), and seleni-
um-rich (40 mg Se powder +10 mg S powder). SeS2 (Alfa Aesar,
97%) was also investigated as a chalcogen source for reactive an-
nealing, with 10 mg of powder used. In all cases 5 mg of tin
powder were placed in a second crucible in the graphite box. An-
nealing temperature and pressure were varied within the range
used for standard CZTS and CZTSe films, from 450 8C to 550 8C,
and at a pressure from 1 mbar to 1 bar of argon, with an annealing
time of 30 min.

Samples were characterized for structural (Raman, 514 nm excita-
tion, T64000 Horiba-Jobin Yvon, 100 mm spot diameter), cross-sec-
tion morphological (SEM, Zeiss Series Auriga field emission scan-
ning electron microscope), and photoluminescent (PL) properties
(785 nm excitation, Horiba-Jobin Yvon iHR310 spectrometer,
100 mm spot diameter). Solar-cell devices were fabricated first by
etching each film in a solution of HCl 5% v/v at 75 8C for 300 s
(motivation and details of this etching process can be found in
ref. [12]), then by depositing CdS (60 nm) by chemical bath deposi-
tion, followed by pulsed DC-magnetron sputtering deposition of
i-ZnO (50 nm) and ZnO:Al (450 nm, R&=19.0W/&). For the optoe-
lectronic characterization, 3�3 mm2 cells were scribed, and the illu-
minated J–V curves were obtained using an ABET Technologies
Sun 3000 Class AAA solar simulator. The external quantum efficien-
cy (EQE) of the devices was also measured and compared with the
absorber composition and the device optoelectronic properties
(Bentham PVE300).
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ABSTRACT: Improvement of the efficiency of
Cu2ZnSnS4 (CZTS)-based solar cells requires the develop-
ment of specific procedures to remove or avoid the
formation of detrimental secondary phases. The presence
of these phases is favored by the Zn-rich and Cu-poor
conditions that are required to obtain device-grade layers.
We have developed a selective chemical etching process
based on the use of hydrochloric acid solutions to remove
Zn-rich secondary phases from the CZTS film surface,
which are partly responsible for the deterioration of the
series resistance of the cells and, as a consequence, the
conversion efficiency. Using this approach, we have
obtained CZTS-based devices with 5.2% efficiency,
which is nearly twice that of the devices we have prepared
without this etching process.

Two years ago, with the challenging demonstration of a
9.7% efficiency Cu2ZnSn(S,Se)4 (CZTSSe)-based solar

cell,1 interest in these materials began to increase rapidly.
CZTSSe, also commonly referred to as kesterites because of
their crystal structure, are currently the most promising
materials to replace Cu(In,Ga)(S,Se)2 (CIGS) absorbers in
photovoltaic devices in the mid- to long-term, anticipating
potential limitations for mass production of CIGS-based
technologies in the coming years due to the scarcity of In
and Ga.2,3 Kesterites have the advantage that they are formed
by abundant or cheap and low-toxicity elements, with a direct
band gap tunable between 1.0 and 1.5 eV (from pure Se to pure
S compounds). In addition, they exhibit p-type conductivity
and have a high light absorption coefficient, up to 1 order of
magnitude higher than for CIGS, suggesting that devices with
reduced thickness could function efficiently.4 Even though the
current highest efficiency values have been obtained for films
with a significant Se content,1,5 targeting a Se-free Cu2ZnSnS4
(CZTS)-based device is still interesting because of the lower
cost of S and the lower toxicity of sulfide-related compounds
compared to selenide ones. This gives motivation for the
further development and optimization of CZTS-based tech-
nologies using processes compatible with scale-up to industrial
and mass production levels.

Despite the promising qualities of CZTS, the maturity of
kesterite-based technologies is still low, and, aside from their
intrinsic peculiarities, most of the processes required to obtain
the current highest efficiency devices are identical to previous
CIGS technology.1,6,7 One of the most interesting results in
kesterite research is that the best efficiencies have been
obtained using absorbers synthesized by means of liquid-
phase methods, as opposed to the vapor-phase methods that
are required for the highest efficiency CIGS devices.1,8 A
significant amount of work has been carried out to understand
the physical mechanisms limiting the efficiency of CZTS solar
cells fabricated using vapor-phase methods, and it has been
established that Sn loss at temperatures >400 °C is one of the
main limiting features during processes involving high temper-
atures.7 A remarkable increase in the conversion efficiency was
reported when samples were thermally treated in a Sn-
containing atmosphere. As additional evidence, the decom-
position of CZTS has been clearly observed when samples were
heated at 560 °C in vacuum during 6 h, confirming the loss of
Sn under Sn- and S-deficient atmospheric conditions.7

Almost all CZTS solar cells that exhibit efficiency >3% have
been prepared under Cu-poor and Zn-rich conditions.1,5,7−10

The most common compositional ranges are Cu/(Zn+Sn)
ratio between 0.80 and 0.95 and Zn/Sn ratio between 1.10 and
1.25.1,5,7−10 These ratios prevent the formation of low band gap
ternary phases (with Cu−Sn−S, for example Cu2SnS3) which
are favored in Cu-rich conditions and are considered
responsible in large part for the low VOC of devices prepared
in such conditions. Due to the Zn excess in the best devices,
Zn-rich secondary phases are expected, and in fact the presence
of ZnS(Se) phases in CZTS(Se) films has been confirmed by
Raman spectroscopy measurements.11,12 However, to date no
specific procedures have been adopted for the selective removal
of these phases, and the classical KCN-based etching for the
selective removal of Cu-rich phases such as CuxSy and
CuxSey,

13,14 initially developed for CIGS technologies, is still
widely used in published works about CZTS.1,6,7 In our
experience, the solubility of ZnS in KCN solutions (up to KCN
10% m/v) is practically negligible.
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Some alternative etching procedures have been explored, but
with limited improvement in device properties reported. One
notable exception is the H2O etching used by Katagiri to
remove superficial oxide phases, leading to an improvement in
efficiency from 5.74% to 6.77%.10 Timmo and Mellikov used
Br-MeOH, NH4OH, and HCl as etchants on CZTS
monograins with Zn-poor surfaces,15,16 and Maeda used HCl
on films prior to CdS deposition but did not discuss its purpose
or effects.17 The effectiveness of HCl at removing Zn-rich
phases has been evidenced indirectly in some works but not
explored in detail. For example, Platzer-Björkman and Scragg
showed compositional depth profiles with Zn-poor surface
regions in cells that were etched short times with HCl to
remove the window layer for analysis,9,18 and Lauermann noted
the solubility of ZnS in HCl at room temperature but with etch
times of several hours.19

In this Communication, we present an alternative chemical
etching procedure based on hydrochloric acid solutions that has
been developed for the selective removal of Zn-rich secondary
phases, and we show its effectiveness in improving solar cell
conversion efficiency. With this aim, we have prepared Zn-rich
and Cu-poor CZTS-based solar cells by a two-stage process,
involving the deposition of Sn/Cu/Zn metallic stacks by means
of DC-magnetron sputtering onto Mo-coated soda-lime glass
substrates, followed by reactive annealing under a sulfur- and
tin-containing atmosphere. The composition ratios of the
precursor stack as measured by X-ray fluorescence spectroscopy
(XRF) are Cu/(Zn+Sn) = 0.73 and Zn/Sn = 1.27, while the
sulfurized samples before etching have ratios of Cu/(Zn+Sn) =
0.80 and Zn/Sn = 1.55, the difference being due to Sn loss
during annealing. The composition ratios after 300 s of etching
in HCl (5% v/v, 75 °C) are Cu/(Zn+Sn) = 1.00 and Zn/Sn =
1.15. The effects of HCl concentration and etch time are
described in more detail in the Supporting Information (SI).
After etching of the absorbers, glass/Mo/CZTS/CdS/

ZnO(i)/ZnO(Al) cells were produced by chemical bath
deposition of the CdS buffer layer, followed by two-stage
sputtering deposition of the ZnO layers (see the SI for
experimental details).
Figure 1 shows the Raman spectra measured with 325 nm

(UV) excitation wavelength (blue spectra) and 514 nm
excitation wavelength (red spectra) from the as-grown sample
(curves labeled (a)) and from the samples etched with the HCl

solution (curves labeled (b) and (c)). The spectrum measured
from the as-grown sample with the UV excitation wavelength is
dominated by three intense peaks at 348, 696, and 1044 cm−1,
which are identified as the first-, second-, and third-order peaks
characteristic of the ZnS phase.11 The high intensity of these
peaks is due to the existence of a quasi-resonant excitation of
the ZnS vibrational modes at these excitation conditions, in
which Raman spectroscopy becomes extremely sensitive in the
detection of even small quantities of ZnS in the sample.11 This
spectrum also shows a contribution at 338 cm−1 (appearing as a
shoulder at the low-frequency side of the dominant first-order
ZnS peak) and a weaker peak at 287 cm−1 which correspond to
the main A1 modes characteristic of the CZTS phase.
After chemical etching with a solution of HCl (5% v/v, 75

°C, 90 s), the intensity of the ZnS Raman peaks is drastically
reduced (Figure 1, blue spectrum (b)), and for longer etching
times (300 s, Figure 1, blue spectrum (c)) the ZnS Raman
peaks are reduced even more. In contrast, under equivalent
measurement conditions, the Raman peaks corresponding to
CZTS remain unaffected, in both their intensity and spectral
features (frequency, width). This suggests that the proposed
chemical etching does not significantly affect the kesterite
surface. To confirm this, the same analysis was made using a
514 nm excitation wavelength, which is well suited for analysis
of the dominant kesterite phase (see red spectra in Figure 1).
No significant changes in the spectra from the different samples
are observed, confirming that the proposed etching procedure
does not significantly affect the CZTS surface. It is important to
remark that sample etched by the classical KCN route (aqueous
solution 10% m/v, 25 °C, 120 s) does not show any significant
difference in the Raman spectra measured with both excitation
wavelengths in comparison with the as-grown sample,
confirming the ineffectiveness of this procedure to eliminate
the ZnS secondary phase.
This agrees with the measurements that we performed on the

solubility of 20 mg of some potential secondary phases of the
system both in 20 mL of a KCN solution (aqueous solution
10% m/v, 25 °C, 120 s) and in an HCl solution (aqueous
solution 5% v/v, 75 °C, 300 s). For the KCN etching we
obtained the following results: CuS, completely soluble; ZnS,
insoluble; and SnS, insoluble. For the HCl etching we obtained
the following results: CuS, insoluble; ZnS, completely soluble;
and SnS, slightly soluble. This chemical approach supports the
high selectivity of our proposed etching process for the ZnS
binary phase. It is important to note that the solubility of Sn-
rich phases in HCl is noted by Timmo, Mellikov, and Li in
CZTS,15,16,20 but the presence of SnS in Zn-rich films tends to
be related to peculiarities of that specific system, i.e., a Sn-rich
surface or localized SnS phase formation due to Sn layer
nonuniformity. In fact, by using inductively coupled plasma
mass spectroscopy (ICP-OES), we estimate that the solubility
of ZnS is ∼2 orders of magnitude greater under similar
dissolution conditions than that of SnS (see SI for more
details). Also, we analyzed the supernate after the etching
marked as (c) in the Figure 1, obtaining the following
composition results: [Zn], 0.4 ppm; [Cu] and [Sn], not
detected. This compositional analysis supports the observed
insolubility and low solubility of CuS and SnS in HCl
respectively.
The distribution of the ZnS secondary phase on the surface

of the samples and its dependence on the etching processes
have also been investigated by Raman scattering mapping
measurements performed under UV excitation conditions.

Figure 1. Raman spectra taken for the as-grown sample (a), sample
etched with a solution of HCl (5% v/v) at 75 °C for 90 s (b), and
sample etched with HCl solution (5% v/v) at 75 °C for 300 s (c).
Excitation wavelengths: 325 nm (blue spectra), 514 nm (red spectra).
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Figure 2A shows an optical image on the surface of the as-
grown sample, where dark areas correspond to ZnS-rich regions

and white areas to CZTS-rich regions. The UV Raman
mapping in Figure 2B shows in a color code the ratio between
the intensity of the main ZnS Raman peak at 348 cm−1 and that
of the main A1 CZTS mode at 338 cm−1, with red areas
corresponding to regions with high ZnS content and violet
areas corresponding to regions with low ZnS content. This
Raman mapping correlates strongly with the optical image,
showing the nonuniform distribution of ZnS on the surface,
similar to the distribution of CuxS in CIGS.14 After the etching
process with an HCl-based solution, a drastic reduction of the
black areas in the optical image is clearly seen, as well as
corresponding changes in the UV Raman mapping. The ZnS
phase is practically eliminated from the entire sample surface,
with only residual quantities of ZnS found in certain places.
This is a very important result, because for the first time we
shown unambiguously the effectiveness of this selective etching
for the elimination of ZnS.
An additional proof of concept for the presented chemical

etching process is reflected in its effect on the optoelectronic
parameters of the cells made with the different absorbers.
Figure 3 shows the illuminated J−V characteristics of the solar
cells prepared with three different absorber layers: the as-grown
layer, that obtained after the classical KCN etching, and that
obtained after our novel HCl-based etching. Comparing the
optoelectronic parameters, the classical KCN etching gives
limited improvement to the results obtained from the unetched
(as-grown) sample. The conversion efficiency is improved
slightly, from 2.7% to 3.3%, as presented in the table shown in
Figure 3. In contrast, the largest improvement on the
optoelectronic parameters is achieved when the HCl-based
etch is applied to the samples, giving solar cells with 5.2%
conversion efficiency. This improvement is clearly seen over

various samples, where the following average efficiencies were
obtained: HCl treated, 9 samples, Eff. = 4.9 ± 0.3%; KCN
treated, 6 samples, Eff. = 2.8 ± 0.5; and as grown, 6 samples,
Eff. = 2.4 ± 0.3. As is clearly observed in Figure 3 and the
corresponding table, this improvement is mainly related to
those of the short-circuit current and the series resistance.
These changes are directly related to the significant reduction
of the content of the ZnS phase on the CZTS surface. The
presence of this phase leads mainly to a degradation (increase)
of the series resistance of the devices because of its high band
gap, as has been previously suggested.9

The effectiveness of this etching process for Zn-rich phases
(ZnSe) in CZTSe has not been studied as extensively as for the
case of ZnS in CZTS. However, we have preliminary results to
show that there is some reduction of the Zn and ZnSe signals as
measured by XRF and Raman spectroscopy, albeit not as
drastically as for ZnS. After etching in HCl (10% v/v, 75 °C,
600 s), the composition ratio Zn/Sn as measured by XRF
changes from 1.53 to 1.34, and the intensity of the main ZnSe
mode reduces ∼12% (see SI). Further optimization of the
etching process, i.e., with different mineral acids, concentration,
temperature, and etch time, may prove it to be ideal for
CZTSSe films of varied S−Se content.
In summary, our preliminary results show the effectiveness of

the proposed HCl-based etch for the selective removal of
superficial Zn-rich secondary phases. This etching process has a
significant impact on the optoelectronic parameters of the solar
cells, markedly influencing the Jsc and Rs parameters and,
consequently, the conversion efficiency of the devices. This
opens the possibility for a customized process for CZTS
technologies that is more environmentally friendly and
considerably less toxic than the classical KCN etch. These
results can be considered very important for the future
industrial implementation of this low-cost technology.

■ ASSOCIATED CONTENT

*S Supporting Information
Experimental methods and characterization techniques. This
material is available free of charge via the Internet at http://
pubs.acs.org.

Figure 2. Optical image of the as-grown sample (A) and UV Raman
mapping in the same area, representing the ratio between the intensity
of the main ZnS Raman mode at 348 cm−1 and that of the main CZTS
A1 mode at 338 cm−1 (B). Optical image of the sample etched with
the solution of HCl (5% v/v, 75 °C) for 300 s (C) and UV Raman
mapping in the same area, representing the ratio between the intensity
of the main ZnS Raman mode at 348 cm−1 and that of the main CZTS
A1 mode at 338 cm−1 (D).

Figure 3. Illuminated J−V characteristics (AM1.5G filter, 100 mW/
cm2) of the solar cells prepared from the as-grown absorber, the
absorber etched with KCN, and the absorber etched with HCl.
Optoelectronic parameters have been extracted from these curves.
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Methods 

Metallic layer deposition by DC-magnetron sputtering: pre-
cursor Sn/Cu/Zn metallic stacks have been deposited by DC-
magnetron sputtering (Ac450 Alliance Concepts) using 
99.99% purity targets, onto 10x10 cm2 Mo coated soda-lime 
glass (500 nm, R����0.25 �/��������	
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�� ���� �
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� ���� ���������� �
� ���� "����� of the stack because of its 
high diffusion coefficient; and finally Zn was deposited on the 
top of the stack to ensure that the ZnS secondary phase formed 
mostly on the surface after the reactive anneal, which is par-
ticularly important because Zn was deposited in excess 
(Cu/(Zn+Sn) = 0.73, Zn/Sn = 1.27). The conditions for the 
deposition of each metal were: Sn (0.64 W/cm2, 0.001 mBar, 
42 min), Cu (1.27 W/cm2, 0.001 mBar, 23 min) and Zn (1.27 
W/cm2, 0.001 mBar, 17 min). In all cases the substrate was 
rotated at 10 rpm and unheated, i.e. deposition at room tem-
perature, though some heating may occur as a result of the 
deposition process. The thickness of the stacks was deter-
mined by X-ray fluorescence spectroscopy (XRF) (Fisherscope 
XVD) - previously calibrated with inductively coupled plasma 
optical emision spectroscopy (ICP-OES) - in order to measure 
the composition. 

Reactive annealing: the metallic precursor samples (2.5x2.5 
cm2 in area) were reactively annealed in a three zone tubular 
furnace capable of working in vacuum (10-4 mBar) and inert 
gas atmosphere (Ar). For this step a graphite box (23.5 cm3 in 
volume) was used for the reactive annealing under a sulfur 
atmosphere at 550 ºC ± 2 ºC during 30 min in a 1 Bar Ar at-
mosphere, and using two crucibles, one with 50 mg of sulfur 
powder (Alfa-Aesar, 99.995%) and the other with 4-5 mg of 
tin powder (Alfa-Aesar, 99.999%). The heating ramp was 20 
ºC/min, and the natural cooling down to room temperature 
typically took 2 hours.  

Etching process: a set of samples were submitted to a classi-
cal etching with a KCN solution (Sigma-Aldrich, 98%), 10% 
m/V in deionized water (18 M�) with few drops of a 1M 
KOH solution (to ensure basicity for safety reasons) during 
120 seconds at 25 ºC, and then rinsed several times with de-
ionized water. A second set of samples were etched with HCl 
10% V/V at 75 ºC during 300 seconds and then carefully 

rinsed first with a 1M KOH solution, followed by deionized 
water. A third set of samples were treated only with deionized 
water at room temperature for 300 s. All the samples were 
dried in a N2 flux before proceeding to the device fabrication. 

Device fabrication: devices were fabricated by depositing 
CdS (60 nm) by chemical bath deposition onto the kesterite 
layers, followed DC-pulsed sputtering deposition of  i-ZnO 
(50 nm) and ZnO:Al (450 nm, R���� �#������ $���%%�&���'
�
��� ��
�������� (��� ���� ��������������� ����������)����
� *+*�
""2 cells were scribed using a micro diamond scriber MR200 
OEG, thus avoiding the necessity of metallic grid deposition 
onto the ZnO:Al surface. 

I-V characterization under illumination: to measure the op-
toelectronic properties a Sun 3000 class AAA solar simulator 
from Abet Technology (uniform illumination area of 15x15 
cm2) was used. Measurements were carried out after the cali-
bration of the system with a reference Si solar cell under AM 
1.5 illumination and fixing the temperature of the samples to 
298 K.  

Raman Spectroscopy:  

Visible-excitation: macro Raman measurements were per-
formed with a T64000 Horiba-Jobin Yvon spectrometer in 
backscattering configuration using a 514 nm excitation wave-
length with the laser spot focused on surface of the kesterite 
films. The power was kept below 5 mW for a spot diameter of 
approx. 100 �"� �
� ������ ��� ������ ���� �����
��� ��� ����"���
�������� �
� ���� �������� �
�� ��� �
�������� ���� ���
��� ��� �� "����
�������
�ative area when compared to a micro Raman config-
uration. 

UV-excitation: Raman microprobe measurements were per-
formed with a LabRam HR800-UV Horiba-Jobin Yvon spec-
trometer coupled with an Olympus metallographic micro-
scope. Backscattering measurements were made using a 325 
nm excitation wavelength with the laser spot focused on the 
surface of the kesterite films. The power was kept below 0.4 
mW at a magnification of 40X (spot diameter approx. 1 �"�,�
���

�
�� �� *%+*%��"-����������� ����.
�'	��
�/���������0,�
�
���������� �
�egrate the signal of a more representative area. 
The wavelength was chosen in order to reach pre-resonant 
excitation conditions for the ZnS phase with the aim of strong-
ly enhancing its signal. Mapping measurements were per-
formed using a motorized x-y table coupled to the Raman set-
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up over a 50x50 �m2 area with 5 �m steps using a punctual 
spot of about 1 �"����"��������%�1�"2� 

This supporting material includes additional morphological, 
structural and compositional information to directly show that 
the main changes in the films after the chemical etching with 
the HCl solution is the selective elimination of the ZnS binary 
without affecting the CZTS main phase. This is a very im-
portant issue because it is requisite that the etchant has a neg-
ligible effect on the absorber layer. 

Figure S1 shows the cross sectional image of the complete 
cells studied in this paper, where Figure S1 (a) corresponds to 
the sample etched with KCN and Figure S1 (b) to the sample 
etched with HCl. In the Figures from bottom to top, the sub-
strate, the Mo back contact, the CZTS absorber and the CdS/i-
ZnO/ZnO:Al front contact are clearly shown. Although not 
observable in the Figure, a very thin MoS2 layer was formed 
between the Mo back contact and the CZTS absorber, which 
was clearly detected by Raman spectroscopy. The morphology 
of the absorber is very similar in both cases and is formed by 
small crystallites with sizes ranging from hundreds of nanome-
ters up to 1 �m, as is typical for CZTS grown by this method 
[Supp1, Supp2]. No significant differences are observed be-
tween both absorbers as was expected because the samples 
were produced in the same experimental run. This information 
supports our hypothesis that the main differences in the optoe-
lectronic response of the absorbers are not related to its mor-
phological/structural properties, nor to the properties of the 
other layers forming the solar cells, but to the etching proce-
dure. 

 

 
 

Figure S1: Cross sectional SEM images of the typical solar 
cell obtained with our process, where the glass substrate, mo-
lybdenum back contact, absorber and window layers are clear-
ly observed. Sample etched in KCN (a) and sample etched in 
HCl (b). 

 

To further support the hypothesis about the selectivity of the 
proposed etching for Zn-rich phases, compositional measure-
ment on the surface before and after etching with HCl using 
X-ray photoemission spectroscopy (XPS) were carried out 
with a PHI-ESCA 5500 (see Figure S2). With this technique 
we are able to analyze approximately the first 300 nm of the 
absorber, i.e. it is very sensitive to the surface composition. In 
the as-grown sample (black line in Figure S2) the Sn, Cu and 
Zn signals are observed and we use the Sn3p3, Sn3p1, Cu2p3, 
Cu2p1, Zn2p3 and Zn2p1 peaks to follow the evolution of the 
three elements. Samples etched with KCN do not show any 
remarkable difference in the XPS spectra with respect to the as 

grown one, confirming the limited impact of this etchant on 
the surface composition (spectra not shown). After the HCl 
based etch the signal intensity of the samples changes in a 
different way depending on the analyzed element. In particu-
lar, the Sn and Cu signals are increased whereas the Zn signal 
decreases. This is in agreement with the proposed selectivity 
of the etching process for Zn-based secondary phases. The 
reduction of the Zn signal is explained by the removal of the 
ZnS binary on the surface in good agreement with the UV-
Raman spectroscopy analysis. In addition, removal of the top 
ZnS layer leads to the observed increase in the Sn and Cu sig-
nals after the etching process. It is important to remark that no 
significant change is observed in the shape and position of the 
peaks, indicating that the chemical etching apparently does not 
oxidize the surface layers although it is an oxidizing medium. 
This is consistent with the absence of any effect of the etching 
process on the CZTS absorber layer, in agreement with the 
strong selectivity of the proposed etchant. 

 

 
 

Figure S2: XPS spectra of the as-grown sample (black line) 
and etched sample (red line). The etching was: HCl 10% V/V 
at 75 ºC during 300 s. 

 

To show the concentration and time dependence of the etch-
ing process a series of identical samples were prepared with 
enough excess Zn to ensure the formation of a high quantity of 
ZnS on the surface. After the sulfurization of the Zn-rich pre-
cursor a Zn/Sn ratio of 1.55 is obtained and the presence of a 
high amount of ZnS was confirmed by means of UV-Raman 
spectroscopy (Figure not shown). Samples were submitted to 
two different etching processes (with HCl 5% V/V and 10% 
V/V, at 75 ºC), analyzing the effect of each etchant with time. 
The composition of the layers was measured using XRF. Fig-
ure S3 shows the compositional evolution of samples treated 
with HCl 5% V/V. The Zn/Sn ratio diminished with treatment 
time up to 450 s, where it stabilized at values close to 1.3. 
Further times seem to have a limited effect on the composi-
tion, probably due to the evaporation of HCl because the 
treatment is carried-out at 75 ºC. Consequently, the 
Cu/(Zn+Sn) ratio increased with time, which could be ex-
plained by the diminution of the Zn concentration. The lower 
part of Figure S3 confirms this, where the Zn concentration is 
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greatly affected by the etch time in comparison with Cu and 
Sn concentrations.  

The effect of the etching process is greatly enhanced when 
the HCl concentration is increased to 10% V/V, as is present-
ed in Figure S4. The Zn/Sn ratio decreased in the first 120 s 
stabilizing at a ratio of 1.15. Consequently the Cu/(Zn+Sn) 
ratio increased from 0.8 to nearly 1.0 in the same time range. 
Longer times did not have any further significant composi-
tional change in the layers, probably because of HCl evapora-
tion at 75 ºC. The diminution of the Zn concentration is more 
flagrant in this case, as is observed in the lower part of the 
Figure S4.  

 

 
 

Figure S3: Evolution as a function of the time of the Zn/Sn 
ratio, Cu/(Zn+Sn) ratio (top), Zn, Cu and Sn atomic concentra-
tion (bottom) before and after etching with HCl 5% V/V at 75 
ºC. 

 

The solubility of the potential binaries of the CZTS system - 
CuS, SnS, and ZnS were studied by dissolving 20 mg in 20 
mL of HCl (10% V/V) at 75 ºC during 600 s. The supernates 
were then centrifuged and analyzed by ICP-OES. Table S1 
summarizes the compositional analysis for the three binaries, 
confirming the low solubility of CuS, the limited solubility of 
SnS, and the high solubility of ZnS in the etchant (approxi-
mately 2 orders of magnitude higher than for SnS). 

 

Binary [Cu] ppm [Sn] ppm [Zn] ppm 

CuS 0 0 0 

SnS 0 0.3 0 

ZnS 0 0 28.9 

 

Table S1. Test of solubility of the different binaries in HCl 
10% V/V at 75 ºC during 600 s. 

 
 

Figure S4: Evolution as a function of the time of the Zn/Sn 
ratio, Cu/(Zn+Sn) ratio (top), Zn, Cu and Sn atomic concentra-
tion (bottom) before and after the etch with HCl 10% V/V at 
75 ºC. 

Finally, we have analyzed the possible extension of this etch 
process to the case of ZnSe in CZTSe. The etching of the sur-
face of ZnSe crystals with HCl at different concentrations has 
been reported as moderate (3.5 g/(h.cm2) with HCl 6M at 
room temperature), decreasing notably with time [Supp3]. We 
have tested the etching of Cu2ZnSnSe4 (CZTSe) films with 
initial Zn/Sn ratio of 1.53, by using HCl 10% V/V at 75 ºC, 
during 600 s. The Zn/Sn ratio decreased to 1.34, indicating 
that the etch is considerably less effective than in the case of 
the ZnS, where the Zn/Sn ratio decreases to 1.15 under the 
same etching conditions. To confirm this, we have performed 
pre-resonant Raman characterization by using a 457.9 nm 
excitation wavelength, which is especially suited to detect 
even small quantities of ZnSe. Figure S5 shows the spectra 
taken in the as grown and HCl etched samples. Although a 
diminution of the ZnSe Raman signal is observed suggesting a 



 

 

S4

reduction in the ZnSe quantity, the impact is very limited in 
comparison with the sulfide case. In fact, cells prepared with-
out etching exhibit a conversion efficiency of (4.1 30.3) %, 
whereas samples etched with HCl under such conditions (4.4 
3 0.4) %, confirming the limited effect of this etching process 
in the selenide case. 

 

 
Figure S5. Pre- resonant Raman spectra of CZTSe films be-

fore and after the HCl based etch (excitation wavelength 457.9 
nm). 

 

In summary, we have presented additional morphological, 
structural and compositional information with the aim of un-
ambiguously confirming the effectiveness and selectivity of 
the proposed hydrochloric acid based etching. All our results 
strongly suggest that this methodology is useful for the etching 
of ZnS secondary phase on the surface of Cu2ZnSnS4 films, 
and in the future could be a simple and interesting way to 
eliminate this secondary phase which has a detrimental impact 
on the optoelectronic parameters of the CZTS based devices. 
The methodology presented here is very well suited for the 
etching of Zn-rich phases in pure Cu2ZnSnS4, and potentially 
in S-rich Cu2ZnSn(Se,S)4 pentenary compounds, but is con-
siderably less effective in the case of the pure selenide and Se-
rich films, which will need an alternative etching process dif-
ferent to the simple and effective way presented here. 
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