
 
 
 

 
 
 

 
 
 

 
 
 

Raman scattering based strategies for assessment of 
advanced chalcopyrite photovoltaic technologies: 

Characterisation of electrodeposited  
Cu(In,Ga)(S,Se)2 solar cells  

 
Cristina Insignares 

 
 

 
 
 

 
 
 
 
 
 

 
ADVERTIMENT. La consulta d’aquesta tesi queda condicionada a l’acceptació de les següents condicions d'ús: La difusió 
d’aquesta tesi per mitjà del servei TDX (www.tdx.cat) i a través del Dipòsit Digital de la UB (diposit.ub.edu) ha estat 
autoritzada pels titulars dels drets de propietat intel·lectual únicament per a usos privats emmarcats en activitats 
d’investigació i docència. No s’autoritza la seva reproducció amb finalitats de lucre ni la seva difusió i posada a disposició 
des d’un lloc aliè al servei TDX ni al Dipòsit Digital de la UB. No s’autoritza la presentació del seu contingut en una finestra 
o marc aliè a TDX o al Dipòsit Digital de la UB (framing). Aquesta reserva de drets afecta tant al resum de presentació de 
la tesi com als seus continguts. En la utilització o cita de parts de la tesi és obligat indicar el nom de la persona autora. 
 
 
ADVERTENCIA. La consulta de esta tesis queda condicionada a la aceptación de las siguientes condiciones de uso: La 
difusión de esta tesis por medio del servicio TDR (www.tdx.cat) y a través del Repositorio Digital de la UB 
(diposit.ub.edu) ha sido autorizada por los titulares de los derechos de propiedad intelectual únicamente para usos 
privados enmarcados en actividades de investigación y docencia. No se autoriza su reproducción con finalidades de lucro 
ni su difusión y puesta a disposición desde un sitio ajeno al servicio TDR o al Repositorio Digital de la UB. No se autoriza 
la presentación de su contenido en una ventana o marco ajeno a TDR o al Repositorio Digital de la UB (framing). Esta 
reserva de derechos afecta tanto al resumen de presentación de la tesis como a sus contenidos. En la utilización o cita de 
partes de la tesis es obligado indicar el nombre de la persona autora. 
 
 
WARNING. On having consulted this thesis you’re accepting the following use conditions:  Spreading this thesis by the 
TDX (www.tdx.cat) service and by the UB Digital Repository (diposit.ub.edu) has been authorized by the titular of the 
intellectual property rights only for private uses placed in investigation and teaching activities. Reproduction with lucrative 
aims is not authorized nor its spreading and availability from a site foreign to the TDX service or to the UB Digital 
Repository. Introducing its content in a window or frame foreign to the TDX service or to the UB Digital Repository is not 
authorized (framing). Those rights affect to the presentation summary of the thesis as well as to its contents. In the using or 
citation of parts of the thesis it’s obliged to indicate the name of the author. 



Raman scattering based strategies for 

assessment of advanced chalcopyrite 

photovoltaic technologies: 

Characterisation of electrodeposited 

Cu(In,Ga)(S,Se)2  solar cells 

 

 

 
Tesi presentada per Cristina Insignares 

per optar al títol de Doctor per la Universitat de Barcelona 

Programa de Doctorat en Enginyeria i Tecnologies Avançades. 

 

 

Directors de la Tesi: Alejandro Perez-Rodriguez i Victor Izquierdo-Roca. 

 

 

 

 

 

 

 
Departament d’Electrònica de la Universitat de Barcelona 

Institut de Recerca en Energia de Catalunya (IREC) 



Table of Contents: 

 

 

 

 

 
Preface: Publications and summary of the thesis. Contribution of the author to the publications 

in the thesis  ...................................................................................................................................  4 

Prefacio: Publicaciones y resumen de la tesis. Contribución de la autora a las publicaciones de la 

tesis  .............................................................................................................................................  12 

1. Introduction and Objectives ........................................................................................... 20 

1.1. CIGS solar cells: background ............................................................................................... 21 

1.2. CIGS Industrial process strategies ....................................................................................... 24 

1.3. CIGS absorbers for high efficiency devices ......................................................................... 25 

1.4. Optical characterization of CIGS based devices: Raman scattering .................................... 26 

1.5. Objectives of the thesis ........................................................................................................ 30 

2. Raman scattering based measurements: Experimental details .............................. 33 

2.1. Raman scattering systems .................................................................................................... 33 

2.2. Experimental conditions: assessment of thermally induced effects ..................................... 36 

2.3. Data processing of Raman signal ......................................................................................... 37 

3. Assessment of secondary phases in the absorber layer of advanced CIGS  

devices  ......................................................................................................................................  39 

3.1. Introduction:Raman scattering survey of secondary phases in CIGS based devices . 39 

3.2. Secondary phases in advanced Cu(In,Ga)Se2 devices: Ordered Vacancy Compounds ....... 40 

3.3. Secondary phases in advanced CuInS2 devices: CuAu ordered polytypes .......................... 47 

4. Assessment of absorber surface composition in advanced CIGS devices ............ 56 

4.1. Cu(In,Ga)Se2 absorbers: quantitative assessment of Ga/(In+Ga) surface content ratio ...... 56 

4.2. Cu(In,Ga)(S,Se)2 absorbers: quantitative assessment of S/(S+Se) surface content ratio .... 66 

5. Assessment of CdS buffer layer in advanced CIGS devices .................................... 74 

5.1. Introduction .......................................................................................................................... 74 

5.2. Optical systems for Raman scattering assessment of CdS buffer layer................................ 75 



5.3. Experimental results: Estimation of CdS effective thickness. Impact on cell efficiency ..... 77 

6. Assessment of Al-doped ZnO (AZO) window layer in advanced CIGS devices 79 

6.1. Introduction .......................................................................................................................... 79 

6.2. Electrical non-destructive assessment of the AZO layer: UV resonant Raman scattering 

analysis of AZO ..........................................................................................................................  80 

6.3. Correlation with Hall Effect measurements. Characterisation of annealed AZO layers ...... 86 

7. Conclusions ......................................................................................................................... 89 

Annex ...................................................................................................................................... 92 

References .............................................................................................................................. 93 



4  

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 del Besòs (Barcelona, Spain) from 2012 to 2015. This work has been 

developed as result of the involvement of Cristina Insignares in the European Project 

SCALENANO (Ref. 284486) and in the Marie Curie IAPP action INDUCIS (Ref. 285897), from 

the European Union’s Seventh Framework Program FP7/2007-2013. The main objective of this 

thesis has been the development of Raman scattering based methodologies for the analysis of 

advanced electrodeposition-based CIGS technologies, with the identification  and characterization 

of parameters relevant for the efficiency of the solar cells and modules that can be used for 

quality control and process monitoring applications. The work aims to propose 

methodologies and tools that can be implemented for the monitoring of the processes at on-line 

level, contributing to increase the yield and reliability of the processes involved in the fabrication 

of these devices. The thesis is structured around five papers that have been published in peer- 

reviewed journals, according to the requirements for the achievement of the degree of Doctor in 

the Doctorate Doctoral Program of Engineering and Advanced Technologies in the University of 

Barcelona: 

 Combined Raman scattering/photoluminescence analysis of Cu(In,Ga)Se2 

electrodeposited layers. (Solar Energy 05/2014; 103:89–95. 

DOI:10.1016/j.solener.2014.02.005 · 3.54 Impact Factor). Authors: C. Insignares-Cuello, 

V. Izquierdo-Roca, J. López-García, L. Calvo-Barrio, E. Saucedo, S. Kretzschmar, T. 

Unold, C. Broussillou, T. Goislard de Monsabert, V. Bermudez and  A. Pérez-Rodríguez. 

 
 Raman scattering analysis of electrodeposited Cu(In,Ga)Se2 solar cells: Impact of 

ordered vacancy compounds on cell efficiency. (Applied Physics Letters 07/2014; 

105(2):021905-021905-4. DOI:10.1063/1.4890970 · 3.52 Impact Factor). Authors: C. 

Insignares-Cuello, C. Broussillou, V. Bermudez, E. Saucedo, A. Perez-Rodriguez, V. 

Izquierdo-Roca. 
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 Impact of Cu–Au type domains in high current density CuInS2 solar cells. (Solar Energy 

Materials and Solar Cells 08/2015; 139:101 - 107. DOI:10.1016/j.solmat.2015.03.008 · 

5.34 Impact Factor) Authors: Antonin Moreau, Cristina Insignares-Cuello, Ludovic 

Escoubas, Jean-Jaques Simon, Verónica Bermúdez, Alejandro Pérez-Rodríguez, Víctor 

Izquierdo-Roca, Carmen M. Ruiz. 

 
 Advanced characterization of electrodeposition-based high efficiency solar cells: Non- 

destructive Raman scattering quantitative assessment of the anion chemical composition 

in Cu(In,Ga)(S,Se)2 absorbers. (Solar Energy Materials and Solar Cells 12/2015; 

143:212-217. DOI:10.1016/j.solmat.2015.06.056 · 5.34 Impact Factor) Authors: C. 

Insignares-Cuello, F. Oliva, M. Neuschitzer, X. Fontané, C. Broussillou, T. Goislard de 

Monsabert, E. Saucedo, C.M. Ruiz, A. Pérez-Rodríguez, V. Izquierdo-Roca. 

 
 Non-destructive assessment of ZnO:Al window layers in advanced Cu(In,Ga)Se2 

photovoltaic technologies. (Physica Status Solidi (A) Applications and Materials 

09/2014; 212(1). DOI:10.1002/pssa.201431222 · 1.62 Impact Factor) Authors: Cristina 

Insignares‐Cuello, Xavier Fontané, Yudania Sánchez‐González, Marcel Placidi, Cedric 

Broussillou, Juan López‐García, Edgardo Saucedo, Verónica Bermúdez, Alejandro 

Pérez‐Rodríguez, Victor Izquierdo‐Roca. 

The thesis is structured in seven chapters. The first chapter is an introduction into Chalcopyrite 

photovoltaic technologies, including their background, current production strategies and optical 

characterization by Raman scattering based techniques. The main processes used for the 

fabrication of the CIGS solar cells and modules are described, highlighting the differences 

between the vacuum based deposition processes (co-evaporation, sputtering) that are characterised 

by high Capital Expenditure (CAPEX) costs and relatively low materials use efficiency values 

(60-70%); and the vacuum free electrodeposition based processes that have been developed at 

NEXCIS Photovoltaic Technology for the growth of the metallic multi- stacked precursors. 

These are processes that have a higher potential for reduction of manufacturing costs. 

Vacuum-free processes are characterized by lower CAPEX (about 1 order of magnitude lower 

than those for vacuum-based processes) and a very high materials use efficiency (higher than 

90%), which gives a strong interest to their further development and optimization. This is 

conditioned to the ability of methodologies suitable for the advanced characterization of the 

devices and processes, because of the need to achieve a deeper understanding of the structural, 

chemico-physical, optical and optoelectronic characteristics of the different layers in the cell 

heterostructures and their impact on the device efficiency. Among them, the use of optical 

non-destructive techniques as Raman scattering is very interesting, because of their potential 

for the development of process monitoring tools. In this context, later in the introduction Raman 

scattering is presented as the main technique used in this work and the approach of this thesis 

to develop process monitoring techniques to assess relevant parameters for each of the layers 

in the devices is described.  



6  

Raman spectra are sensitive to chemico-physical and structural parameters of the layers that 

determine the device efficiency, as the crystalline quality and presence of defects, the chemical 

composition, as well as stress and strain effects and presence of secondary phases. However, 

the majority of studies involving Raman scattering analysis of CIGS compounds and based 

devices have been done using standard excitation conditions that are achieved with green lasers 

(typically the 514 nm line from Ar+ lasers or more recently the 532 nm line from solid state 

lasers). In contrast with these previous works, the methodologies proposed in this thesis are 

based in the use of different excitation wavelengths, which are selected according to the layer of 

the device under analysis. This implies the use of resonant excitation Raman strategies, which 

leads to a strong increase in the intensity of the Raman modes (of several orders of magnitude) 

and, in consequence, to a significant decrease of the measuring time. Use of short measuring 

times is a strong pre-requisite for the implementation of these methodologies for process 

monitoring applications at on-line level. 

The second chapter is dedicated to the disclosure of the Raman experimental set-ups that have 

been developed and that have been used to obtain the data presented in this work and the 

experimental conditions chosen to ensure reliability in the measurements. A more detailed 

description of the application of Raman spectroscopy are disclosed in the following chapters, that 

address the detection of secondary phases in the absorber layers that are relevant for device 

performance in high efficiency devices (Chapter 3), the chemical characterization of the surface 

region of the absorbers (Chapter 4), the assessment of the thickness of the CdS buffer layers 

(Chapter 5) and the electrical conductivity of the window layers (Chapter 6). 

The secondary phases studied in Chapter 2 of the thesis are focused on the phases that are 

relevant in absorbers from high efficiency devices, the OVC ones in Cu(In,Ga)Se2 alloys and 

CuAu polytypes in CuInS2 based cells; determining and clarifying their impact on the 

optoelectronic characteristics of the cells. Although Cu(In,Ga)Se2 absorbers growth under Cu- 

rich conditions have lower density of defects, the devices made with these absorbers yield low 

efficiencies (around 10%), and are limited because of the existence of buffer/absorber interface 

recombination problems. On the other hand, Cu poor growth conditions (([Cu]/[In]<1) produce 

non stoichiometric absorbers that yield higher efficiencies and also allow the formation of Cu- 

poor Cu-In-Se ordered vacancy compound (OVC) phases like CuIn3Se5, CuIn5Se8, etc… These 

phases are characterized by a higher bandgap than that of CuInSe2. Even if in the literature 

presence of the OVC phases is supposed to be beneficial for the device efficiency, no 

experimental data have been reported showing a clear impact of the presence of the OVC phase in 

the characteristics of the solar cells, this is related to the difficulties in the experimental 

determination of the presence of these secondary phases. In this context, this work reports for the 

first time in the literature clear experimental evidences on the impact of the presence of the OVC 

phases on the optoelectronic characteristics of the cells. Enhanced detection of the OVC phases 

has been done by the identification of a resonant excitation of Raman peaks characteristic  of  

the  OVC  phases  that  is  achieved  when  working  with  785  nm excitation wavelength. The 

analysis of cells fabricated with different Cu contents has allowed demonstrating the existence of 
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an optimum range in the content of OVC at the surface region of the absorbers that leads to 

devices with higher efficiency. 

 
On the other hand, although the efficiencies achieved within CuInS2 solar cells are lower (12.7%) 

than those yielded by Cu(In,Ga)Se2 devices, the larger bandgap of the CuInS2 semiconductor 

(1.55 eV) gives interest to these devices for the increase of the open circuit voltage Voc. The 

expected theoretical Voc for CuInS2 solar cells is as high as 1.2 V. This high Voc value is very 

interesting for high voltage output modules or for top cells in tandem structures. In this work, 

the role of the presence of CuAu polytypic domains in advanced cells made by 

electrochemical processes is investigated. Previous works performed at earlier stages of the 

technological development of CuInS2 based solar cells reported the presence of CuAu ordered 

CuInS2 domains as detrimental for the device efficiency. However, in more advanced devices 

like those used in this work, presence of these domains correlates with a relieve in the stress of 

the absorber layers, which leads to an improvement in the device characteristics as the short 

circuit current (Jsc). 

The fourth chapter addresses the development of methodologies for the quantitative analysis of 

the chemical composition of the surface region of the absorber layers, including the Ga/(In+Ga) 

relative content in Cu(In,Ga)Se2 absorbers and the S/(S+Se) relative content in Cu(In,Ga)(S,Se)2 

absorbers. These are the parameters that allow a suitable control of the value of the band gap in 

the surface region of the absorbers, which in turns determines the open circuit voltage of the 

solar cells. In the first case, combined Raman/photoluminescence (PL) measurements have been 

proposed for the structural and chemical characterization of the Cu(In,Ga)Se2 alloys. The detailed 

calibration of the dependence of the PL peak energy on the alloy composition –that has been 

performed with samples covering the whole range of compositions from stoichiometric 

CuInSe2 to stoichiometric CuGaSe2- allows the use of these simple measurements for the 

quantitative estimation of the Ga relative content in the samples. 

On the other hand, the analysis of the relative intensity of the S-like and Se-like Raman peaks 

characteristic from CuIn(S,Se)2 alloys has allowed the development of a Raman scattering based 

methodology for the quantitative estimation of the S/(S+Se) relative content in the surface region 

from S-containing absorbers. Availability of a tool suitable for the non-destructive and fast 

assessment of the S relative content in these devices is challenging, because the main technique 

used for the non-destructive chemical assessment of the different layers in the CIGS solar cell is 

X-Ray Fluorescence (XRF), and the estimation of the S content by XRF is compromised by the 

overlapping between S and Mo XRF signals. 

Next chapters in the thesis address the Raman scattering assessment of the CdS buffer layer and 

the Al-doped ZnO window layer. In the first case, the most commonly used buffer layer in CIGS 

PV technologies is CdS, where this layer is typically deposited with a Chemical Bath Deposition 

(CBD) processes with a very small thickness (in the range 40-60 nm). The control of the thickness 

of this layer is relevant for the device efficiency:   A layer too thin will not   work efficiently as 
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buffer layer and a layer too thick layer will absorb more light, being both cases being 

detrimental for cell performance. For this reason in this work we have focused on the 

assessment of the thickness of the CdS layer by using a resonant Raman scattering methodology. 

 
The surface Raman spectra measured on complete solar cells device with 532 nm excitation 

wavelength are dominated by the presence of a peak that has been identified with the main 

Raman peak from CdS. Raman scattering is capable to detect very thin CdS layers (observed 

Raman signal on CdS layers with thickness below 30nm). This work reports that the use of a 

long focal distance configuration enhances the CdS layer detection. The correlation found 

between the relative intensity of the main CdS band and the thickness of the CdS layer allows 

quantifying by optical measurements the thickness of the CdS layer on final device with high 

resolution (below 5 nm) and short acquisition times. 

On the other hand, ZnO is a transparent conductive oxide (TCO) and Al doped ZnO (AZO) is the 

most common material used as window layer in CIGS devices. An optical methodology for the 

non destructive electrical characterization of the AZO layers that is based on resonant UV 

Raman scattering measurements has been developed within this work. Analysis of solar cells 

made with AZO layers with different conductivity, together with the corresponding reference 

AZO layers grown on glass substrates, has shown the appearance of a Raman band that has 

been related to the presence of intrinsic defects associated to the doping process. The intensity of 

this band correlates with the conductivity of the layers. The analysis of the relative intensity of 

this band in the Raman spectra provides a fast non-destructive method that can be applied at cell 

and module levels for the electrical quantitative assessment of the window layer in CIGS based 

devices. This is achieved without interference from the other layers in the cell multilayer 

structure in full cell devices. 

The final chapter of the thesis summarizes the main conclusions of the work. 
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Contribution of the author to publication in the thesis: 

 
The author of this work, Cristina Insignares, has been the main responsible of  the 

characterization of the different layers and devices by Raman scattering, including also the 

analysis and interpretation of the data and the study of the impact of the different parameters 

assessed by Raman on the performance of the solar cells. She has directly participated in the 

development of the experimental optical setup that has been developed at IREC for the non- 

destructive characterization of the processes, and also in the design and realization of the different 

experiments developed in the work. 

 
Chapter 3.2: 

 C. Insignares-Cuello et al, “Raman scattering analysis of electrodeposited Cu(In,Ga)Se2 

solar cells: Impact of ordered vacancy compounds on cell efficiency”. Applied Physics 

Letters 2014, 105(2): 021905-021905-4, DOI:10.1063/1.4890970. 

Impact Factor: 3.52 

1
st 

quartile in areas: Physics and Astronomy. 

 
In this work, the author was in charge of the realization of the Raman scattering measurements 

with different excitation wavelengths and of the analysis of the Raman spectra. She has also 

coordinated the synthesis of reference OVC samples that have been important for the 

identification of the resonant Raman excitation achieved with the 785 nm excitation wavelength. 

The use of this resonant Raman excitation has allowed achieving an enhanced detection of the 

OVC secondary phases at the surface region of the absorber layers, obtaining the first clear 

experimental evidences on the impact of the presence of these phases on the efficiency of the 

solar cells. Furthermore the author performed additional characterization of the analyzed samples 

by SEM and PL and the optoelectronic characterization of the cells with the determination of the 

cell parameters. 

 
Chapter 3.3: 

 Antonin Moreau, Cristina Insignares-Cuello et al, “Impact of Cu–Au type domains in high 

current density CuInS2 solar cell”. Solar Energy Materials and Solar Cells 2015, 139: 

101 - 107. DOI:10.1016/j.solmat.2015.03.008 

Impact Factor: 5.34 

1
st 

quartile in areas: Energy and Materials Science. 

 
This article analyses the impact of the presence of Cu-Au polytypic domains in the performance 

of CuInS2 based solar cells. The author has been responsible of the detailed Raman scattering 

analysis of the devices and the interpretation of the spectra with the presence of CuAu and 

disordered chalcopyrite CuInS2 contributions. The correlation of this characterization with the 

photoreflectance measurements has allowed demonstrating that the presence of the   CuAu 

domains is directly related to the reduction in the strain in the main chalcopyrite phase in the 
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layers, contributing to the improvement in the short circuit current of the solar cells. 

 
Chapter 4.1: 

 C. Insignares-Cuello et al, “Combined Raman scattering/photoluminescence analysis of 

Cu(In,Ga)Se2 electrodeposited layers”. Solar Energy 2014, 103: 89–95, 

DOI:10.1016/j.solener.2014.02.005. 

Impact factor: 3.54 

1
st 

quartile in areas: Energy and Materials Science. 

 
This work reports the optical non-destructive assessment of the relative Ga content in 

Cu(In,Ga)Se2 absorbers synthesized from electrodeposited precursors using combined 

photoluminescence (PL) and Raman scattering. The results of both techniques were obtained and 

analyzed by the author. The author coordinated also the depth resolved Raman/PL/Auger Electron 

Spectroscopy measurements that were performed on suitable layers with gradual composition for 

the calibration of the dependence of the spectral features of the PL spectra on the chemical 

composition of the alloy. The results obtained from this calibration provide with a simple and 

fast methodology for the chemical assessment of the surface region of the Cu(In,Ga)Se2 

absorbers, with the quantitative estimation of the Ga/(In+Ga) content ratio. It is interesting to 

remark also the development reported for the first time in this paper of a non- destructive Ga 

depth profile analysis based in the use of a confocal microscope. 

 

Chapter 4.2: 
 C. Insignares-Cuello et al, “Advanced characterization of electrodeposition-based high 

efficiency solar cells: Non-destructive Raman scattering quantitative assessment of the 

anion chemical composition in Cu(In,Ga)(S,Se)2 absorbers”. Solar Energy Materials and 

Solar Cells 2015, 143: 212-217. DOI:10.1016/j.solmat.2015.06.056 

Impact Factor: 5.34 

1
st 

quartile in areas: Energy and Materials Science. 

 
This work reports a detailed comparative study of electrodeposition-based(ED) cells fabricated 

with S-free Cu(In,Ga)Se2 and S-containing Cu(In,Ga)(S,Se)2 absorbers. The author has been in 

charge of the development of the Raman scattering based methodology for the assessment of the 

S/(S+Se) content ratio in the surface region of the absorbers. Availability of a non-destructive 

and simple technique for the assessment of the S surface relative content is challenging, as 

standard techniques for the non-destructive S content measurement at the surface region of the 

absorbers are limited due to either overall composition estimation (as X-Ray Diffraction), 

overlapping of S and Mo signals (X-Ray Fluorescence) or the need for handling of the samples 

under high vacuum conditions (Auger Electron Spectroscopy, X-Ray Photoelectron 

Spectroscopy…). Correlation of these data with the optoelectronic characterization of the cell 

has corroborated the strong impact of the S surface content on the characteristics of the   devices. 
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Chapter 6.2: 

 Cristina Insignares-Cuello et al, “Non-destructive assessment of ZnO:Al window layers in 

advanced Cu(In,Ga)Se2 photovoltaic technologies”. Physica Status Solidi A 2015, 

212(1): 56-60. DOI:10.1002/pssa.201431222 

Impact Factor: 1.62 

2
nd 

quartile in areas: Materials Science, Physics and Astronomy and Engineering. 

 
This work proposes an optical non-destructive methodology for the assessment of the conductivity 

of the window (AZO) layer in the solar cells that can be applied directly on finished devices. The 

methodology is based in the analysis of the Raman spectra performed under resonant UV 

excitation conditions. In contrast with pre-existing procedures for assessment of the conductivity 

of the window layer in the devices, the methodology does not involve the use of special test 

structures and does not need for the realization of electrical contacts on the layers. The author 

has been in charge of the Raman scattering analysis, with the realization and interpretation of the 

Raman spectra. She has also participated in the fabrication of test cells that were fabricated with 

sputtered AZO layers with different conductivity, which has allowed demonstrating at cell level 

the proposed methodology for the determination of efficiency losses related to the degradation of 

the conductivity of the AZO layers. 

 

None of these articles have been used by other co-authors for their doctoral thesis Barcelona, 

29
th 

of July of 2015 

 
 

Alejandro Pérez-Rodríguez          Víctor Izquierdo-Roca 
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Prefacio: Publicaciones y resumen de la tesis. 

Contribución de la autora a las publicaciones 

de la tesis. 

 

 

 

 

 
El trabajo presentado en esta tesis fue realizado en el Institut de Recerca en Energía de Catalunya 

(IREC) en Sant Adrià del Besòs (Barcelona, Spain) desde el 2012 hasta 2015. Este trabajo ha 

sido desarrollado como resultado de la participación de Cristina Insignares en el Proyecto 

Europeo SCALENANO (Ref. 284486) y en la acción Marie Curie IAPP dentro del proyecto 

INDUCIS (Ref. 285897), del séptimo programa del marco de la Unión Europea FP7/2007-2013. 

El principal objetivo de esta tesis ha sido el desarrollo de metodologías basadas en 

espectroscopia Raman para el análisis de tecnologías avanzadas basadas en electrodeposición, 

con la identificación y caracterización de parámetros relevantes para la eficiencia de las celdas 

solares y módulos que puedén ser usados para aplicaciones de control de calidad y 

monitorización de procesos. Este trabajo propone metodologías y herramientas que puedan ser 

implementadas para la monitorización de procesos a nivel “on-line”, contribuyendo a incrementar 

el rendimiento y la fiabilidad de los procesos involucrados en la fabricación de estos 

dispositivos. La tesis está estructurada alrededor de cinco artículos que han sido publicados en 

revistas científicas internacionales, de acuerdo en los requisitos para la obtención del grado de 

Doctor en el Programa de Doctorado de Ingeniería y Tecnologías Avanzadas de la Universidad de 

Barcelona: 

 Combined Raman scattering/photoluminescence analysis of Cu(In,Ga)Se2 

electrodeposited layers. (Solar Energy 05/2014; 103:89–95. 

DOI:10.1016/j.solener.2014.02.005 · 3.54 Factor de Impacto). Autores: C. Insignares- 

Cuello, V. Izquierdo-Roca, J. López-García, L. Calvo-Barrio, E. Saucedo, S. 

Kretzschmar, T. Unold, C. Broussillou, T. Goislard de Monsabert, V. Bermudez and A. 

Pérez-Rodríguez. 

 
 Raman scattering analysis of electrodeposited Cu(In,Ga)Se2 solar cells: Impact of 

ordered vacancy compounds on cell efficiency. (Applied Physics Letters 07/2014; 

105(2):021905-021905-4. DOI:10.1063/1.4890970 · 3.52 Factor de Impacto). Autores: C. 
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Insignares-Cuello, C. Broussillou, V. Bermudez, E. Saucedo, A. Perez-Rodriguez, V. 

Izquierdo-Roca. 

 
 Impact of Cu–Au type domains in high current density CuInS2 solar cells. (Solar Energy 

Materials and Solar Cells 08/2015; 139:101 - 107. DOI:10.1016/j.solmat.2015.03.008 · 

5.34 Factor de Impacto) Autores: Antonin Moreau, Cristina Insignares-Cuello, Ludovic 

Escoubas, Jean-Jaques Simon, Verónica Bermúdez, Alejandro Pérez-Rodríguez, Víctor 

Izquierdo-Roca, Carmen M. Ruiz. 

 
 Advanced characterization of electrodeposition-based high efficiency solar cells: Non- 

destructive Raman scattering quantitative assessment of the anion chemical composition 

in Cu(In,Ga)(S,Se)2 absorbers. (Solar Energy Materials and Solar Cells 12/2015; 

143:212-217. DOI:10.1016/j.solmat.2015.06.056 · 5.34 Factor de Impacto) Autores: C. 

Insignares-Cuello, F. Oliva, M. Neuschitzer, X. Fontané, C. Broussillou, T. Goislard de 

Monsabert, E. Saucedo, C.M. Ruiz, A. Pérez-Rodríguez, V. Izquierdo-Roca. 

 
 Non-destructive assessment of ZnO:Al window layers in advanced Cu(In,Ga)Se2 

photovoltaic technologies. (Physica Status Solidi (A) Applications and Materials 

09/2014; 212(1). DOI:10.1002/pssa.201431222 · 1.62 Factor de Impacto) Authors: 

Cristina Insignares‐Cuello, Xavier Fontané, Yudania Sánchez‐González, Marcel Placidi, 

Cedric Broussillou, Juan López‐García, Edgardo Saucedo, Verónica Bermúdez, 

Alejandro Pérez‐Rodríguez, Victor Izquierdo‐Roca. 

 

La tesis está estructurada en siete capítulos. El primer capítulo presenta una introducción a la 

tecnología fotovoltaica de la calcopirita (CIGS), incluyendo su evolución histórica, estrategias 

actuales de producción y caracterización óptica por medio de técnicas basadas en espectroscopia 

Raman. Los principales procesos utilizados para la fabricación de las celdas solares y módulos 

CIGS son descritos, resaltando las diferencias entre los procesos de depósito basados en vacío 

(co-evaporación, pulverización catódica) que presentan altos costos de inversión (CAPEX) y 

valores relativamente bajo de la eficiencia de utilización de los materiales (60-70%); y 

procesos basado en electrodepósito libre de vacío que han sido desarrollados en “NEXCIS  

Photovoltaic Technology” para el crecimiento de precursores metálicos. Estos ultimos procesos, 

que no requieren de condiciones de vacío, tienen un potencial más alto de reducción de costos 

de fabricación, se caracterizan por presentar un valor menor de CAPEX (alrededor de un orden 

de magnitud menor que para los procesos basados en vacio) y una eficiencia mayor de utilización 

de los materiales (del orden del 90%), lo que genera un gran interés en su futuro desarrollo y 

optimización. Esto está condicionado por la disponibilidad de metodologías adecuadas para la 

caracterización avanzada de dispositivos y procesos; dada la necesidad que existe para 

conseguir una comprensión más profunda de las características estructurales, químico-físicas, 

ópticas y optoelectrónicas de las diferentes capas en la heteroestructura de la elda y su impacto en 
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la eficiencia del  dispositivo. Entre las diferentes técnicas de caracterización, las técnicas ópticas 

no destructivas como la espectroscopia Raman tienen un gran interés, dado su potencial para el 

desarrollo de herramientas de monitorización. En este contexto, más tarde en el capítulo se 

presenta la espectroscopia Raman como la técnica principal utilizada en este trabajo y se describe 

el enfoque de esta tesis para el desarrollo de técnicas para la monitorización de procesos para 

evaluar parámetros para cada una de las capas. Los espectros Raman son sensibles a los 

parámetros estructurales y químico-físicos de las capas que determinan la eficiencia del 

dispositivo, como la calidad cristalina y presencia de defectos, la composición química, efectos 

de estrés y desorden y presencia de fases secundarias. Sin embargo, la mayoría de estudios 

relacionados con análisis de compuestos y dispositivos basados en CIGS por espectroscopia 

Raman han utilizado condiciones de excitación estándar (típicamente con una línea de 514nm 

de un Laser de Ar+ o más recientemente con una línea de 532 nm de un laser de estado sólido). 

En contraste con estos trabajos previos, las metodologías propuestas en esta tesis se basan en la 

utilización de diferentes longitudes de excitación, que son seleccionadas de acuerdo con las 

características de la capa del dispositivo bajo análisis. Esto implica el uso de estrategias de 

excitación Raman resonante, que permiten obtener un fuerte fuerte incremento en la intensidad de 

los modos Raman (de varios órdenes de magnitud) y, en consecuencia, una reducción 

significativa del tiempo de medida. El uso de tiempos cortos de medida es un prerrequisito 

importante para la implementación de estas metodologías para la monitorización de procesos a 

nivel “on-line”. 

El Segundo capítulo está dedicado a la descripción de los montajes experimentales Raman que 

se han desarrollado y que se han utilizado en este trabajo y las condiciones experimentales 

necesarias para garantizar la fiabilidad de las mediciones. Una descripción más detallada de la 

aplicación de la espectroscopia Raman se describe en los siguientes capítulos, que abordan la 

detección de fases secundarias en la capa del absorbedor que son relevantes para el rendimiento 

del dispositivo en dispositivos de alta eficiencia (Capítulo 3), la caracterización química de la 

región de la superficie de los absorbedores (Capítulo 4), la evaluación del espesor de las 

capa buffer CdS (capítulo 5) y la conductividad eléctrica de las capa ventana (capítulo 6). 

Las fases secundarias estudiadas en el capítulo 2 de la tesis comprenden las fases relevantes en 

absorbedores de dispositivos de alta eficiencia, las fases de OVC en aleaciones Cu(In,Ga)Se2 y 

politipos con ordenación cristalina CuAu en celdas basadas en CuInS2; determinando y 

clarificando su impacto en las características optoelectrónicas de la celda. Aunque los 

absorbedores Cu(In,Ga)Se2 crecidos bajo condiciones ricas en Cu tienen una menor densidad  de 

defectos, los dispositivos construidos con estos absorbedores tienen una eficiencia baja (alrededor 

de 10%), y están limitados por la existencia de problemas de recombinación en la interface 

buffer/absorbedor. Por otra parte, las condiciones de crecimiento pobres en Cu (([Cu]/[In]<1) 

producen absorbedores no estequiométricos que han obtenido eficiencias más altas y también 

permiten la formación de fases de compuestos de vacantes ordenadas Cu-In-Se pobres en Cu 

(OVC) como CuIn3Se5, CuIn5Se8, etc... 
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Estas fases se caracterizan por mantener una banda prohibida más alta que la de CuInSe2.  

Aunque en la literatura la presencia de fases OVC se ha reportado como beneficiosa para la 

eficiencia de los dispositivos, hasta este momento no habían datos experimentales reportando un 

claro impacto de la presencia de las fases OVC en las características de las celdas solares, lo que 

está relacionado con la dificultad en la determinación experimental de la presencia de estas fases 

secundarias. En este contexto, este trabajo reporta por primera vez evidencia experimental 

clara del impacto de la presencia de fases OVC en las características optoelectrónicas de las 

celdas. Para la detección de las fases OVC se ha identificado un proceso de excitación resonante 

de picos característicos de estos compuestos que tienen lugar cuando se trabaja con una longitud 

de excitación 785 nm. El análisis de celdas  fabricadas con diferentes contenidos de Cu ha 

permitido demostrar la existencia de un rango óptimo en el contenido de OVC en la región de la 

superficie de los absorbedores que conduce a dispositivos con una mayor eficiencia. 

 
Por otra parte, aunque las eficiencias logradas en  celdas solares de CuInS2 (CIS) son 

menores (12.7%) que las producidas por dispositivos CIGS, la banda prohibida más larga del  

CuInS2 (1.55 eV) determina un interés en estos dispositivos para obtener valores mayores de 

tensión en circuito abierto (Voc); con un valor teórico esperado de 1.2 V. Este alto valor de Voc 

es muy interesante para la obtención de tensiones de salida mayores en los módulos, y  para su 

aplicación como celdas superiores en estructuras tandem. En este trabajo, el impacto de los 

dominios de politipos CuAu en celdas avanzadas producidas por procesos electroquímicos es 

investigado. Trabajos previos realizados en etapas previas del desarrollo de la tecnología de 

celdas CuInS2 reportaban  presencia de esta fase secundaria como perjudicial para la eficiencia de 

los dispositivos. Sin embargo, en dispositivos más avanzados como los usados en este trabajo, la 

presencia de estos dominios se correlaciona con una relajación del estrés en la capa del 

absorbedor, que provoca una mejora en las características del dispositivo como la corriente de 

cortocircuito (Jsc). 

El cuarto capítulo se centra en el desarrollo de metodologías para el análisis cuantitativo de la 

composición química de la región de la superficie de los absorbedores, incluyendo el contenido 

relativo de Ga/(In+Ga) en absorbedores Cu(In,Ga)Se2 y el contenido relativo de S/(S+Se) en 

absorbedores Cu(In,Ga)(S,Se)2. Estos son parámetros que permiten el control adecuado de los 

valores de banda prohibida en la región de la superficie de los absorbedores, que determina el 

voltaje de circuito abierto de las celdas solares. En el primer caso, medidas combinadas de 

Raman/fotoluminiscencia (PL) han sido propuestas para la caracterización química de aleaciones 

de Cu(In,Ga)Se2. La calibración detallada de la dependencia del pico de energía de PL con la 

composición de la aleación – que ha sido realizada con muestras cubriendo todo el rango de 

composiciones desde CuInSe2 estequiométrico a CuGaSe2 estequiométrico- ha permitido 

establecer una metodología para la estimación cuantitativa del contenido relativo de Ga en las 

muestras. 

Por otra parte, el análisis de las intensidad relativa de los picos Raman relacionados con modos “S 

like” y “ Se like” de la aleación CuIn(S,Se)2     ha permitido el definir una metodología 
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basada en la dispersión Raman para la estimación cuantitativa del contenido relativo de S/(S+Se) 

en la región de la superficie de los absorbedores. El desarrollo de una herramienta adecuada 

para la evaluación rápida no destructiva del contenido relativo de S en estos dispositivos es 

muy relevante, porque las principal técnica usada para la evaluación química no destructiva 

de las diferentes capas en celdas solares CIGS es Fluorescencia de Rayos X (XRF) y la 

estimación del contenido de S por medio de XRF está comprometida por la superposición entre 

señales de S y Mo. 

Los siguientes capítulos de la tesis se centran en la evaluación de las capa “buffer” de  CdS y la 

capa ventana de ZnO dopado con Al. En el primer caso, la capa buffer más comúnmente 

usada en tecnologías fotovoltaicas CIGS es CdS; donde esta capa es normalmente depositada con 

un proceso de depósito de baño químico (CBD) con un espesor muy pequeño (en el rango de 40-

60 nm). El control del espesor de esta capa es relevante para el dispositivo: una capa muy 

delgada no trabajara de forma eficaz como “buffer” y una capa muy gruesa absorberá demasiada 

luz, ambos casos son perjudiciales para el dispositivo. Por este motivo este trabajo está enfocado 

en la evaluación del espesor de la capa CdS utilizando una metodología de dispersión Raman 

resonante. 

El espectro Raman medido en la superficie de celdas solares con una longitud de onda de 

excitación de 532nm está dominado por un pico que ha sido identificado como el pico Raman 

principal del CdS. La espectroscopia Raman es capaz de detectar capas de CdS muy delgadas 

(se ha observado señal Raman de capas con espesores por debajo de 30nm).  Este trabajo reporta 

la utilización de una configuración de distancia focal larga mejora la detección de la capa de CdS. 

La correlación encontrada entre la intensidad relativa del pico principal de  CdS y el espesor de la 

capa CdS permite una cuantificación por medios ópticos del espesor de la capa en e l  dispositivo 

final con una alta resolución (por debajo de 5nm) y tiempo de adquisición reducido. 

Así mismo, el ZnO es un oxido transparente (TCO). El ZnO dopado con Aluminio (AZO) es el 

material más comúnmente usado como capa ventana en dispositivos CIGS. En este trabajo se 

desarrolla una metodología óptica para la caracterización eléctrica  de la capa AZO que se basa 

en medidas de espectroscopia Raman resonante con excitación ultravioleta (UV). El análisis de 

celdas solares fabricadas con capas AZO con diferentes valores de conductividad ha mostrado 

la aparición de una banda Raman que ha sido relacionada con la presencia de defectos 

intrínsecos asociados al proceso de dopado. La intensidad de esta banda esta correlacionada con 

la conductividad de la capa. El análisis de la intensidad relativa de esta banda en el espectro 

Raman provee de un método rápido no destructivo que puede ser aplicado en módulos o celdas 

para la evaluación eléctrica cuantitativa de la capa ventana en dispositivos basados en CIGS. 

Esto se consigue sin la interferencia de las otras capas en presente en el dispositivo. 

El último capítulo de la tesis resume las principales conclusiones del trabajo. 
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Contribuciones del autor a las publicaciones en la tesis: 

 
La autora de esta memoria, Cristina Insignares, ha sido la principal responsable de la 

caracterización de las distintas capas y dispositivos por espectroscopia Raman, incluyendo 

también el análisis y la interpretación de los resultados y el estudio del impacto de los diferentes 

parámetros evaluados en la eficiencia de las celdas solares. La autora ha participado también de 

forma directa en el diseño e implementación de la configuración óptica experimental que ha  sido 

desarrollada para la caracterización no destructiva de los procesos, y en el diseño y la 

realización de los diferentes experimentos planteados en el trabajo. 
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En este trabajo la autora estuvo encargada de la realización de las medidas de espectroscopia 

Raman con diferentes longitudes de onda de excitación y el análisis de los espectros Raman. La 

autora  ha coordinado también la síntesis de muestras de referencia de compuestos OVC que 

han sido importantes para la identificación de un mecanismo de excitación resonante Raman para 

longitud de onda de excitación de 785nm. El uso de una excitación Raman resonante ha 

permitido la detección con una alta sensibilidad de fases secundarias de OVC en la región de la 

superficie de los absorbedores, obteniendo la primera evidencia experimental clara del impacto 

de la presencia de estas fases en la eficiencia de las celdas solares. Además, la autora realizó la 

caracterización adicional de las muestras analizadas por técnicas SEM y PL y la caracterización 

optoelectrónica de las celdas con la determinación de los parámetros de los dispositivos. 

 
Capitulo 3.3: 

 Antonin Moreau, Cristina Insignares-Cuello et al, “Impact of Cu–Au type domains in high 

current density CuInS2 solar cell”. Solar Energy Materials and Solar Cells 2015, 139: 

101 - 107. DOI:10.1016/j.solmat.2015.03.008 

Factor de impacto: 5.34 

1
er 

quartil en áreas: Energía y ciencia de los materiales. 

 
Este artículo analiza el impacto de la presencia de dominios del politipo con ordenación cristalina 

Cu-Au en las características de las celdas solares de CuInS2. La autora ha sido responsable del 

análisis detallado por espectroscopia Raman de los dispositivos y la interpretación de los 

espectros con la presencia de las contribuciones del politipo CuAu y de fases de calcopirita 

desordenada. La correlación de esta caracterización con las medidas fotoreflectancia ha permitido 

demostrar que la presencia de los dominios con ordenación  CuAu está directamente relacionada 
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con la reducción de desorden en la fase principal de calcopirita y la relajación de tensiones en la 

capa, contribuyendo a la mejora de la corriente de corto circuito de las celdas solares. 

 
Capitulo 4.1: 

 C. Insignares-Cuello et al, “Combined Raman scattering/photoluminescence analysis of 

Cu(In,Ga)Se2 electrodeposited layers”. Solar Energy 2014, 103: 89–95, 

DOI:10.1016/j.solener.2014.02.005. 

Factor de impacto: 3.54 

1
er 

quartil en áreas: Energía y ciencia de los materiales. 

 
Este trabajo reporta la evaluación óptica no destructiva del contenido relativo de Ga en 

absorbedores Cu(In,Ga)Se2 sintetizados mediante técnicas electroquímicas utilizando medidas 

combinadas de fotoluminiscencia y espectroscopia Raman. Los resultados de ambas técnicas 

fueron obtenidos y analizados por la autora. La autora coordinó también las medidas 

Raman/PL/AES resueltas en profundidad que fueron realizadas en capas sintetizadas con 

composiciones gradual adecuada para la calibración de la dependencia de las características 

espectrales de los picos de PL en la composición química de la aleación. Los resultados 

obtenidos de esta calibración han permitido proponer  una metodología simple y rápida para la 

evaluación química de la superficie de  las capas absorbedoras Cu(In,Ga)Se2, con la estimación 

cuantitativa de la concentración relativa del contenido de Ga/(In+Ga). Es interesante remarcar 

también el desarrollo reportado por primera vez en este artículo sobre la realización de medidas 

ópticas no destructivas  resueltas en profundidad del perfil de Ga, basadas en la utilización de 

microscopio con focal. 

 

Capitulo 4.2: 

 C. Insignares-Cuello et al, “Advanced characterization of electrodeposition-based high 

efficiency solar cells: Non-destructive Raman scattering quantitative assessment of the 

anion chemical composition in Cu(In,Ga)(S,Se)2 absorbers”. Solar Energy Materials and 

Solar Cells 2015, 143: 212-217. DOI:10.1016/j.solmat.2015.06.056 

Factor de impacto: 5.34 

1
er 

quartil en áreas: Energía y ciencia de los materiales. 

 
En este trabajo se presenta un estudio detallado comparativo de celdas fabricadas por técnicas 

electroquímicas con capas absorbedoras de Cu(In,Ga)Se2 libre de S y Cu(In,Ga)(S,Se)2  con S. La 

autora ha  estado a cargo del desarrollo de metodologías basadas en la espectroscopia Raman para 

la evaluación del contenido de S/(S+Se) en la superficie de las capas absorbedoras. El 

desarrollo de técnicas simples y no destructivas para la evaluación del contenido de S en las capas 

es especialmente relevante, ya que las técnicas estándar no destructivas utilizadas en este 

momento presentan problemas debido a la sensibilidad de las medidas en la composición global 

de las capas (como la difracción de rayos X), la existencia de interferencias entre las señales de S 

y Mo (en medidas de fluorescencia de rayos X) o la necesidad de manipular las muestras en 

condiciones de alto vacio (espectroscopia XPS y AES). La correlación de estos resultados con la 
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caracterización optoelectrónica de las celdas ha corroborado del dispositivo. 

 
Capitulo 6.2: 

 Cristina Insignares-Cuello et al, “Non-destructive assessment of ZnO:Al window layers in 

advanced Cu(In,Ga)Se2 photovoltaic technologies”. Physica Status Solidi A 2015, 

212(1): 56-60. DOI:10.1002/pssa.201431222 

Factor de impacto: 1.62 

2
do 

quartil en áreas: ciencia de materiales, Física y Astronomía e Ingeniería. 

 
Este trabajo propone una metodología óptica no destructiva para la evaluación de la 

conductividad de la capa ventana (AZO) de las celdas solares que puede ser aplicada en 

dispositivos finales. La metodología está basada en el análisis de espectros Raman realizados 

bajo condiciones de excitación UV resonante. En contraste con procedimientos preexistentes 

para la evaluación de la conductividad de la capa ventana de los dispositivos, esta metodología 

no involucra el uso de estructuras especiales de test y no necesita la fabricación de contactos 

eléctricos en la capa. La autora ha sido responsable del análisis por espectroscopia Raman de las 

capas con la medida e interpretación de espectros Raman. La autora participo también en la 

fabricación de las celdas de referencia que fueron fabricadas con capas AZO con diferente 

conductividad, lo que ha permitido demostrar a nivel de celda la metodología propuesta para 

la determinación de las pérdidas de eficiencia relacionados con la degradación de la 

conductividad de las capas ventana. 

 

Ninguno de estos artículos ha sido utilizado por otros co-autores para sus tesis doctorales 

Barcelona, 29 de Julio de 2015 

 

 
Alejandro Pérez-Rodríguez            Víctor Izquierdo-Roca 
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1. Introduction and objectives 

 

 

 

The recent developments in Photovoltaic (PV) energy have positioned thin film solar cell 

technologies as very promising solutions to the global issue of energy production. These 

technologies have shown promising efficiencies and a high potential to achieve in the future 

competitive prices; the record thin film cell efficiencies at laboratory level have been achieved 

by Cu(In,Ga)(Se,S)2 (CIGS) based cells with an efficiency of 21,7%[1]. This work proposes a 

deep analysis of the physico-chemical properties of advanced CIGS devices fabricated by 

electrodeposition (ED) based processes, by the development of Raman scattering based 

methodologies for the selective assessment of the different layers in the devices. Electrodeposition 

based processes have a strong interest for the development of low cost technologies. The aim of 

the work is to develop process monitoring techniques suitable for the assessment of parameters 

relevant for the optoelectronic properties of the solar cells and modules and compatible with their 

implementation at on-line level during the fabrication of the devices. Availability of process 

monitoring techniques is important in these technologies, because of the need to improve the 

yield and reliability of the processes involved in the fabrication of the devices. Raman 

scattering is an optical non-destructive and contact-less technique that does not require for 

sample preparation. Raman spectra are sensitive to chemico-physical and structural parameters 

of the layers that determine the device efficiency, as the crystalline quality and presence of 

defects, the chemical composition, as well as stress and strain effects and presence of secondary 

phases. In combination with suitable optical system configurations, Raman scattering can be 

applied for the analysis of the uniformity of the layers with different spatial resolution – from 

cm down to micrometer ranges – which allows detection of in-homogeneities in large area 

devices. This is very important, as presence of in-homogeneities is the origin of the reduction of 

the efficiency when the processes are scaled up for the production of large area modules. Large 

area (60x120 m
2
) CIGS modules are already commercially available with average efficiencies  in 

the range 13-14%, with a record value of 15.7% as reported by Miasolé company in 2014[1]. 

These are promising results but are still significantly lower than the efficiency values that can be 

obtained in small area cell devices. The methodologies proposed in this work could be the 

ground work contributing to improve CIGS modules industrial production and close the efficiency 

gap between laboratory and industrial scale, providing reliable techniques for detection of 

process in-homogeneities at different process steps and hence allowing improving the process 

reliability.  

 

This introductory chapter includes an outline of CIGS technology and the approach taken within 



21  

this work based on optical techniques, with a general explanation of the methodologies proposed. 

A more detailed description will be disclosed in the following sections explaining the thorough 

analysis of the window, buffer and absorber layer (ZnO, CdS, CIGS) of the CIGS solar cell 

devices. 

 

1.1. CIGS solar cells: background 
 

In the last years there is an increasing interest in the development of renewable energies 

alternative to conventional fossil fuel energy technologies. Awareness about fossil fuel depletion, 

global warming leading to climatic changes, easy availability of renewable resources and 

energetic production independence has made technologies that are environmentally friendly to 

capture attention. Aiming to change the electric landscape, in 2013 only renewable electricity 

sources reached to new benchmark of installations and the use of renewable energies increased 

from 30GW in 2012 to 38,4 GW in 2013 [2]; where EPIA (European Industry Photovoltaic 

Association) has reported an increment in the cumulative installed photovoltaic (PV) from 70.5 

GW in 2011 to 138.9 GW in 2013 globally. Although PV remains the third most important 

renewable energy source in installed capacity, after hydroelectric and wind energy, PV continues 

to have a very low share on the energy production chart. In order to achieve a larger participation, 

PV technology needs to overcome the obstacles that are not allowing larger industrial production 

of panels with higher efficiency and lower costs. 

PV technologies have been developed within three generations; where the first one is related to 

technologies developed on wafer crystalline substrates (mainly Si), the second one is related to 

thin films technologies and the third one refers to new device concepts. 

The first generation includes the dominant Si-based PV technologies (single crystal Si and multi- 

crystalline Si) in the PV market share. Si PV technologies are very mature and have allowed 

achieving the highest efficiency in single junction solar cells with 25.6%[1], relatively close to 

the theoretical performance limit of 29%. The first PV generation presents a good life time, with 

the demonstration of solar modules working up to 50 years, but involves high cost processes that 

determine a relatively high value of the energy payback time of the order of 18 months [3]. This 

parameter is defined as the time that is required for the devices to produce the energy that was 

consumed during their fabrication. In addition, the use of wafer substrates imposes additional 

constrains for the design of large area modules which require for wafer to wafer interconnection 

processes. 

Thin–film solar cells are the second generation PV technologies. The name comes from their 

lower thickness (only few micrometers) when compared to the crystalline Si based solar cells; 

Thin-film solar cells are made from layers of semiconductors that are much more suited for the 

absorption of the solar light spectrum, which allows for this drastic reduction in the thickness of 

the absorber layer in the device. The main thin film technologies are based in amorphous Si, 

polycrystalline CdTe and polycrystalline CIGS absorbers. The main advantages of these 

technologies are: 
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 Reduction of material costs related to reduction of absorber thickness. 

 Simplification of processes & reduction of process steps in relation to single crystal 

technologies. 

 Reduction of energy payback time, with values estimated in the range of 6 to 12 months, 

depending on the technology[3]. 

 Higher process flexibility allowing for the use of different kinds of substrates, including 

glass and low weight substrates for the development of low weight flexible modules 

suitable for building applications. 

 Processes scalable to industrial production of large area modules. 

 Simpler monolithic module integration processes. 

 
All these characteristics establish a higher potential of thin film PV technologies for reduction of 

production costs. This agrees with the fact that thin film PV technologies are already competitive 

with the much more mature Si first generation technologies, in spite of the fact that the volume 

of production of thin film PV modules is still much lower (in the 10 GW range, in front of a Si 

cumulative production in the 100 – 1000 GW region). Cost scaling effects are expected to 

determine a further reduction of costs of thin film PV devices when increasing the volume of 

production of these technologies towards the 100 GW level. 

 
The third PV generation corresponds to new concepts and devices which are mainly still at 

research level, examples of these new device concepts and processes are the multi-junction and 

tandem solar cells, intermediate band cells, nanowire based cells, nanoparticles based cells, dye 

sensitized cells and, more recently, perovskite based cells. 

This work is centered in CIGS advanced technologies that have achieved the level of maturity 

required for their transfer to industrial production stages. As already indicated, CIGS thin film 

solar cells have achieved the highest efficiencies within thin films technologies, reaching record 

of 21.7% [1] at laboratory scale; but up-scaling of these processes to large area substrates for the 

production of large area modules determines the introduction of lateral in-homogeneities that 

lead to a significant reduction (to values typically in the range 13%-14%) of the average 

efficiency of the modules. This gives a strong interest to the improvement in the control in the 

production and detection of such in-homogeneities. 

Solar cells work as a p-n junction where the photons with equal or higher energy to the band gap 

of the absorber layer create electron-hole pairs that are separated by the electric field at the space 

charge region of the device, producing a photocurrent. CIGS devices are made by the junction 

formed between semiconductors with different bandgaps; this is called a heterojunction and is 

normally formed by a n-type material on top of the CIGS layer referred as buffer layer and the p-

type CIGS layer, referred as absorber layer. The absorber layer normally is grown on a soda-lime 

glass substrate previously coated with a Mo sputtered layer (that works as back contact) and has a 

thickness between 1.5 and 2 µm. Higher thickness of the absorber layer would increase the 

series resistance and a lower thickness would decrease the absorbed photons, both outcomes 
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would dwindle the current density, therefore the efficiency yield by the device would also decline. 

The most common material used for buffer layer in CIGS devices is Cadmium sulfide (CdS) and 

in standard cells it has a thickness of 50nm, a larger buffer layer would increase the absorption of 

short wavelength photons. Additionally, a transparent front contact, normally a transparent 

conducting oxide (TCO), referred as window layer is growth on top the buffer layer that acts as a 

conduit for the photo-generated electrons. The window is generally formed by an Aluminium 

doped Zinc Oxide layer on top of a very thin (about 50 nm)  intrinsic Zinc Oxide layer (ZnO(Al)- 

ZnO(i)). The window layer has a total thickness between 0.25 – 0.50 µm and its most important 

characteristics are the conductivity and transparency. Figure 1 (left) shows a SEM cross section 

image of a typical CIGS device, and the band gaps of the different layers are indicated in the 

figure. As shown, in this device configuration the window top layer is the one with the highest 

band gap, while the absorber CIGS layer is the one with the lowest bandgap. Figure 1 (right) 

show a schematic representation of the cell band diagram under equilibrium conditions. In solar 

cells the recombination of carrier can occur on different areas of the structure like the space 

SCR, the quasi-neutral region (QNR), the buffer-absorber interface and in the back contact. 

 

 

 

 

Figure 1: SEM picture of a standard architecture of CIGS solar cell device (left) and 

the band diagram of the same structure under equilibrium conditions (right)[4]. 

 

The band diagram in Figure 1 (right) ) [4] also shows the presence of an inverted surface region 

between the n-type  CdS  buffer  layer  and the p-type  CIGS absorber, The  appearance  of  this 

region has been related to the presence of Cu poor Ordered Vacancy Compound (OVC) phases at 

the surface region of the absorber. More details on the presence of OVC phases and their impact 

on the optoelectronic properties of the devices are given in Section 3.2 from Chapter 3. 
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1.2. CIGS Industrial process strategies 
 

CIGS industrial processes typically include the following process steps: 
 

i) Sputtering deposition of Mo back contact on the substrate 

ii) Growth of CIGS absorber layer 

iii) Chemical bath deposition (CBD) of the CdS buffer layer 

iv) Sputtering deposition of the intrinsic ZnO + Al-doped ZnO (AZO) window layers 
 

Main differences between the different industrial technologies refer to the process stage ii). This 

includes the following strategies: 

a. Single step multistage co-evaporation process 

b. Sequential 2-steps process involving: 1) growth of multi-stacked metallic precursors 

followed by 2) recrystallization under chalcogenization conditions. In this case, metallic 

precursors can be produced either by vacuum based sputtering deposition processes or by 

vacuum-free chemical or electrochemical processes. 

Co-evaporation processes typically include three different stages (initial Ga-In-Se co-evaporation 

stage to favors formation of a Ga rich back region, intermediate Cu-rich deposition stage to 

enhance crystallization of the CIGS layer and final Cu poor deposition stage allowing dissolution 

of potential CuSe secondary phases formed at the second stage). These processes have allowed 

achieving the highest device efficiencies. However, up-scaling of these processes to large area 

devices has problems for the control of the uniformity of the deposited layers. Main CIGS 

companies using this strategy are Flisom, Sunplugged, Hanergy (Solibro) and Manz CIGS 

Technologies. 

A more flexible alternative that is more compatible with the use of large area substrates 

correspond to the sequential 2-steps strategy b). Main companies using this strategy are Avancis, 

Solar Frontier, Hanergy (Miasolé) and Midsummer. All of these companies use sputtering 

deposition for the growth of the multi-stacked precursors, and the chalcogenization of the layers 

is performed typically using toxic and expensive H2Se and H2S compounds. 

In all these cases, the growth of the CIGS absorbers uses vacuum based deposition processes (co- 

evaporation, sputtering) that are characterized by high Capital Expenditure (CAPEX) costs. In 

addition, vacuum based deposition processes have relatively low materials use efficiency values 

(typically in the range 60-70%), which increases material costs. 

In front of these strategies, NEXCIS Photovoltaic Technology has developed an electrochemical 

based approach for the growth of the metallic multi-stacked precursors. This allows the use of 

vacuum-free processes, which are characterized by much lower CAPEX costs (about 1 order 

of magnitude lower than those for vacuum-based processes). Chemical and electrochemical based 

processes are also characterized by a very high materials use efficiency (typically higher than 
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90%), which allows a further reduction of manufacturing costs. Electrochemical based 

processes are compatible with industrial implementation for mass production levels, and the 

capability of these processes for the production of highly uniform large area layers has already 

been demonstrated. In addition, development of an atmospheric pressure rapid thermal process 

(RTP) stage for the chalcogenization of the layers using elemental S and Se allows avoiding 

the use of toxic and expensive H2Se and H2S compounds. This gives a strong potential of these 

processes for a higher reduction of production costs. 

However, vacuum free processes lead typically to lower efficiency devices in relation to vacuum 

assisted processes. Exploitation of the low cost potential of vacuum free processes requires for a 

special effort in the further development of the processes to decrease the efficiency gap between 

vacuum free and vacuum assisted processes. This implies a strong need for the deep 

characterization of the different process steps allowing a deeper understanding of the structural, 

chemico-physical, optical and optoelectronic characteristics of the different layers and their 

impact on the device efficiency. Correlation of the characteristics of the layers after the different 

process steps with the optoelectronic characteristics of the final devices allows the identification 

of quality control indicators that can be used for the monitoring of these processes. Suitable 

control of the process parameters ensuring optimum values of the quality control indicators allows 

optimization of the reliability of the processes, improving the average efficiency values 

achieved in these processes. 

1.3. CIGS absorbers for high efficiency devices 
 

Most of the chalcogenide devices being developed for solar energy conversion are based on the 

Cu–III–VI material system. CuInSe2, CuGaSe2, CuInS2, Cu(In1-xGax)Se2 are part of the I-III- 

VI2 semiconductor materials. Cupper indium gallium (di) selenide, with chemical formula Cu(In1-

xGax)Se2, is a solid solution of CuInSe2 (pure copper indium selenide) and CuGaSe2 (pure 

copper gallium selenide). Since 1995 all of the efficiency world records on thin film solar cells 

have been held by Cu(In1-xGax)Se2 based devices [5]. The fundamental physical properties and 

optimal features of these materials like high absorption coefficient and the possibility of wide 

variation in the conductivity, position them as well suited for PV applications and have propel 

their study among the scientific community. Additionally, Cu(In1-xGax)Se2  can be deposited as n 

or p-type semiconductors and the lattice match is good with CdS, which decreases interfacial state 

density[6]. 

 
The development of high performance devices requires thorough bandgap engineering, following 

the schematic representation shown in Figure 2. In the case of devices with uniform absorber 

composition, the highest efficiencies are obtained for an absorber bandgap between 1.1 and 1.2 

eV.  Increasing the bandgap in the back region of the absorber (as shown in Figure 2 center) 

determines a “back reflector” effect that is beneficial for the device performance as it reduces the 

back interface recombination, increasing minority carrier diffusion length. A further increase in 

the device efficiency is achieved in the optimal band gap configuration shown in Figure 2 right, 
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which combines a higher bandgap at both the surface and the back regions of the absorber, 

leading to a characteristic U-shaped band-gap profile. The presence of a higher bandgap value at 

the surface region of the absorber allows reducing the carrier recombination at the buffer/absorber 

interface and leads to an increase of the open circuit voltage. 

 

 

Figure 2: Optimal band gap configuration for high efficiency CIGS cells 

 
For co-evaporation based processes, the band-gap engineering is achieved by tuning of the 

Ga/(In+Ga) relative content profile through the thickness of the absorber layer. The energy gap 

of CuInSe2 is around 1eV, while CuGaSe2 has an energy gap of 1.7 eV. Within the 

Cu(In,Ga)Se2 alloy the band gap is tuned by the Ga/(Ga+In) relative concentration [7], leading 

to an energy gap range from 1 to 1.7eV. The ability of the co-evaporation processes to achieve a 

careful control of the Ga depth profile at the surface and back absorber regions has allowed the 

achievement of the record cell efficiency values higher than 21%. 

 
On the other hand, in the case of 2-step processes, an efficient control of the bandgap at the 

surface region of the absorber can be achieved by the controlled incorporation of sulfur with the 

formation of a surface CuIn(S,Se)2 region. Within the compound CuIn(Sx,Se1-x)2 the band gap is 

tuned by the S/(S+Se) relative concentration [8][9], leading to an energy gap range from 1 to 1.6 

eV. This involves the use in this case of layers with different S/(S+Se) and Ga/(In+Ga) depth 

profiles: In these cells, the higher band-gap value at the back region of the absorbers is obtained 

with a higher Ga content in the back region, while the higher band-gap value at the surface 

region is achieved by a higher S surface content. This determines the need for techniques suitable 

for the quantitative analysis of the S relative content at the surface region of the absorber layers. 

 

1.4. Optical characterization of CIGS based devices: Raman scattering 

 
The I-III-VI2 semiconductors normally present a chalcopyrite (cubic) crystalline structure, where 

the lattice has 4 atoms per unit cell in a body centered tetragonal configuration, [5][10]. Figure 3 

shows the CIGS unit cell, where the red is related to Cu atoms, blue to Se (or S) and yellow to 
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In/Ga. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: CIGS unit cell. Red = Cu, blue = Se, yellow = In/Ga 

 

The fundamental processes that define most of the photon-matter interaction are defined by the 

number of particles involved and the properties of the photos and the material. When light 

interacts with matter most of the photons are scattered with the same energy (Rayleigh scattering), 

nonetheless a significantly small fraction (10
-6  

of the incident photons) is inelastic 

scattered (Raman scattering). During inelastic scattering the photons frequency varies by having 

slightly higher or lower energy than the incident light [11], due to the generation (Stokes) or 

absorption (anti-Stokes) of phonons. Raman spectroscopy studies the inelastic scattering of light 

by matter [12]; in Raman scattering commonly only the Stokes peaks are analyzed, owing to 

their higher intensity, while the analysis of the Stokes to anti-Stokes peaks intensity ratio allows 

determining the temperature at the scattering volume [13]. 

 

The lattice dynamics in real crystals is determined by the existence of multiple oscillation modes 

or phonons; however, only zone-center phonons can be Raman active in a first order process due 

to conservation of momentum [14]. The chalcopyrite materials symmetry properties of the 

structure’s phonon modes are described by the 21 fundamental modes according to the formula: 

 
Γopt = 1 A1 + 2 A2 + 3 B1 + 3 B2 + 6   E. 

 
Where all of these modes except the A2 are Raman active [10]. Typically the A1 mode is the 

dominant one in the Raman spectra. This mode is related to vibrations involving only the anions 

in the lattice. The spectral features (frequency, width) of the peak are sensitive to different 

features including the chemical composition of the CIGS alloy, as well as the presence of defects 

and stress in the scattering volume [5]. The characterization of the other modes at room 

temperature by Raman spectroscopy is difficult due to their low Raman efficiency. 

 
Figure 4 shows a Raman spectrum measured with a 532nm excitation wavelength on a typical 

Cu(In,Ga)Se2 absorber layer grown with a Cu poor composition ([Cu/In+Ga] ≈ 0,87). This 

peak has a full width at half maximum (FWHM) of 6.6 cm
-1

, comparable to that achieved in 

the Raman peak from a single crystal reference Si sample (5.6 cm
-1

); this points out the high 
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crystalline quality of the Cu(In,Ga)Se2 synthesized layers. In addition, weaker contributions at 

the 212–228 cm
-1 

spectral region are identified as E/B symmetry Cu(In,Ga)Se2 peaks[17]; the 

detection of these weaker peaks also suggest a high crystalline quality of the absorbers. These 

spectra also show a peak at 152 cm
-1

, which is identified as the main vibrational mode from a 

Cu-poor ordered vacancy compound (OVC) phase. The intensity of this peak depends on the 

OVC content in layers, being the OVC formation favored by Cu deficiency, and agrees with the 

Cu poor composition of the sample displayed. A study related to this secondary phase is 

presented in a Chapter of this work. 
 

 

100 150 200 250 

Raman shift (cm
-1
) 

Figure 4: typical Cu(In,Ga)Se2 Raman spectrum measured under an excitation wavelength of 

532nm. 

 

As already indicated, the frequency, intensity and shape of the Raman bands provide useful 

information in relation to the way in which atoms vibrate in a crystalline lattice [14]. Presence of 

defects in the scattering volume determines an increase of the FWHM of the Raman peak, which 

is related to the decrease of the phonon lifetime. In addition, disorder effects related to the 

presence of the defects determine also a relaxation of the momentum conservation rule, which 

leads to the activation of non-center phonons, causing asymmetric broadening and shift (towards 

higher frequencies in the case of CIGS compounds) of the Raman peaks. Disorder effects leading 

to breaking of bonds determine also a decrease in the intensity of the Raman peaks. Moreover, the 

frequency of the Raman peaks is also sensitive to the presence of stress in the scattering 

volume, which determines a shift and can cause an additional broadening i n the case of stress 

gradients. 

 
Figure 5 shows different examples of the information that can be provided by the Raman spectra 

in these compounds. This includes the detection of crystalline polytypes – as the CuAu   ordered 

polytype characteristic of CuInS2 (that will be studied in more detail in section 3.3 of Chapter 3), 

the presence of crystalline defects and stress, the detection of secondary phases as OVC (that will 

be studied in more detail in section 3.2 of Chapter 3) and the chemical composition (that will be 

addressed in Chapter 4). Therefore, Raman scattering is well suited for crystalline and structural 

assessment, enabling chemical composition and component identification, chemical reaction 

monitoring, stress measurement and phase analysis. 
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Figure 5: examples of Raman application for the material study in CIGS. 

 
Up to know, majority of studies involving Raman scattering analysis of CIGS compounds and 

based devices have been done using standard excitation conditions that are achieved with green 

lasers (typically the 514 nm line from Ar+ lasers or more recently the 532 nm line from solid 

state lasers). In contrast with these previous works, the methodologies proposed in this thesis are 

based in the use of different excitation wavelengths, which are selected according to the layer of 

the device under analysis.  This implies the use of resonant excitation Raman strategies. 

 
The Raman Effect is caused by an inelastic dispersion of incident light on a crystalline 

structure, which causes (in the case of Stokes Raman) the generation of phonons. In this process 

the electrons from the fundamental state are excited to values that correspond to virtual levels of 

energy. But as soon as the excitation wavelength approaches frequency values close to the real 

energetic levels of the electrons within the crystalline structure, the Raman efficiency increases; 

this is related to a resonance in the interaction process between photons-electrons, which leads to 

a strong increase in the intensity of the Raman modes of several orders of magnitude [16]. 

 
Raman scattering measurements performed under resonant excitation conditions are especially 

interesting for quality control and process monitoring applications, as they allow to achieve a 

significant decrease of the integration time, providing measuring times that are compatible with 

the implementation of the measurements at on-line level for the control of a process line. On the 

other hand, resonant Raman measurements can be compromised by the presence of an intense 

fluorescence emission, especially when analyzing in the visible range [17]. The Fluorescence 

signal has an intensity that is significantly higher than that of the Raman signal. Additionally, 

fluorescence has a longer excited state lifetime [18]. This determines the need for a careful 

subtraction of the background signal before analysis of the Raman spectra. 

The decreasing band gap structure of CIGS solar cells allows the selective analysis of the different 

layers in the cell heterostructure using consecutive lower energy excitations. This work shows the 

analysis performed with different excitation wavelengths that were chosen according to the 
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bandgap of the material of each of the layers using quasi resonant Raman scattering, 

achieving selective non destructive characterization of the TCO/BUFFER/ABSORBER layers on 

finished cells. Additionally, detailed characterization of the layers was performed by a wide 

range of complementary characterization techniques as support for the Raman analysis 

interpretation.  Figure 6 shows the wavelengths selected for each layer. 

 

 

 
 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: Excitation wavelengths chosen in this work (left), typical spectra measured with the 

different excitation wavelengths (right). 

 
1.5. Objectives of the thesis 

 

The main objective of this thesis is the development of Raman scattering based methodologies 

for the analysis of advanced electrodeposited CIGS technologies. This implies a deep study of 

the chemicophysical and optical characteristics of all the layers in the cell heterostructure and 

their impact on the optoelectronic properties of the devices; obtaining the identification of 

quality control indicators suitable for process monitoring. Availability of these methodologies will 

contribute to increment the process reliability and process yield, which are relevant issues in these 

technologies for cost reduction. 
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This thesis has included the selective study by Raman of the different window, buffer and 

absorber layers in the cell heterostructure by using the appropriate excitation wavelength. The 

layers and devices were also characterized by complementary techniques as X-Ray fluorescence 

(XRF), UV/VIS spectrometry Scanning electron microscope (SEM), Auger electron spectroscopy 

(AES) and Energy-dispersive X-ray spectroscopy (EDX), and the results of this detailed 

analysis were correlated with the optoelectronic properties of the devices. Then the main 

parameters of each of the layers relevant for the device efficiency were defined to obtain a 

thorough assessment of the characteristics of each layer. In view of this goal, the specific 

objectives of this thesis are: 

Characterization of large area Cu(In,Ga)Se2 absorbers: both surface and depth resolved 

inhomogeneities of up-scaled absorbers have been studied in detail by the combination of Raman 

scattering and Photoluminescence measurements in combination with depth resolved analysis 

(GDOES, AES), XRD and SEM. This analysis has included the study of the impact of the 

different analyzed parameters on the optoelectronic properties of test cells that were fabricated at 

different regions on large area substrates (up to 60x120 cm
2
). This study includes: 

 
 Depth resolved Characterization of the composition, crystal quality and presence of 

secondary phases of the absorbers. 

 Analysis of the impact of the presence of Cu poor secondary phases at the surface 

region of the absorbers with the efficiency of the cells, providing the first clear 

experimental evidence on the beneficial effect of these phases for the device efficiency. 

 Correlation of the photoluminescence signal at room temperature with the 

[Ga]/[In]+[Ga] concentration in the Cu(In,Ga)Se2 alloy. 

 Assessment of the impact of addition of Sulfur (S) in the CIGS absorber and 

development of a methodology to assess the S/(S+Se) ratio content on the surface of the 

absorber. 

 Identification of parameters suitable for quality control. Selection of excitation 

conditions suitable for resonat excitation for optimization of sensitivity and measuring 

time 

 
Assessment of CdS buffer layer: Due to the nanometric thickness of this layer the detailed 

characterization is difficult in isolated layers and is strongly complex when the layers are 

deposited onto the CIGS absorbers. The characterization under Raman quasi-resonant excitation 

condition (532nm excitation wavelength) provides a suitable tool for the analysis of these 

nanometic layers. The study of layers with different thicknesses deposited on both glass substrates 

and on Cu(InGa)Se2  absorbers  has allowed calibrating the dependence of the  relative intensity 

of the main CdS peak with the thickness of the layer, obtaining a depth resolution in these 

measurements below 5 nm. 

 
ZnO:AL (AZO) Characterization: ZnO layers synthesized with different Al doping levels 

determining different values of resistivities (from 1 m·cm up to > 10 M m·cm) have been 
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analyzed by Raman spectroscopy under quasi-resonant conditions (325 nm excitation 

wavelength), Hall Effect and resistance measurements. The results obtained have allowed 

identifying in the Raman spectra a broad band with an intrinsic defect, being the  relative intensity 

of this band directly correlated with the conductivity of the layer. This has allowed the definition 

of an optical methodology for the assessment of the electrical properties of the AZO windows 

in finished devices, avoiding the need for special test devices for the control of this parameter 

in the solar cells and modules. 

 
The analysis performed onto large area modules has determined the viability of these 

methodologies for the characterization of the homogeneity of the processes. Combination with 

suitable optical probes gives the possibility to analyze the presence of inhomogeneities at 

different length scales, from cm down to sub-micrometric scales. The implementation of quasi- 

resonant excitation strategies allows minimizing acquisition time, making thus these 

methodologies compatible with their implementation at on-line level for advanced process 

monitoring. 
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2. Raman scattering based measurements: 

Experimental details. 

 

 

 

 

 
As mentioned in the Introduction this work involves the implementation of Raman based 

methodologies using different excitation wavelength from UV to NIR region (325, 532, 785, and 

1064nm) and suitable measuring methodologies were defined to characterize CIGS absorbers, 

window and buffer layer on the full cell devices. Under this framework an understanding of the 

equipment and the experimental setups used to perform all the studies within this work is 

presented in this chapter. 

 

2.1. Raman scattering systems 

 
In order to obtain a better understanding of how Raman spectroscopy works a schematic diagram 

of a modular Raman setup is shown in Figure 7. The components of a spectrometric system can 

be described in general terms in four main parts: a light source, an optics system (to focus the 

laser and collect the Raman signal), a light dispersion (grating) system and a detector. Raman 

signal is spectrally located extremely close to the laser excitation energy (<0.1eV) and 

additionally it is weak in comparison of the elastic light signal (1:1000000); therefore parasitic 

stray light contributions have to be filtered from the laser line. In single spectrometer based 

systems these filtering systems are based in narrow band pass interferential filters that allow 

cleaning the laser and edge high frequencies pass filters to remove the light elastic contribution. 

 
This work has mainly used two different Raman scattering systems. The first one is the LabRam 

HR800 Jovin Yvon, which is equipped with four excitation wavelengths between UV and IR 

(325 nm HeCd laser, 532 nm DSSP laser, 785 diode laser, and 1064nm DSSP laser). This 

system has a high spectra resolution, with the possibility to work with different density of 

lines/mm gratings in order to optimize the resolution and the signal. Due to these characteristics 

the system has been used to perform experiments requiring a higher spectral resolution, 

experiments under UV excitation wavelength, room temperature Photoluminescence (PL) 

experiments (after small modifications) and combined PL and Raman measurements. In addition, 

the system is coupled with a   metallurgical microscope that allows obtaining a spatial resolution 

down to 1 um dependent of the excitation wavelength. In order to assess presence of 
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microinhomogeneities, the system can work with DuoScan option, where the micrometer laser 

spot is draged over a 30x30 um
2
. 

 

 

 
Figure 7: Schematic diagram of a modular Raman setup. 

 
The second system used in this work has been developed and optimized during the thesis; it is a 

modular system with high luminosity optimized specifically for the characterization of CdS 

and CIGS layers. This system is based in a single iHR320 Jovin Yvon spectrometer and 

coupled with a Raman probe, which has been developed in the IREC laboratories; it has three 

excitation wavelengths (532, 633 and 785nm). These properties make this system very suitable 

for experiments where a  high number of analyses are required, like in the analysis of 

uniformity of large areas CdS and CIGS layers. Table 1 summarizes the technical data of each 

system additionally Figure 8 shows picture of both systems. 

 
Table 1: summary the main optical specifications of Labram system and IREC designed system. 
 
 

 Labram HR800-UV iHR320   +   IREC 

Raman probe 

Dispersive system 

(Res. at 514/532nm) 

Single 

(~0.6 nm/mm) 

Single 

(2.35 nm/mm) 

Focal Length 800 mm 320 mm 

CCD resolution 

(1800 l/mm) 

0.5 cm/CCD pixel 1.1 cm/CCD pixel 

FWHM monocristal Si 

(1800 l/mm) 

3.6 cm
-1

 6.1 cm
-1

 

Lumisity spectrometer 

(monocristal si counts) 

f/6.0 

(70 counts/s) 

f/4.1 

(200 counts/s) 

Ratio signal/noise 21 50 
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Horiba Jobin Yvon labram HR800- 

UV 

Modular HR320 Raman  system developed within this 

work 

Figure 8: Pictures of Horiba Jobin Ybon LabRam HR8-UV (left) and modular HR320 Raman 

developed during this work (right). 

 
In both systems the experiments have been performed in backscattering configuration. In this 

configuration the propagation of the incident and scattered light has the same direction but their 

senses are opposite forming an 180
o
 angle; this configuration allows optimizing the signal in 

systems; where absorption of the light is high. In Figure 9 a schematic diagram of the Raman 

probe configuration present in both systems is shown; the monochromatic and parallel beam 

in the laser at the LabRam system or from the collimation after the optical fiber coupling in 

the IREC system is coupled with the Raman probe system and cleaned with an interferential 

narrow band filter to remove the parasite light contributions. Using a low energy pass edge filter 

as achromatic beam splitter, the parallel laser beam is directed to the objective where it is focused 

on the sample; the elastic and inelastic scattered light is collected using the same objective. The 

low energy pass edge filter separates the elastic and low energy inelastic (Raman Stokes) light 

contributions. 
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Figure 9: (Left) Optical diagram of the Raman probe. (Right) Picture of the Raman probe 

coupled by optical fiber to iHR320 developed during the thesis. 

 
2.2. Experimental conditions: assessment of thermally induced effects. 

 

Different properties of the material such as absorbance, crystal quality or the crystal size, 

determine strongly its light sensibility which determine the power density tolerance used during 

the excitation. In order to avoid artifacts in the acquired Raman spectra that could lead to 

misinterpretations of the results and to avoid degradation of the material, this sensibility of 

the material is of strong importance to be evaluated. There are two different ranges with 

significant differences: 

 

a) The first one where the applied power density applied induces temporal 

changes in the material and the Raman spectra (reversible thermal effects). These 

changes are related to modification of the lattice parameter caused by dilatation of the 

lattice that induce a red shift of the peaks or modification of the phonon life time due to 

increase of the density of the phonons in the lattice that produce an increase of the 

FWHM in the peaks. This behavior is intrinsic in the measurement process, a criteria 

to evaluate the relevance of these effects is to compare the changes of the Raman peak 

spectral parameters from measurements performed with different excitation powers with 

the uncertainty in the measurements of these parameters (position, area, FWHM). 

 
b) A Second region, where the changes induced in the material are linked with 

irreversible modifications. These changes can be such as recrystallization, crystal 

degradation, formation of new compound, decomposition, etc; these modifications 

affect the spectra obtained and the material. Therefore, the information obtained of the 

spectra is not related to original material. 

15 cm 

10 cm 

5 cm 

0 cm 



37  

eexx 
Figure 10 shows a typical example of the presence of thermal effects in the Raman spectra. The 

spectra measured on the same sample under different power densities can be used as a power 

study of the material. This figure presents the power study performed on a NEXCIS CIGS 

absorber previously to the characterization of the material. As mentioned before the results show 

a shift towards lower frequencies and broadening of the main A1 CIGS Raman peak when the 

excitation power increases.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10: Raman spectra from NEXCIS CIGS absorber obtained under different excitation 

densities power. 

 

2.3. Data processing of Raman signal. 

 
Conventionally the data processing of the Raman signal has been based in the fitting of the peaks 

with Lorentzian curves. This allows to determine the parameters of the peaks (position, 

FWHM and Area), however, it requires the accurate prosecing of the spectra. This includes an 

accurate spectral calibration using a reference pattern; the peak at 520 cm
-1   

from a Si 

monocrystal is usually used as reference. Then, the baseline generated by different origins as 

tails of the laser, luminescence, stray light originated for the multi-stack layers, etc… has to be 

removed.  This data processing is suitable for a detailed analysis that is required in some 

experiments, but presents a strong limitation when a high number of data have to be evaluated 

in a short time. Also, it presents strong limitations when the signal of the spectra is low or the 

deconvolution of the peaks is complex, for example in the evaluation of the shoulders, or small 

peaks close to intense bands. 

 
With the aim to simplify the analysis of the measured data, a strategy that is based in the 

inspection of the ratio of the areas under the spectra at pre-defined spectral ranges was adopted 

during this work. This range has been evaluated previously in reference samples with high 

quality spectra acquired during large integration times. This strategy presents several advantages 
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in front of the conventional deconvolution of the spectra based in the fitting of the peaks with 

Lorentzian curves: 

1. Increase of tolerance to higher noise levels: the integration of area reduce the 

impact on the processed data of the noise with random character such as the thermal noise 

and read noise; 

2. Use of simpler and faster processing algorithms; 

3. Reduction of the spectral resolution required for the measurements. This allows 

working with lower resolution systems that have higher luminosity, being possible to 

work with lower integration times, decreasing the time required for the acquisition of 

each spectrum; and 

4. Reduction of potential effects related to looses in optical alignment of the system, 

which makes the system more robust and reduces the need for very precise optical 

djustments. 

 
Figure 11 presents examples of the different spectral regions that have been defined for the 

analysis of the ZnO:Al, CdS and CIGS, layers, more details on the parameters related to the 

analysis of these spectral regions are given in the following chapters in the thesis. 
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Figure 11: Raman spectral regions proposed for the assessment of the ZnO, CdS and CIGS 

layers. 
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3. Assessment of secondary phases in the 

absorber layers of advanced CIGS devices 

 

 

 

 
3.1. Introduction. Raman scattering survey of secondary phases in CIGS based devices 

 
Raman scattering has proven to be a suitable tool for composition detection making it of great 

utility to determine the presence of secondary phases. There are several secondary phases that 

have gather attention from the photovoltaic community during the history of Chalcopyrite 

materials. Table 3 presents a list of secondary phases reported in the literature for CIGS absorber 

layers and their main vibration modes [14]. Development and optimization of the processes 

involved in the synthesis of the CIGS layers has shifted the attention from phases that were 

strongly relevant at the initial stages of these technologies – as Cu-Se(S) and In-Se(S) binary 

compounds – to phases that are still present and have likely a relevant impact in absorbers from 

high efficiency devices, as the OVC ones in Cu(In,Ga)Se2 alloys and CuAu polytypes in 

CuInS2 based cells. This chapter is focused in the study of these two specific secondary 

phases, determining and clarifying their impact on the optoelectronic characteristics of the cells. 

 

Table 3: List of the main secondary phases reported for CIGS absorbers. 
 
 

Phase Reference Main vibrational mode (cm-1) 

CuAu-CuInS2 [19] 305 

CuAu-CuInSe2 [19] 183 

CuS [20][21] 19, 475 

CuSe, Cu2-x Se [22][20][23] 43, 263 

Cu3Se2 [23] 49, 58 

OVC Cu-In-Se [22][15] 156 (CuIn2 Se3.5) 

  153 (CuIn3 Se5) 

  151 (CuIn5 Se8) 

CuIn5S8 [22][24] 327, 341, 360 

InS [21] 140 

InSe [25] 116, 173, 219 
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3.2. Secondary phases in advanced Cu(In,Ga)Se2 devices: Ordered Vacancy Compounds 

 
Cu(In,Ga)Se2 based solar cell devices have achieved the highest efficiency performance among 

thin film devices, however it is important to emphasize that the record devices are made by 

absorbers with non-stoichiometric compositions. CIGS absorbers can be growth under Cu-Rich 

and Cu-Poor conditions. Cu-rich conditions ([Cu]/[In]>1) are technologically compatible with a 

wide range of compositions and lead to the production of stoichiometric absorbers, defined as 

[Cu]=[In]=25% [26]. One advantage of these growth conditions is the lower density of defects. 

Nevertheless, it also enhances the formation of Cu-Se secondary phases that are strongly 

detrimental for device performance and the devices with stoichiometric absorbers present 

Buffer/Absorber interface recombination problems. Therefore, devices grown under Cu rich 

conditions have lower efficiency performances, around 10%. On the other hand, Cu poor growth 

conditions (([Cu]/[In]<1) produce non stoichiometric absorbers that yield higher efficiencies, 

although technologically they are compatible with a narrower compositional range. Cu poor 

growth conditions inhibit formation of Cu-Se secondary phases, and also allow the formation of 

Cu-poor Cu-In-Se ordered vacancy compound (OVC) phases like CuIn3Se5, CuIn5Se8, etc... 

 

OVC phases are closely related to the chalcopyrite-type structure and can be derived  by randomly 

introducing in the chalcopyrite-type lattice complex defects in the form of  InCu antisites and Se 

vacancies, and imposing the preservation of the charge neutrality in the lattice. These phases 

are characterized by a higher bandgap than that of CuInSe2, as can be seen in Figure 12. This 

figure shows the room temperature PL measurements performed in CuInSe2, CuIn2Se3.5 and 

CuIn3Se5 reference layers. The PL peak energy (that is determined by the bandgap of the layer) 

shifts from 1,02 eV for CuInSe2 to 1,15 eV for CuIn2Se3.5  and 1,24 eV for CuIn3Se5. 

 
This increment in the bandgap has a significant effect on the surface of the absorber. Figure 13 

presents the band diagram of CuInSe2/CdS/ZnO heterostructure, the higher band gap related to 

the OVC phase is produced by a down shift of the valence band maximum with respect to the 

Fermi level. This determines the presence of an inverted surface layer in the CIGS absorber, 

which leads to the formation of a buried junction, shifting the p-n junction from the CdS/CIGS 

interface and, hence, contributes to locate the main recombination path towards the bulk rather 

than at the CdS/CIGS interface, which is expected to be beneficial for the characteristics of the 

solar cells [26]. 
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Figure 12: PL of three reference samples: CuInSe2, CuIn2Se3.5  and CuIn3Se5. 
 

 

Figure 13: Band diagram of CuInSe2/CdS/ZnO 

 
However, in spite of the consensus in the literature on the beneficial expected effects of OVC 

phases in the optoelectronic properties of the solar cells, up to now almost no data have been 

reported correlating their presence with the characteristics of the devices. This is related to the 

difficulties in the detection of these secondary phases by techniques as X-Ray diffraction, were 

observation  of  weak  OVC  peaks  is  strongly  compromised  by  the  intense  peaks  from    the 

dominating CIGS phase. Raman scattering allows an easier detection of these phases, being the 

main Raman peak from OVC phases located at the 155 cm
-1 

spectra region (as shown in the 

Raman spectrum plotted in Fig 4 in section 1.4 from Chapter 1). However, this peak is relatively 
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close to the low frequency tail from the dominant A1 CIGS peak, which in some cases can 

compromise the detection of this phase. 

 
In this work we have identified and characterized a Raman resonant excitation of an E/B band 

characteristic of the OVC phases when working with 785 nm excitation wavelength. The strong 

increase in the intensity of this band has allowed achieving an enhanced sensitivity of the Raman 

spectra to the presence of the OVC secondary phases. This has allowed to report, for the first 

time in the literature, clear experimental evidences of the impact of the presence of the OVC 

phases on the optoelectronic characteristics of the cells, mainly the open circuit voltage and the 

efficiency, as described in the following paper. The existence of an o p t i m u m  range in the 

content of OVC at the surface region of the absorbers has lead to the identification of the 

relative intensity of the OVC Raman peak in relation to that of the main CIGS Raman peak as 

a quality control indicator relevant for the assessment of these processes. As described in 

chapter 2, the definition of this indicator has been made using a methodology based in the analysis 

of the relative integral intensity of the different spectral contributions shown in Figure 14. In this 

figure Aocv   is regarded as the area under the spectral region between 220 and 250 cm
-1 

and 

ACIGS refers to the spectral area under the region between 164 and 180 cm
-1

. 

 

 

Figure 14: Area selected for the Aocv/ACIGS ratio. 
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This work reports the detailed Raman scattering analysis of Cu-poor Cu(In,Ga)Se2 (CIGS) 

electrodeposited solar cells using different excitation wavelengths. The systematic assessment of 

cells fabricated with Cu-poor absorbers that were synthesized with different Cu contents has 

allowed identifying the existence of a quasi-resonant excitation of a Raman peak characteristic of 

an Ordered Vacancy Compound (OVC) secondary phase when using a 785 nm excitation wave- 

length. The enhanced sensitivity of the spectra measured with these conditions to the presence of 

the OVC phase provides with a suitable tool for the non destructive assessment on the occurrence 

of this Cu-poor secondary phase in the surface region of the CIGS absorbers from measurements 

performed on finished cells. The correlation between the Raman scattering data and the optoelec- 

tronic parameters of the devices shows the existence of an optimum OVC content range leading to 

devices with highest open circuit voltage and efficiency. These data provide with a clear experi- 

mental  evidence  on  the  impact  of   the   OVC   phases   on   the   device   efficiency. VC 2014 

AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4890970] 

 

Cu(In,Ga)(S,Se)2 (CIGS) chalcogenide based devices 

have the highest efficiency of all thin film Photovoltaic tech- 

nologies and have already entered the stage of mass produc- 

tion. The highest efficiency CIGS devices currently use 

absorbers with nonstoichiometric compositions, and this has 

a  strong  impact  in  the  transport   properties.
1   

The  Ga/ 

(Ga þ In) and Cu/(Ga þ In) relative concentrations have a 

significant influence on the microstructure, optical, and elec- 

tronic properties of the semiconductor compound. The CIGS 

bandgap is tuned by the Ga/(Ga þ In) ratio in the alloy,
2,3 

and the Cu/(Ga þ In) content has a strong impact on the pres- 

ence of secondary phases.
4–6 

A Cu poor composition allows 

avoiding formation of Cu-Se secondary phases that are detri- 

mental for device efficiency (mainly when located  in the 

bulk of the absorbers, as in this case they cannot be removed 

by a surface KCN etching). In addition, this favors formation 

of Cu-poor Cu-In-Se ordered vacancy compound (OVC) 

phases.
4–6 

These phases are closely related to the 

chalcopyrite-type structure and can be derived by randomly 

introducing in the chalcopyrite-type lattice complex defects 

in the form of InCu antisites and Se vacancies, and imposing 

the preservation of the charge neutrality in the lattice. 

Presence of these phases in the surface region of the CIGS 

absorbers is assumed to be beneficial for the characteristics 

of the solar cells.
1 

This has been related to the formation of a 

buried homojunction because of the higher bandgap energy 

of the OVC.
7 

When the Ga content is raised, it results in an 

increased band gap by mainly shifting the conduction band 

position, the higher band gap related to the OVC phase is 

produced by a down shift of the  valence  band maximum 

with respect to the Fermi level. However, a detailed analysis 

of the dependence of the optoelectronic characteristics of the 

cells on the presence of these phases is still lacking, and in 

the literature there are no clear experimental evidences 

showing the impact of these phases on the device efficiency. 

In this framework, this work reports a detailed Raman 

scattering investigation of CIGS electrodeposited cells that 

were synthesized with different Cu/(In þ Ga) contents lead- 

ing to different OVC content in the surface region of the 

absorbers. Electrodeposition based processes have a strong 

potential to achieve a significant reduction of production 

costs with an industrial implementation at mass production 

stages. Raman scattering is the more suited technique for 

detection of OVC phases.
4–6,8,9  

This is usually made by   ana- 

lyzing  the  presence  in  the  spectra  of  the  main  A1   OVC 

Raman  peak  that  appears  in  the  150–160 cm
-1    

spectral 

region   (depending   on   the   composition   of   the   phase).
8 

However,   working   with   standard   excitation   conditions 

(514 nm  or  532 nm  wavelengths),  this  contribution  is  typi- 

cally observed as a small shoulder at the low frequency side 

region of the dominant A1  CIGS peak. In this work, we pres- 

ent a detailed Raman scattering study performed using an ex- 

citation wavelength of 785 nm. At this excitation condition, 

we  observe  a  strong  increase  in  the  intensity  of  an  OVC 

Raman peak located at 228 cm
-1

. This has been attributed to 

the  existence  of  a  quasi-resonant  excitation  of  this  vibra- 

tional mode that allows a much easier detection of the OVC 

phase in the CIGS absorbers. The comparison of the Raman 

spectra  measured  from  cells  fabricated  with  different  Cu/ 

(Ga þ In) relative contents with their optoelectronic parame- 

ters  has  allowed  to  obtain  a  clear  experimental  evidence 

demonstrating the impact of the presence of the OVC phases 

on the efficiency of the devices. 

CIGS devices used in this work were prepared with the 

technology developed at the NEXCIS company. This tech- 

nology   is   based   on   the   electrodeposition   of  Cu/In/Ga 
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multistacks onto Mo/Soda-lime glass substrates, followed by 

a rapid thermal process (RTP) under Se atmosphere. For 

these experiments, CIGS absorbers were synthesized with 

different Cu/(In þ Ga) contents (between 0.86 and 0.97, as 

measured by XRF), to obtain samples with different OVC 

contents. After absorber formation, cells have been com- 

pleted by chemical bath deposition of a CdS buffer layer and 

sputtering deposition of a ZnO(i)-ZnO(Al) window layer. 

This  allows  fabrication  of  cell  devices   on   large  area 

(60 x 120 cm
2
) substrates with 0.5 cm

2 
test cells efficiency 

up to 16%. In addition, a Cu-poorer reference CuInSe2 (CIS) 

layer (with Cu/In content ratio of 0.8) has also been synthe- 

sized on a Mo coated glass substrate (similar to those used 

for the cells) by electrodeposition of a Cu/In metallic precur- 

sor followed by recrystallisation under selenising conditions. 

Raman scattering measurements were made using a Raman 

probe developed at IREC coupled with optical fiber to an 

iHR320 Horiba Jovin Yvon spectrometer, using differ- ent 

excitation wavelengths (532 nm and 785 nm). The meas- 

urements were made in backscattering  configuration 

focusing  the  excitation laser  spot directly on  the  surface of 

the  window  layer  of  the  cells  (diameter  50 lm,  excitation 

power density <1 kW/cm
2
). These conditions ensure absence 

of thermal effects in the spectra. For both excitation wave- 

lengths, estimated penetration depth of backscattered light in 

CuInSe2 is <100 nm. For the optoelectronic characterization 

of the cells, I–V measurements were made under illumina- 

tion using a Sun 3000 class AAA solar simulator from Abet 

Technology. 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. 

Figure 1 shows the Raman spectra measured  with the 

532 nm excitation wavelength from cells with different effi- 

ciencies  (corresponding  to  CIGS  absorbers  with  different 

 

 

 

 
FIG. 1. Raman spectra measured with 532 nm excitation wavelength from 

cells with different efficiencies and Cu/(Ga þ In) relative contents: (a) effi- 

ciency 12.4%, Cu/(Ga þ In) 0.86; (b) efficiency 14.9%, Cu/(Ga þ In) 0.94; 

(c) efficiency 13.0%, Cu/(Ga þ In) 0.97. For comparison, a spectrum from a 

reference CdS layer is included. 

Cu/(In þ Ga) relative content). These spectra are dominated 

by an intense peak centered at 304 cm
-1  

and a smaller peak 

at 174 cm
-1

. The dominant peak at 304 cm
-1  

has been iden- 

tified with the main Raman peak from the CdS buffer layer. 

The high intensity of this peak, in spite of the low thickness 

of the buffer layer (of the order of 70 nm), is due to the exis- 

tence of a resonant excitation of CdS at this excitation wave- 

length. The peak at 174 cm
-1  

corresponds to the A1  Raman 

peak of CIGS. This peak has a Full Width at Half Maximum 

(FWHM)  of  6.6 cm
-1

,  comparable  to  that  achieved  in  the 

Raman  peak  from  single  crystal  reference  Si  (5.6 cm
-1

). 

This points out the high crystalline quality of the CIGS syn- 

thesized layers. As reported in Refs. 3 and 5, the position of 

this peak is also affected by both the presence of Ga and the 

deficiency  of  Cu  in  the  CIGS  lattice,  determining  both 

effects a blue shift of the peak towards higher frequencies. In 

addition, weaker contributions at the 212–228 cm
-1  

spectral 

region are identified with E/B symmetry CIGS peaks.
8  

These 

spectra also show a peak at 152 cm
-1  

that is assigned to the 

A1  Raman peak from a Cu-poor OVC phase. The frequency 

of this peak agrees with that reported in the literature for the 

CuIn3Se5   phase.
8   

Differences  in  the  intensity  of  this  peak 

from the different cells are due to the different OVC content 

in  layers  synthesized  with  different  Cu  content,  being  the 

OVC formation favored by Cu deficiency. 

The Raman spectra measured in the  same  cells  with 

785 nm excitation wavelength are plotted in Figure 2. As 

shown in the figure, the use of this excitation wavelength 

allows avoiding the CdS Raman peak in the spectra, thus all 

the observed peaks are characteristic of the CIGS absorber’s 

surface region of the CIGS absorber. This ensures the ab- 

sence of interactions in these measurements from the other 

layers present in the cells. This facilitates optimization of the 

measuring conditions as in this case the measurements are 

not modified by the presence of the CdS peak from the buffer 

layer. 

The spectra measured with 785 nm excitation wave- 

length also show a strong increase in the intensity of the 

 
 

 

 
FIG. 2. Raman spectra measured with 785 nm excitation wavelength from 

the same cells than in Fig. 1. 
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peak at 228 cm
-1

. The detailed analysis of these spectra and 

those  measured  with  532 nm  excitation  wavelength  show  a 

direct correlation between this increase of intensity and the 

relative intensity of the main OVC peak at about 152 cm
-1

. 

This  allows  identifying  this  contribution  with  an  E/B  sym- 

metry peak of the OVC phase, which overlaps with an E/B 

peak from CIGS.
8  

This behavior is likely related to the exis- 

tence of a quasi-resonant excitation taking place at this exci- 

tation wavelength. 

To clarify this behavior, Raman spectra were also meas- 

ured from the Cu poorer reference CIS layer that was synthe- 

sized  with  an  overall  Cu/In  content  ratio  of  0.8.  Figure  3 

shows  the  Raman  spectra  measured  with  both  excitation 

wavelengths. The spectrum measured with 532 nm excitation 

wavelength  shows  a  main  peak  at  about  151 cm
-1

,  which 

corresponds  to  the  main  A1  symmetry  peak  form  the  OVC 

phase.  Accordingly,  decreasing  the  Cu  content  in  the  layer 

determines a strong increase in the relative intensity of this 

peak,  which  becomes  the  dominant  one.  The  lower  fre- 

quency of this peak in relation to the position of the A1  OVC 

contribution from the spectra measured in the CIGS cells is 

related to the lower Cu content in this layer, which leads to a 

Cu  poorer  OVC  phase.
8   

The  lower  Cu  content  in  the  CIS 

phase from this sample is also likely responsible of the blue 

shift of the A1  CIS peak at 176 cm
-1  

in relation to the posi- 

tion  from  single  crystal  CuInSe2   (173 cm
-1

).
8   

A  similar 
behavior has been observed in Cu-poor co-evaporated CIGS 

layers
5    

and   was   attributed   to   differences   in   the   bond- 
stretching force constants from III-Se and Cu-Se bonds. 

On the other hand, the spectrum measured from the CIS 

layer  with  785 nm  excitation  wavelength  shows  a  strong 

increase in the relative intensity of the peaks located at the 

228–235 cm-1  spectral  region  that  become  the  dominant 

ones  in  the  spectrum.  Positions  of  these  peaks  agree  with 

that reported in the literature for E/B symmetry modes from 

OVC phases as CuIn3Se5 and CuIn5Se8.
8  

This agrees with 

the observed increase in the relative intensity of the peak at 

228 cm-1 from the spectra measured with 785 nm excitation 

 

 

 

FIG. 3. Raman spectra from the Cu poorer CIS reference layer. 

wavelength on CIGS solar cells. The peak position also sup- 

ports the interpretation proposed based on the existence of a 

quasi-resonant  excitation  of  the  Raman  modes   for the 

785 nm excitation wavelength that is favored by the higher 

bandgap of the OVC phase in relation to that of CuInSe2. 

The  existence  of  this  quasi-resonant  excitation  of the 

OVC  peak  at  the  228 cm
-1   

spectral  region  for  the  spectra 

measured  with  785 nm  excitation  wavelength  and  the  ab- 

sence in these spectra of interferences form the other layers 

in the cells provides with an experimental simple methodol- 

ogy  that  allows  for  detection  with  a  high  sensitivity  of  the 

OVC secondary phase at the surface region from the CIGS 

absorbers,  based  on  Raman  scattering  measurements  per- 

formed  on  the  finished  cells.  This  methodology  has  been 

applied to a wide set of cells that were synthesized with dif- 

ferent OVC contents, to analyze the impact of the presence 

of the OVC phase on the optoelectronic characteristics of the 

devices. Figure 4 shows the plot of the open circuit voltage 

(Voc) and the efficiency of the cells versus the relative inten- 

sity of the Raman OVC peak at 228 cm
-1  

in relation to that 
of   the   main   CIGS   Raman   peak   (in   the   spectral   range 

173 cm
-1

–175 cm
-1

, depending on the sample composition), 
A(OVC)/A(CIGS). These data show the existence of an opti- 

mum range of the relative OVC spectral contribution related 

to an optimum range of the OVC content at the surface 

region of the absorbers—which leads to maximum values of 

Voc and efficiency. This contrasts with the short circuit cur- 

rent (not shown in the figure), where no clear dependence on 

the OVC content is observed. 

The increase in Voc and efficiency with the OVC content 

observed for values of A(OVC)/A(CIGS) rv0.50 is likely 

related to the improvement of the cell performance because 

of the formation of a buried heterojunction between the p- 

type  CIGS  absorber   and  the  n-type  OVC,
1    

shifting    the 

 
 

 

FIG. 4. Open circuit voltage and cell efficiency versus relative intensity of 

the OVC Raman peak at 228 cm-1  spectral region in relation to the intensity 

of the main CIGS peak from the Raman spectra measured with 785 nm exci- 

tation wavelength. Grey region corresponds to devices with optimum OVC 

content in the absorber surface leading to higher device efficiency. 
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heterojunction away from the boundary between  the CdS 

and the absorber.
7 

Additionally, Ruiz et al.
10 

have  reported 

an inhibition in the formation  of  an  electronic  defect  at 

210 meV in samples with increased OVC content. This could 

contribute to the observed increase in the Voc and efficiency 

with the increase of the OVC content for values of A(OVC)/ 

A(CIGS) < 0.5. On the other hand, deterioration  of the   cell 

efficiency  at  higher  OVC  contents  is  a  complex  issue. It 
could be related in part to a deterioration of the transport 

properties of the absorber, particularly the mobility, as 

reported in Ref. 1. On the other hand, for samples with 

higher Cu deficiency OVC can also be formed at the CIGS/ 

Mo back interface,
6 

and this might lead to the formation of a 

reverse diode.
11  

However, in principle this would also   lead 

to a deterioration of the short circuit current  that  has not 

been observed experimentally. Another possibility could be 

the formation of electronic defects related to the higher Cu 

deficiency. In this sense, in very Cu-poor samples, the forma- 

tion of GaCu
0 

electron trap defect  is  highly  probable.
12,13 

This defect can also be complexed with Cu vacancies (VCu). 

However, even in this case, and in contrast with what occurs 

for InCu, complexing with VCu does not prevent the electron 

trap character of the defect. This would explain the reduction 

of the Voc without degradation of the short circuit current 

observed for values of AOVC)/A(CIGS) > 0.6. 

In  conclusion,  this  work  demonstrates  the  utility    of 
quasi-resonant Raman scattering measurements for the selec- 

tive assessment of the presence of Cu-poor OVC secondary 

phases in the surface region of the CIGS absorber  from 

CIGS based solar cells. The correlation of the Raman spectra 

measured with 785 nm excitation wavelength with the optoe- 

lectronic characteristics of the measured cells has allowed 

obtaining a clear experimental evidence on the direct impact 

of the presence of the OVC phase with the open circuit volt- 

age and the efficiency of the devices. We demonstrate that 

there is an optimized OVC content at the surface that maxi- 

mizes the Voc and in consequence the efficiency of the devi- 

ces. Further increase in the OVC content leads likely to the 
0 

measurements for the analysis of the absorber uniformity 

from the cm scale down to micrometric scale in the produc- 

tion of scaled-up large area modules. 
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3.3. Secondary phases in advanced CuInS2 devices: CuAu ordered polytypes 

 
Within the chalcopyrite family the CuInS2 (CIS, Cupper Indium disulphide) ternary 

semiconductor is of considerable interest within the photovoltaic field. Although the 

efficiencies achieved are lower than the yielded by CIGS devices, it has large bandgap 

(direct bandgap of 1.55eV), as well as a high absorption coefficient (10
-5 

cm
-1

). CuInS2 solar cells 

could achieve a theoretical value of the Voc up to 1.2V and it is more environmentally friendly 

than CuGaSe2 or CuInSe2 (owing to Se toxicity)[30][27]. CIS characteristics made this compound 

interesting for series connected devices, high voltage output modules, and top cells in tandem 

structures. Theoretically it has been reported CIS solar cells can have an efficiency as high as 

26%[31], However, the best reported conversion efficiency for CuInS2 cells is 12.7% [32]. The 

efficiency yielded by CIS solar cells is still far from the theoretical value mainly because 

limitation on the device performance due to Voc losses [32]. 

 

Chalcopyrite (CH), CuAu (CA) and CuPt structures are the three polytypes of the ternary 

semiconductor CuInS2[27]. The most thermodynamically stable structure is the chalcopyrite [23] 

and is used for photovoltaic devices fabrication. In principle, the presence of other structures has 

been reported as detrimental for solar cell performance. Figure 15 shows the comparison of the 

crystallographic unit cell of CH and CA structures, the label Cu-Au comes from the fact that in 

this crystal structure the cations form alternative planes of Cu and In, similar to the copper-gold 

alloy [23]. The appearance of this polytype may occur depending on the processing conditions as 

its formation energy is only about 2meV per atom [28]. This fact makes very difficult to avoid 

the presence of metastable Cu-Au phases in CIS Chalcopyrite based devices [23]. 

 

 

Figure 15: comparison of the crystallographic unit cell of CH and CA structures 
 

The A1 Raman peak from CA–CIS has been reported at a frequency of 305cm
-1

, higher than that 

of the CH-CIS (290 cm
-1

) [33]. In this work, the role of the presence of CA domains in advanced
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cells made by electrochemical processes is investigated. This study has involved the analysis of 

cells with efficiencies close to the record values achieved for this kind of devices. In contrast 

with previous works performed at earlier stages of the technological development of CIS based 

solar cells –where the presence of CA was correlated with a significant deterioration of the device 

parameters – in these more advanced devices Cu-Au phases have proven not to be detrimental. 

By the comparison of the of the optoelectronic parameters with the relative intensity of the CA-

CIS Raman peak, it is observed that presence of Cu-Au domains in the bulk of the CIS 

absorbers contributes to a decrease of the stress in the layers, and this allows an increase of the 

carrier mobility. This, together with a reduced carrier recombination resulting from an improved 

crystalline quality of the CH-CIS phases leads to an increment of the short circuit current, a 

decrease of the series resistance and a small decrease in the open circuit voltage in the final 

devices. 
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In this work, a series of stain steel 15 x 15 cm2 CuInS2 solar cells with efficiencies close to the record one 

for this kind of devices, are analyzed. Through a careful and comprehensive study of the structural  and 

electronic properties of the CuInS2 layer, we show that in a general fashion the strain originated by the 

thermal annealing affects the energy band splitting and reduces the short circuit current. Then,  through 

an innovative combination of photoreflectance and Raman scattering analysis, we demonstrate that the 

presence of CuAu domains in the bulk layer of a CuInS2 is directly related with this strain reduction 

contributing to the improvement of short circuit current. We propose that the presence Cu–Au phase 

domains reduce the strain within the CuInS2 layer, and improve the quality of the CIS chalcopyrite 

crystals, leading to reduced carrier recombination while increasing carriers mobility. As a consequence 

we conclude that the presence of said domains improves the short circuit current in the studied  devices. 

& 2015 Elsevier B.V. All rights reserved. 

 
 

 

1. Introduction 

 
Chalcopyrite family (Cu(In,Ga)(Se,S)2, CIGSSe), presents a big 

potential for developing a high efficiency and cost  competitive 

solar devices. Fabrication methods allow depositing in large sur- 

faces of a wide variety of substrates, from rigid glass up to light- 

weight (such as polymers or metallic ones [1]). While in laboratory 

scale CIGSSe has achieved a record value of 21.7% [2], chalcopyrite 

based technologies are yet in the stage of  industrial demonstra- 

tion, with module records of 16%   [3]. 

In contrast to CIGSSe, CIS (CuInS2, without Ga) based solar cells 

present a lower efficiency, although the expected theoretical Voc is 

about 1.2 V. This high Voc is very interesting for series connected 

devices, for high voltage output modules, or for top cells in tan- 

dem structures due to the large bandgap of the material. For 

instance, Stion (start up based in California) is developing a second 

generation of CIGSSe devices based in tandem structures  where 

the top cell of the structure is a S based chalcopyrite CIS [4]. Also, 
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sulfur based chalcopyrite materials with high band gap are 

potentially interesting for the development of  third  generation 

low cost intermediate band solar cells [5,6]. However, the effi- 

ciency of actual CuInS2 solar cells is still far from the theoretical 

value, mainly due to Voc losses that limit the performance of the 

devices. In this sense the best reported conversion efficiency for 

CuInS2  cells is 12.7% [7,8]. 

Under Cu-poor conditions, Cu–Au ordered domains have been 

observed in CuInS2 layers [9]. On the other hand, Cu rich condi- 

tions lead to the formation of CuxS and CuIn5S8 in rapid thermal 

annealing (RTA) samples [10,11]. In both cases, the presence of 

secondary phases leads to low efficiency devices, limiting the 

application of this material for general purpose modules  or  in 

band gap  engineered devices  such  as  tandem structures. 

With the aim to understand the main parameters influencing 

the efficiency limitations in CIS devices, several examples of 

comprehensive characterization can be found in the literature 

[10,12–14]. In this paper we intend to demonstrate the strong 

correlation between the presence of secondary phases, the elec- 

tronic quality and the device performance by deepening in the 

utilization of optical based characterization techniques (Raman 

scattering, photoreflectance spectroscopy) and their correlation 

with the optoelectronic characteristics of the cells on CIS devices 

that were made by electrodeposition processes on stainless  steel 
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flexible substrates. Analyzed devices include cells with different 

efficiencies, being the highest efficiency values close to the record 

ones reported in the literature for CuInS2 based solar cells (9.7% in 

this work, versus 11.4% reported in [15]). It is interesting to remark 

that the best efficiencies in this work are higher than the highest 

ones previously reported for cells fabricated on lightweight sub- 

strates alternative to glass [15]. 

Raman spectroscopy has proved its suitability for the very 

sensitive detection of these secondary phases [9,16–18]. Addi- 

tionally, Photoreflectance spectroscopy (PR) provides valuable 

information about the electronic structure of semiconductor that 

directly impacts in the final performance [19]. Other authors have 

shown with PR the importance of external parameters such as 

strain in the electronic band structure [20]. 

 

 
2. Experimental setup 

 
CuInS2 (CIS) solar cells analyzed in this work were fabricated 

over 15 x 15 cm2 stainless steel (SS) substrates. In order to avoid 

undesired impurity diffusions from the steel substrate, a chro- 

mium barrier was deposited before the device fabrication. For the 

formation of the absorber a two step process was followed as 

explained  elsewhere  [11].   Firstly,  the  copper  rich  metallic    pre- 

cursors, copper and indium, were electroplated on the molybde- 

num coated substrate. Then, the whole stack was subjected to a 

rapid thermal annealing (RTA) in a sulfur atmosphere. The 

resulting CIS2 absorbers, still copper rich, are submitted to a KCN 

etching. After that, a buffer layer of CdS was deposited by Chemical 

Bath Deposition (CBD) with a thickness of 50 nm. Finally the 

transparent window is formed by the sputtering of successively 

intrinsic ZnO and Al-doped layers. Individual 0.5 cm2 cells were 

then mechanically scribed at the center of the substrate, for 

avoiding border effects, and a aluminum grid was  deposited at 

each cell. Total cell area was checked for each device to  conform 

the desired size. For this study, a set of eleven cells manufactured 

in the same nominal conditions but leading to different effi- 

ciencies, related to thermal inhomogeneities in the RTA process, is 

studied with the aim in mind of identifying the origin of the main 

differences between the devices. All cells  present efficiencies 

higher than 7.5% and Jsc above 19.5 mA/cm2, with one particular 

cell   with   efficiency   close   to   10%   and   a   current   density    of 

22.1 mA/cm2. These high Jsc values corroborate the high electronic 
and crystalline quality of the CuInS2  synthesized layers, in spite   of 
the difficulties to achieve an optimal annealing step on SS sub- 

strates  without introduction of inhomogeneities leading to   shunts 

microns. Measurements are performed at room temperature 

(295 K) over the complete solar cell. To overcome luminescence 

perturbation and scattering issues due to surface roughness, dual 

frequency photoreflectance (DFPR) setup is used. In this double 

modulation approach, both probe and pump beams are chopped at 

respectively 500 and 600 Hz. An appropriate signal treatment 

using two lock-in amplifiers allows to properly extracting the 

quantity of interest ΔR. Complementary information about DFPR 

principle and setup can be found elsewhere [19,22,23]. 

Raman  scattering  measurements  were  made  in  backscattering 

configuration  using  a  LabRam  HR800-UV  Horiba-Jobin  Yvon  spec- 

trometer coupled with an Olympus metallographic microscope. The 

spectra were measured using the 532 nm line from an Nd:YAG solid 

state laser as excitation light, and excitation and light collection were 

made through the 50 x  objective of the microscope (size of the laser 

spot on the sample is about 2 mm). At these conditions, penetration 

depth of scattered light in CuInS2  is estimated to be of the order of 

100 nm. In order to avoid microscopic inhomogeneity effects on the 

measurements, the laser spot was scanned over a 30 x 30 mm2  sur- 

face on the samples. Several measurements over each cell were done 

for ascertaining the homogeneity of  the  samples. Excitation power 

density  on  the  samples  was  kept  r20 kW/cm2,  to  avoid  presence 

of thermal effects in the Raman spectra. Raman shift calibration was 

performed imposing the 520 cm- 1  Raman shift for a silicon mono- 

crystal  reference  sample  performed  after  each  measurement.  For 

both  Raman  scattering  and  XRD,  samples  were  etched  in  order  to 

remove the effect on the signal of ZnO and CdS layers. 

The XRD measurements for phase identification and stress 

analysis were performed with  CuKα  (λ¼ 1.5418 Å)  radiation at 
40 kV/40 mA in a four circles configuration. Parallel beam is pro- 

vided by a 4-bounce Ge(220) Bragg reflection channel-cut crystal. 

Regarding the detection, optical elements include a 3-bounce Ge 

(220) analyzer with an acceptance angle of 0.003°. 
 

 
3. Results 

 
3.1. Electrical characterization 

 
J–V curves under illumination were performed for all CIS solar 

cells, and corroborate the high quality of the cells developed. The 

efficiencies obtained are between 8% and 10%, relatively close to 

the record world efficiency for a CuInS2 cell [8]. Results are pre- 

sented in Fig. 1(b–d). Best lightweight CIS cells reported in litera- 

ture  are  at  9%,  to  our  knowledge  [15].  In  comparison  with the 
bibliography, as summarized in Table 1, the cells presented in   this 

in the devices. J–V curves were measured under AM1.5   conditions 
with an AAA solar simulator, and the electrical parameter assess- 

ment is completed with an External Quantum Efficiency (EQE) 

measurement in the range of 300–900  nm. 

Photoreflectance (PR) is the contactless form of electro-mod- 

ulation techniques. It permits the investigation of the electronic 

structure of a material. The principle lies in taking the derivative of 

the static optical spectrum (reflectance or transmittance) by 

modifying the electric field associated with the space charge 

regions (SCR) at surfaces and interfaces [21]. This is made possible 

by applying a modulated pump source that optically generates 

charge carriers in the SRC. The resulting PR curve is defined as 

relative change of the probe reflection [22] induced by the pump 

beam, where optical transitions are revealed by sharp derivative- 

like features in the spectrum. 

PR experimental set-up consists of a tunable wavelength probe 

beam (QTH lamp, 250 W) for measuring the reflectance R  by 

means  of  Si-photodiode.  The  pump  source  is  a  blue  laser     (at 

work have Jsc comparables to the best reported on glass substrates 

447 nm, 10 mW), overlaps the probe beam on the surface of the 

device, defining a measurement area with a diameter of about 400 
Fig. 1. EQE for some cells with different Jsc (high, medium and low),showing the 

decrease in carrier collection in the long wavelength range for the lower Jsc devices. 
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Table 1 

Summary of best efficiency reported CIS cells compared with the best device in this 

work [8,10,15]. 
 

 Substrate Eff (%) FF (%) Jsc  (mA/cm
2
) Voc  (mV) 

Siemer Glass 11.4 77.7 21.83 729.4 

Bar Glass 10.6 69.9 21.2 717.5 

Winkler Cu tape 9.1 66.6 20.9 657 

This work Stainless steel 9.7 65.9 21.8 677 

 

overcoming the shunt limitations related with the thermal 

annealing on metallic substrates. Voc values range from 669 up to 

706 mV, smaller than that from best devices on standard glass 

substrates but higher than the best ones ever reported for light- 

weight CIS solar cell [8,10,15]. In summary the solar cells pre- 

sented in this work are, to our knowledge, among the  best 

reported  over  flexible substrates. 

Also, EQE measurements were performed for all the cells. For 

clarification purposes, Fig. 1a only shows the EQE curves for 

highest  (22.1 mA/cm2),  medium  (21 mA/cm2)  and lowest 

(19.5 mA/cm2) Jsc solar cells. The region in the range of 300– 

500 nm is similar for all the cells, indicating that the ZnO and CdS 
remain constant for all the devices. We can also observe that the 
EQE curves show photocurrent variations for wavelengths longer 

than 550 nm. This suggests that the origin of these differences  is 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2. PR spectra and fitting curves corresponding to the highest (a) and lowest (b) 

Jsc solar cell. For each spectra, inset table gives the main fitting parameters: the 

energy transition E, the broadening parameter Γ and the exponential term   m. 

located in the bulk of the absorber layer [24], in particular, related 
to  recombinations  with  electronic  defects.  All  this  suggest      an not change through the different samples,  EB transition is the main 

improvement of the carrier mobility in the corresponding absor- 

bers due to the decrease of recombination centers, likely related to 

an improved crystalline quality of these   layers. 

 
3.2. Photoreflectance 

 
PR  spectra  for  all  the  samples  exhibit  third-derivative     line 

responsible  of  the  spectra  variation,  with  a  shift  of  the   energy 

transition and a broadening of Γ factor from one sample to another. 

These spectral differences are related to the existence of   significant 

variations in the corresponding energy band transitions, as dis- 

cussed in the next  section. 

The   chalcopyrite   band   structure,   derived   from   zinc-blend 

structure, has also been described by [26]. In the vicinity of the 

fundamental bandgap state, Alonso identifies two non-degenerate 
shapes from which two transition energies are extracted using the states labeled E and E  . E corresponds to the fundamental band 
third-derivative functional form (TDFF) function calculated by 

Aspnes [25], as shown in Eq.   (1). 

ΔR ⎧ ⎫ 

A B      A 

gap energy while EB represents an interband transition  starting 
from an energy level inside the valence band to the minimum of 
the conduction band. In particular, for relaxed CIS, Alonso   reports 

⎪ ⎪ 

= Re⎨ FPR  (ck , θk , Ek , Γk               )⎬ that EA and EB have the same value, presenting a single    degener- R ⎩ ⎭ 
⎪ ⎪ k ated state. Theodoropoulou  has successfully used the PR   spectro- 
⎧ ⎫ Re⎨ ∑ ⎡C  e   (E E )  ⎤⎬ scopy to characterize these  levels for  CIGSSe  materials [20].  Also, 
⎪ ⎪ 

= ⎣ k    
jθk ⎩ k −   k   + Γk   

−m
⎦ ⎭  (1) electroreflectance has been used on chalcopyrites, in particular   for 

⎪ ⎪ 

 

 

where k indicates the number of transitions, Ek is the  energy  of 
each transition, Ck is the amplitude, Γk is related to the broadening 
of  the  function  and  θk   takes  into  account  the  phase.  The expo- 
nential term m that accounts for the critical point and the related 

order of derivative is fixed to 2.5. This corresponds to a 3-D critical 

point with no electronic confinement. Further information can be 

found in [25]. In this work, we are going to focus the analysis only 

in  energy transitions. 

The PR spectra were fitted with Eq. (1) for two and three 

transitions (k ¼ 2 and 3) in an attempt to retrieve the three folded 

valence band splitting observed for CIS [14]. Finally, the best fitting 

was obtained for only two energy transitions. This result is in 

accordance with the bibliography, where  only  two transitions 

were found for the samples with thicknesses comparable with the 

ones studied in this work   [14]. 
In Fig. 2  both PR spectra  corresponding to the highest (a)    and 

CIS [27] 

In order to go deeper in the structural and vibrational char- 

acterization of these layers, Raman scattering and XRD measure- 

ments  were performed. 

 
3.3. Raman scattering 

 
Fig. 3 shows the Raman spectra measured from the samples 

corresponding to the cells with highest (b) and lowest (c) short 

circuit current, as well as the spectrum from a reference Cu rich 

sample that was grown under conditions promoting the co-exis- 

tence of both CuAu (CA) and chalcopyrite (CH) ordered phases   of 

CuInS2  [9,28]. The three spectra are dominated by a main peak at 
291–292 cm- 1   assigned  to  A1   mode  of  chalcopyrite  CuInS2   (CH- 

CIS)  (space  group  l4̄ 2d,  [9,29]).  Weaker  peaks  close  to  240,  260, 

325,   340   and   348 cm- 1    are   also   identified   as   B2(TO)/E3(TO), 

E3(LO)/B2(LO), E1(TO)/B1(TO), E1(LO), and B1(LO) modes of CH-CIS 
2 2 2 

lowest (b) Jsc cells are plotted, showing quite different shapes. In the 
case of lowest Jsc, PR spectra exhibit two distinct oscillations with 
similar amplitude and shape. On the other hand, the highest Jsc also 
shows two oscillations, but overlapped, giving result to a more 

asymmetrical curve. While for transition EA, the characteristics of 
the function such as energy position, broadening or amplitude do 

[9,29]  but  they are  not taken  into account  for  the  further discus- 

sion.  An  additional  broad  contribution  at  305–307 cm- 1    (blue 

Lorentzian   curve   in   the   figures)   and   a   shoulder   centered   at 

294–295 cm- 1    (magenta   Lorentzian   curve   in   the   figures)   are 

observed. These contributions are clearly resolved in the reference 

CuAu  rich  sample  spectrum  (a)  and  are  assigned  to  A1   mode  of 
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Fig. 4. XRD difractogram of absorber layers from highest and lowest Jsc devices. The 

peaks marked with the symbol * correspond to the adhesive use to attach the 

sample to the XRD holder. (Bottom) Simulated CA-CIS difractogram pattern and 

CH-CIS jps diffraction pattern references 27-0159. 

 
 
 
 
 
 
 
 

Fig. 3. Raman spectra of CA-CIS/CH-CIS mixed reference sample (a), highest Jsc CIS 

absorber layer (b), and lowest Jsc CIS absorber layers (c), showing the fittings with 

Lorenztian peaks. Green Lorentzian curves are related to CH-CIS Raman peaks, 

magenta orange Lorenzian curves are related to CA-CIS raman peak, and blue 

Lorentzian curve fits the A1 CH-CIS asymmetry. (For interpretation of the refer- 

ences to color in this figure, the reader is referred to the web version of this article.) 
 

CuInS2 CuAu like structure (CA-CIS) (space group P 4̄ m2, [9,30]) 

and a disordered contribution of the CH-CuInS2  [31,32]   respec- 

 

Fig. 5. EA (blue) and EB (red) transition energies obtained from PR 

 
fitting versus Jsc. 

tively. This disordered contribution is related to breaking of 

translational symmetry of the crystal because of the presence of 

defects that lead to a breaking of the phonon momentum con- 

servation rule, with the activation of non-center phonons in the 

spectra. 

 
3.4. XRD 

 

XRD θ- 2θ scans analysis in the range from 10° to 36° for the 

samples with highest and lowest Jsc  are presented in Fig. 4. In both 
samples,  the  difractograms  show  peaks  at  17.9°,  27.9°,  28.9°,  and 

32.3° angles that are identified as CH-CIS diffraction planes (101), 

(112),  (103),  and  (004)/(200)  respectively.  For  the  sample  with 
highest  Jsc,  an  additional  contribution  at  23.2°  can  be  observed. 

Despite  their  similar  lattice  properties,  the  CA  and  CH  CIS  struc- 

tures  can  be  distinguished  by  XRD  because  each  structure  has 

different diffraction selection rules. For chalcopyrite-type structure 

the  diffractions  planes  must  accomplish  that  h þ k þ l ¼ 2n  with 

h ¼ k  and  2h þ l ¼ 4n,  while  for  CuAu-type  structure  the  selection 

rule is h þk¼ 2n, with l arbitrary [33]. The simulated difractogram 
pattern  for  CA-CIS  predicts  at  23.2°  the  higher  diffraction  plane 

((011)), as it can be seen in Fig. 5, which is not overlapped with any 

diffraction plane of CH structure. This allows the identification of 

this diffraction peak with the presence of the CA-CIS domains, and 

confirms  the  identification  of  the  305 cm- 1   Raman  contribution 

In black the difference between both energies that gives an idea of the shift of EB 

from the value initially expected (lines are included as an eye guides). (For inter- 

pretation of the references to color in this figure legend, the reader is referred to 

the web version of this  article.) 

 

with the main vibrational mode from this polymorphic CIS phase. 

Furthermore the  fact of  the  detection  by θ–2θ XRD  scans experi- 

ment, i.e. a higher penetration analysis, suggests that CA-CIS is 

distributed through the bulk of the absorber and is not only 

restricted  to  the surface. 

Additionally, in previously reported experimental CA-CIS dif- 

fraction peaks ([32,34] by XRD, and [35] by TEM), the CuAu phase 

was strongly textured. This is the first time, to our knowledge, that 

is reported the experimental XRD peaks for a non-textured CA-CIS. 

 

 
4. Discussion 

 
The corresponding energies of the band transitions analyzed by 

PR spectroscopy for all the studied cells as a function of Jsc are 
represented in Fig. 5. In agreement with almost constant Voc and 
EQE measurements (Fig. 1), the fundamental band gap energy (EA) 
remains  roughly constant  in  all  the  samples  with  values around 

1.50 eV. However, EB transition presents higher variation with 
energies between 1.50 and 1.57 eV. This transition corresponds to 
the splitting in two different bands of the valence band on CIS. 
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Fig. 7. Schematic representation of the transition between CA-CIS domains (red 

region) to CH-CIS lattice (green region). In blue color is indicated the transition 

region (defective region). In the inset is plotted a Raman spectrum of the sample 

with higher contribution of CA-CIS signal with the deconvolution of the A1 CH-CIS 

contribution (green curve). the A1 CA-CIS contribution (red curve) and defective 

contribution (blue curve) (For interpretation of the references to color in this figure 

legend, the reader is referred to the web version of this   article.) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 6. Photoreflectance EB - EA (a) A1 CH-CIS Raman shift (b) and Raman A(CuAu)/ 

A(CH-CIS) ratio (c) versus XRD (112) CH-CIS peak position are plotted (lines are 

included as an eye guides). 

 
 

When pure CIS is relaxed, the valence band is not splitted [26], but 

this effect has already been reported when the layers are subjected 

to strains [14,34]. As we can see in the bottom of Fig. 5, where the 

difference of energy between the two levels has been pictured, 

there is also a strong correlation between the Jsc of the cells and 

the difference of energies measured by PR. In particular, the higher 

the short-circuit current in the cell, the smaller the value of the 

splitting. 

In Fig. 6(a), the dependence of the EB - EA energy band splitting 

is plotted versus the (112) CH-CIS peak position. This shows a 

direct correlation between these two parameters. For the samples 

with a (112) CH-CIS peak position close to the position for relaxed 
CIS reference (diffraction angle at 27.876°), the EB - EA splitting 

value is close or equal to 0. With the shift of the XRD peak position, 

i.e. reduction of the lattice parameter, a constant increase of the 

EB - EA splitting is observed. This behavior is in agreement with the 

result reported by Eberhardt and Theorodopoulou, where it has 

been reported for other chalcopyrites that EB shifts to higher 

energies (with an increase of the EB - EA splitting) when the 

material is subjected to strains, such as those resulting from the 

inclusion of other elements in the lattice [36] or from the influence 

of the substrate [34]. All these data point out that the variation in 

EB  in our samples is likely related to strain. 

This agrees with the blue-shift (towards higher energies) 

observed in the frequency of the A1 CH-CIS Raman peak, that 

shows a linear correlation with the shift of the (112) XRD CH-CIS 
peak (Fig. 6b). The blue-shift of the peak is directly related to the 

existence of a compressive strain in the layers with highest EB - EA 

energy band splitting that lead to cells with the lowest Jsc. On the 
other hand, increasing strain in the layers also leads to a significant 
decrease of the relative intensity of the CA-CIS main peak (Fig.  6c), 

as well as of the disordered induced contribution  (not  shown). 

This suggests that the presence of the CA secondary phase in the 

layers favors relaxation  of  the  lattice strain. 

This behavior can be interpreted assuming for these samples 

the existence of a main strain free CH-CIS phase of high crystalline 

quality with CA-CIS domains having a graded defective interface 

that would lead to the observation of the disorder induced con- 

tribution in the Raman spectra. In Fig. 7a schematic representation 

of the proposed domains interface is showed. Similar distribution 

of the CA-CIS domains inside of CH-CIS grains has already been 

observed with high resolution TEM in epitaxial CISe (CuInSe2) 

samples [37]. 

The relaxation of strain and crystalline quality improvement in 

the CH-CIS lattice favored by the formation of the CA-CIS domains 

allows to understand the observed improvement in the transport 

properties of the layers showing a higher relative intensity of the 

CA-CIS A1 Raman peak, being the cells fabricated with these layers 

characterized by an increase of Jsc, a decrease of the series resis- 

tance and the slight decrease of Voc, as shown in  Fig.  8. While it 

was expected a loss in Voc, even larger than the one shown, the 

increase in Jsc contrasts with previous results reported in the lit- 

erature where presence of the CA-CIS phase appears to have a 

detrimental effect on the device performance [38]. But the Cu–Au 

phase presence in the layers of these other publications is bigger 

than in the samples studied on this work, which may suggest an 

optimal ratio of this phase for obtaining  the  improvement 

observed here, as it is the case for other chalcopyrites, where it has 

been found that the performance improved for a particular density 

of  secondary  phases [36,39]. 

As CA-CIS is not photoconductive, normally it has been inter- 

preted that the regions with this phase in the CIS layer would not 

contribute to the photoconduction and would be “dead areas” thus 

limiting the Jsc. Nevertheless, there have been interpretations 

about the role of domains of CA-CISe as minority carrier con- 

ductors, enhancing the mobility of the majority carriers and 

improving the Jsc [37]. In our case, from the B region EQE in Fig. 1, 

we can probe that, in effect, the carrier recombination is smaller 

for the samples with high CA-CIS presence. But, in our opinion, 

this is due to accumulation of defects in the CA-CIS domains that 

would permit a better electronic quality in the CH-CIS, decreasing 

the recombination of the carriers through the bulk of the absorber, 

as it has been proposed in other chalcopyrite materials [16]. Also 

we can relate the presence of these CA-CIS domains to the small 

Voc observed in Fig. 8(b). If we think of the solar cell as a group of 

parallel connected diodes, the presence of these domains in the 

interface   would   generate  small   CA-CIS   junctions   that   can be 
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Appendix  A.    Supplementary information 

 
Supplementary data associated with this article can be found in 

the online version at http://dx.doi.org/10.1016/j.solmat.2015.03.008. 
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Fig 8. Evolution of the Jsc (a), Voc, (b) and Rs (c) with A(CA-CIS)/A(CH-CIS) (lines are 

included as eye guides). 

 
 
 

labeled as “weak diodes”[40]. On this diodes the recombination 

current is higher than in the rest of diodes (CH-CIS/CdS), resulting 

in a smaller Voc. The final impact in the whole device Voc will be 

modulated by their density and   distribution. 

 
 

 

5. Conclusion 

 
In this work we have presented a comprehensive study of the 

structural and electronic properties of CIS. It has been demon- 

strated that the presence of Cu–Au domains in the bulk of the layer 

contributes to decrease the stress of the CH-CIS. Also when these 

domains are present, the electrical properties of the CIS layer 

improve, with a better mobility and less recombination centers. All 

these circumstances contribute to the increase of the Jsc in the final 

device, whether it is due to the explanation given by Stanbery  or 

by a CH-CIS with better electric quality because of defects con- 

centrating in CA-CIS domains is still to be determined in future 

works. 
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4. Assessment of absorber surface 

composition in advanced CIGS devices 

 

 

 

 

4.1. Cu(In,Ga)Se2 absorbers: quantitative assessment of Ga/(In+Ga) surface content 

ratio 

 
As described in Chapter 1, high efficiency Cu(In,Ga)Se2 devices involve an U-shaped bandgap 

depth profile in the absorber layers, which is obtained by a suitable Ga/(Ga+In) content ratio 

profile. In these devices the Ga/(In+Ga) content ratio at the surface of the absorbers determines 

the open circuit voltage of the solar cells. This gives a strong interest to the control and 

monitoring of the surface Ga content in these layers. 

 
In principle, Raman scattering is sensitive to the chemical composition of Cu(In,Ga)Se2. The 

Raman spectra from this alloy show a typical one mode behavior, as shown in Figure 16. This 

figure plots the spectra measured from Cu(In,Ga)Se2 layers with different Ga/(In+Ga) content. 

The spectra are characterized by a linear dependence of the frequency of the main A1 Raman 

peak on the Ga/(In+Ga) content ratio [34]. This provides with a simple way for the quantitative 

estimation of the relative Ga content in the alloy. 
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Figure 16: Raman spectra from Cu(In,Ga)Se2  alloys with different Ga/(In+Ga) content ratio 
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AES 

Raman 

However, this estimation can be compromised by the existence of additional features affecting 

the frequency of the A1 Raman peak. To clarify this, depth resolved Raman/AES combined 

measurements have been made in the layers, following the methodology reported in [35] . Figure 

17 shows the Ga/(In+Ga) relative content depth profile from a typical absorber layer as measured 

by AES and estimated by the analysis of the frequency of the A1 Raman peak. As can be seen, 

the Raman spectra give a Ga relative content that is significantly higher than that measured by 

AES. This is due to the existence of additional features that determine a blue shift (towards 

higher frequencies) of the A1  Raman peak. 
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Figure 17: Ga/(In + Ga) composition depth profiles measured by AES and estimated from Raman 

depth resolved measurements in a representative Cu(In,Ga)Se2 absorber. 

The analysis of the Raman spectra measured from a wide set of samples with different 

composition indicates that this behavior is related to the Cu-poor composition of the 

Cu(In,Ga)Se2 electrodeposited layers. Figure 18 shows the plot of the relative integral  intensity of 

the OVC Raman contribution (as defined in section 3.2 of Chapter 3) versus the additional 

Raman shift of the A1 CIGS peak (defined as the difference between the frequency of the peak 

and that expected taking into account the Ga relative content measured by AES). As shown, 

there is a clear correlation between both magnitudes. This behavior indicates the existence of a 

correlation between the blue shift of the A1 Raman peak and the Cu deficiency in the samples: a 

decrease of the Cu content leads to an increase in the relative intensity of the OVC Raman signal 

and, as shown in Figure 18, this is accompanied by a corresponding increase in the blue shift of 

the A1 Raman peak. This agrees with the behavior reported by Witte et al [22], which also 

observed a blue shift of the A1 Raman peak with the decreasing of the Cu content in the samples, 

being this attributed to the differences in the bond-stretching force constants from III-Se and Cu- 

Se bonds. 
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Figure 18: Relative integral intensity of the OVC Raman calibration (in relation to that of the 

main A1 Cu(In,Ga)Se2 peak) versus the frequency shift of the A1 Raman peak in relation to the 

position expected taking into account the Ga content in the sample ass measured by AES. The 

dashed line is an eye-guide.  

In this work, a methodology based in the analysis of combined Raman/photoluminescence (PL) 

measurements has been developed for the systematic quantitative analysis of the surface region 

of the Cu(In,Ga)Se2 absorbers. As described in the paper included in this section, this is based in 

the analysis of the energy peak of PL measurements performed at room temperature. This has 

involved a detailed calibration of the PL spectra from samples synthesized with different 

chemical compositions, covering the whole range of alloy compositions from stoichiometric 

CuInSe2 to stoichiometric CuGaSe2. The application and limitations of these measurements for 

the development of a non-destructive depth resolved analysis of the Ga profile in the layers 

are also discussed, based in the use of a confocal microscope configuration. 
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Abstract 

 

This work reports the optical non-destructive assessment of the relative Ga content in Cu(In,Ga)Se2 absorbers synthesized from elec- 
trodeposited precursors using combined photoluminescence (PL) and Raman scattering. Comparison of the PL measurements with the 
Auger Spectroscopy characterization of the layers has allowed performing a calibration of the dependence of the PL peak energy on the 
absorber composition. This opens the possibility for the nondestructive chemical assessment of the absorbers synthesized with these low 
cost processes. Extension of these measurements using a confocal microscope demonstrates their viability for the nondestructive quan- 
titative chemical profiling of the layers. Correlation of these data with Raman spectra measured with the same experimental setup allows 
deepening in the interpretation of the spectra, giving additional information related to the microcrystalline quality of the layers and the 
presence of secondary phases. 

© 2014 Elsevier Ltd. All rights reserved. 
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1. Introduction 

 

Cu(In,Ga)Se2 (CIGS) based alloys generate strong inter- 
est for the development of high efficiency solar cells, with a 
record efficiency recently achieved at laboratory scale of 
20.8% (on glass substrates) (ZSW press release, 2013) and 
20.4% (on flexible polymeric substrates) (EMPA press 
release,   2013).   Chalcogenide   based   photovoltaic   (PV) 

 
 

 

⇑ Corresponding author. Tel.: +34 933562615. 
E-mail address: cinsignares@irec.cat (C.  Insignares-Cuello). 

 

technologies have already entered the industrial produc- 
tions stage, with stable commercial module efficiencies in 
the range 12–13%. Achievement of higher efficiency values 
at the module level is challenging due to the difficulty of 
controlling the different process steps on large area sub- 
strates. In particular, the overall performance of PV mod- 
ules is highly sensitive to local changes in the absorber 
composition which result in fluctuations of the optoelec- 
tronic properties of the absorber layer. This is especially 
relevant in the case of cells based in the Cu(In,Ga)Se2 alloy. 
Incorporation of Ga in the CuInSe2  lattice allows   changing 
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the direct bandgap in the semiconductor between the 
values corresponding to the parent compounds    (CuInSe2: 
1.04 eV,  CuGaSe2:  1.68 eV).  High  efficiency  CIGS   cells 
require for a precise control of the Ga content profile 
through the depth of the layer (Dhingra and Rothwarf, 
1996; Song et al., 2004). Development of devices and mod- 
ules with higher efficiency is strongly conditioned to the 
ability to improve the level of control of the synthesis of 
quaternary absorbers with this complex gradual depth pro- 
file. This requires the availability of characterization tools 
suitable for the non-destructive analysis of the chemical 
composition of the layers and compatible with their imple- 
mentation at in-line level for quality control and process 
monitoring. 

This gives a strong interest to the study of optical non- 
destructive techniques such as photoluminescence (PL) and 
Raman scattering, due to their ability to provide informa- 
tion directly related to the optoelectronic properties of the 
layers as the energy band-gap, chemical composition and 
microstructure at different processes stages (Izquierdo- 
Roca et al., 2011a, 2011b; Unold and Gü tay, 2011). Local 
inhomogeneities in the Ga overall content can be detected 
by X-ray fluorescence (XRF) based techniques that can be 
implemented at in-line level for process monitoring. 
However, compositional depth resolved inhomogeneities 
usually require for the use of destructive techniques as 
Secondary Ion Mass Spectroscopy (SIMS), depth resolved 
Auger Electron Spectroscopy (AES) or glow discharge 
optical emission spectroscopy (GDOES). Raman scattering 
measurements in combination with controlled etching pro- 
cesses have also been reported for the depth resolved anal- 
ysis of the Ga relative content (Fontane  ́ et al.,  2009a). 
Micro Raman measurements performed  on cross-section 
of the samples can also provide relevant information on 
the presence of compositional depth resolved inhomogene- 
ities in the layers (Fontane  ́ et al., 2009b). Higher depth 
resolution can be achieved by combined Atomic Force 
Microscopy (AFM)/Raman microprobe mapping of cross 
sections of samples prepared in the form of standard 
Transmission Electron Microscopy (TEM) specimens 
(Schmid et al., 2009). However, none of these techniques 
is suitable for implementation at in-line level for quality 
control and process monitoring. In addition, quantification 
of the relative Ga/(In + Ga) content from the Raman data 
is also compromised by the potential presence of additional 
effects affecting the position of the main CIGS Raman line, 
as stress or structural defects. 

In this framework, this work describes the optical 
characterization by combined PL and Raman scattering 
measurements of Cu(In,Ga)Se2 absorbers synthesized by 
electrodeposition-based processes with different kinds of 
Ga depth profiles. These are processes that are of strong 
interest because of their potential for cost reduction at 
mass production stages. Spectra measured at room temper- 
ature are characterized by a broad PL band, in addition to 
the Raman peaks. Analysis of the dependence of this band 
with the excitation power has allowed identifying this    PL 

band with band to band transitions. The position of this 
band is sensitive to the Ga content in the alloy. The exis- 
tence of a direct correlation between the energy of the peak 
of this band and the relative Ga content as measured by 
AES has allowed performing a quantitative calibration of 
the dependence of the PL peak energy with the relative 
Ga content in the layer. Even if the dependence of PL on 
the chemical composition has already been  reported  in 
the literature (Unold and Gü tay, 2011; Rega et al., 2005), 
to our knowledge this is the first time that the viability of 
these measurements is demonstrated for the quantitative 
chemical analysis of the electrodeposited CIGS  layers in 
the whole range of compositions of the CIGS alloy. This 
opens promising perspectives for the nondestructive chem- 
ical composition assessment of CIGS absorbers by purely 
optical techniques. In addition, the use of the same exper- 
imental setup for the measurement of both Raman and PL 
spectra allows identifying the presence of additional fea- 
tures affecting the spectral characteristics of the Raman 
lines as stress or defect and or composition induced effects, 
providing additional relevant information related to the 
microcrystalline quality of the layers and presence of sec- 
ondary phases. In this sense, correlation of the Raman 
measurements with the alloy composition estimated from 
the PL data has allowed to detect a blue shift (towards 
higher wavenumbers) of the main Raman peak from the 
chalcopyrite phase that is caused by the Cu poor composi- 
tion of the layers. The Raman spectra also corroborate the 
high crystalline quality of the layers, and allow detecting 
the presence of a Cu poor Ordered Vacancy Compound 
(OVC) secondary phase at the surface region of the absorb- 
ers, in agreement with their Cu poor composition. Exten- 
sion of the PL measurements with the use of a confocal 
microscope also demonstrates the possibility to obtain 
information on the Ga composition depth profile in the 
absorbers using simple nondestructive optical PL measure- 
ments. In this case, selection of the excitation wavelength is 
determining the analyzed depth region. 

 

2. Experimental details 

 

CIGS absorbers used in this work were prepared with the 
technology developed at NEXCIS company. This technol- 
ogy is based on the electroplating of Cu/In/Ga multistacks 
onto Mo/soda-lime glass substrates, followed by a rapid 
thermal process (RTP) under Se atmosphere. This allows 

fabrication of cell devices on large area (60 x 120 cm2) sub- 
strates with small cells efficiency up to 15.4%. Layers were 
synthesized with different Ga depth profiles, with a relative 
Ga content at the surface region between 0% and 20% and 
an overall relative Cu/(In + Ga) content of 0.87. An increase 
of the Ga content at the surface region of the layer has a 
direct impact on the optoelectronic properties of the cells, 
with an  improvement  experimentally  observed  up  to 
630 mV for the open circuit voltage. 

PL and Raman scattering measurements were made 
using      a      LabRam      HR800-UV      Horiba–Jobin     Yvon 
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spectrometer in combination with a confocal microscope, 
using different excitation wavelengths (532 nm, 1064 nm) 
and detectors (CCD camera, InGaAs diode array). The 
spectra were measured in backscattering configuration 
and excitation and light collection was made through the 
X50  objective  of  the  microscope  (laser  spot  on  the  sample 
about 2 lm). In order to avoid microscopic inhomogeneity 

effects  on  the  measurements,  the  laser  spot  was  scanned 

over   a   30 x 30 lm2    surface   on   the   samples.   Excitation 
power on the sample was kept 60.4 mW, to avoid presence 
of thermal effects in the Raman spectra. Penetration depth 
of  scattered  light  is  estimated  to  be  6100 nm  for  both 
CuInSe2 and CuGasSe2 compounds (532 nm excitation 
wavelength)  and  of  the  order  of  150 nm  (CuInSe2)  and 
>1 lm (CuGaSe2) (1064 nm excitation wavelength), respec- 
tively (Alonso et al.,  2001). 

The confocal measurements were made with an Olym- 
pus metallurgic microscope coupled to the Raman system. 
In these measurements the volume of the focal region is 
limited to the focal plane by a pin hole located at the micro- 
scopic optics. These measurements allow shifting vertically 
the focal plane at different depths inside the sample, with a 
resolution of 100 nm. Fig. 1 shows a schematic representa- 
tion of the confocal measurements  configuration. 

Depth resolved AES measurements were performed 
with a Phi 670 scanning Auger nanoprobe with a depth res- 
olution of 10 nm (Abou-Ras et al., 2011). Combined opti- 
cal/AES depth resolved measurements were made by 
focusing the excitation spot on the absorber surface after 

etching at different depths using the Ar+ beam from the 
AES setup (Fontane  ́ et  al.,  2009a).  To  minimize damage 

in the sputtered region the energy of the Ar+ beam during 
ion sputtering was kept below 5 keV Complementary 
macro-PL measurements were made with a 660 nm excita- 
tion wavelength, using an Oriel MS257 monochromator 
and  an  InGaAs diode  array detector. 

 
3. Results and discussions 

 

Fig. 2 shows a typical Raman spectrum measured at the 
surface of the CIGS layers with a 532 nm excitation wave- 
length,  after  subtraction  of  the  PL  baseline.  The  spectrum 

is  characterized  by  a  dominant  peak  at  about  175 cm-1, 
that  corresponds  to  the  main  A1   Raman  peak  from  the 
chalcopyrite  CIGS  phase  (Izquierdo-Roca  et  al.,  2011a; 
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Fig. 2. Raman spectrum from a CIGS absorber measured with 532 nm 
excitation wavelength, after baseline subtraction. 

 
 

Fontané  et  al.,  2009a).  In  principle,  the  frequency  of  this 
peak depends on: (i) Ga/(In + Ga) relative content; (ii) dis- 
order effects related to the presence of crystalline defects in 
the scattering volume, (iii) Cu deficiency in the CIGS lattice 
and  (iv)  stress  effects.  The  spectrum  also  shows  additional 

weaker  peaks  in  the  210–230 cm-1    spectral  region,  that 
are  identified  as  E/B  symmetry  CIGS  modes.  Detection 
of  these  weaker  peaks  indicates  a  high  crystalline  quality 
of  the  absorbers.  This  agrees  with  the  relatively  low  value 
of  the  Full  Width  at  Half  maximum  (FWHM)  of  the  A1 

peak,  which  is  of  4.3 cm-1  (comparable  to  the  FWHM  of 
3.6 cm-1  measured from a reference single crystal Si sample 
using   the   same   experimental   conditions).   This   allows 
excluding  the  presence  in  these  samples  of  disorder  effects 
affecting  the  frequency  of  the  main  Raman  peak.  In  addi- 
tion,  there  is  a  peak  at  about  153 cm-1,  that  is  identified 
as  the  main  vibrational  mode  from  an  Ordered  Vacancy 
Compound (OVC) phase (Xu et al., 2004). Detection of 
this phase agrees with the Cu poor composition of the 
absorbers (Cu/(In + Ga) rv 0.87). 

The spectra measured with 532 nm excitation wave- 
length are also characterized by the presence of a broad 
PL band. Fig. 3 shows the plot of the Ga/(In + Ga) relative 
content measured by AES at different depths versus the 
peak energy of the PL band measured at the same depth 

 
 
 
 
 
 
 
 
 
 
 

Fig. 1.  Schematic representation of the confocal measurements  configuration. 
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(Izquierdo-Roca et al., 2011a), but with a much more limited 
range of compositions of this alloy. The interpretation of the 
PL peak measured at room temperature with band-to-band 
recombination is also demonstrated by the PL spectra mea- 
sured at different excitation powers densities: as shown in 
Fig. 4 no shift of the PL energy with increasing excitation 
power is observed, and the PL intensity shows a superlinear 

increase with the excitation power (I a (Pexc)
1.3). This indi- 

cates that donor–acceptor pair transitions and potential 
fluctuations, which usually dominate the optical properties 
at low temperatures in Cu-poor CIGS absorbers, are 
screened completely by free carriers in the conduction and 
valence bands. 

Fig. 5 shows the relative Ga(In + Ga) content depth 
profiles measured by AES and estimated from the corre- 
sponding PL and Raman data obtained during the depth 

Fig. 3. Ga/(In + Ga) content measured by AES versus peak energy of PL 
band measured at different depths from absorbers synthesized with 
different Ga depth profiles, and reference stoichiometric CuInS2 and 
CuGaSe2 samples. Dashed line shows fitting of the data with the quadratic 
equation indicated in the figure. 

 
 

position in the CIGS layer, after etching the layers with the 

Ar+ beam from the AES setup. The probing depth of the 
AES measurements is of about 10 nm. As already indicated 
in Section 2 (experimental details), for the used excitation 
conditions (532 nm wavelength) depth penetration of back- 
scattered light is of the order of 100 nm. PL light can have a 
higher penetration, because of the possible presence of diffu- 
sion effects before recombination of the carriers. However, 
self-absorption of light strongly limits these effects, and the 
probing depth of the PL measurements remains close to 
the value estimated for backscattered light. This figure 
includes also data measured from reference stoichiometric 
coevaporated CuInSe2 and CuGaSe2 layers that were grown 
according to the process described in (Caballero et al., 2010). 
As shown in the figure, the relative Ga/(In + Ga) content 
correlates with the peak energy of the PL band, dashed line 
in the figure shows the fitting of the experimental data with a 
quadratic expression (Wei et al., 1995). This expression pro- 
vides a simple experimental procedure for the quantitative 
estimation of the relative Ga content from the measurement 
of the position of the PL peak. 

These data corroborate the existence of a dominant band- 
to-band recombination in the whole range of measured com- 
positions, in agreement with PL measurements previously 
reported at room temperature in both Cu(In,Ga)Se2 (Rega 
et al., 2005; Larsen et al., 2011) and CuIn(S,Se)2 systems 
(Izquierdo-Roca et al., 2011a). In this case, the position of 
the band is sensitive to changes of the energy band-gap, 
which in turn depends on the relative Ga content in the semi- 
conductor (Witte et al., 2007). However, in spite of these pre- 
vious reports, the viability of the analysis of this dependence 
for the quantitative chemical analysis of the processed CIGS 
absorbers has not been analyzed in the literature. Only for S- 
rich CuIn(S,S)2 layers, the possibility to use this dependence 
for  the assessment  of their composition  was  indicated in 

profiling by sputtering from a representative sample of 
the process, also with 532 nm excitation wavelength. As 
shown in the figure, the composition data estimated from 
the PL spectra (using the equation deduced from the fitting 
of the data shown in Fig. 3) shows an excellent agreement 
with the AES measurements. This contrasts with the 
Raman data, which give an overestimation of the relative 
Ga content. The Raman data have been estimated taking 
into account the existence of a linear dependence of the fre- 
quency of the main Raman CIGS peak on the relative Ga/ 
(In + Ga) content (Fontane  ́et al., 2009a). The comparison 
of these data with those estimated from the PL spectra 
(that are only affected by the Ga relative content) and the 
composition measured by AES points out the existence of 
an additional feature shifting the Raman peaks towards 
higher frequencies. A blue shift of the main CIGS peak 
has being previously reported in Cu poor co-evaporated 
CIGS layers (Witte et al., 2007). This shift has being attrib- 
uted to differences in the bond-stretching force constants 
from III–Se and Cu–Se bonds. This agrees with the pres- 
ence in the Raman spectra of a contribution from a Cu- 
poor OVC secondary phase, as shown in Fig. 2, and with 
the Cu poor overall composition of the absorbers. 

This interpretation is also supported by the observation 
of a correlation between the shift of the Raman peak and 
the intensity of the  OVC  contribution,  from  the analysis 
of a wide set of layers corresponding to processes leading 
to different overall Cu content. As  it is well known  from 
the literature (Caballero et al.,  2010),  a  decrease  of the 
Cu content  leads  to  a  higher  content  of  the  Cu  poor 
OVC phase. This allows identifying the existence of a blue 
shift component related to the Cu poor composition of the 
layers. In principle, presence of a residual stress effect 
affecting the frequency of the Raman peak cannot be 
excluded from the experimental data. 

Increasing the excitation wavelength to 1064 nm leads to 
an increase in the intensity of the PL band, this precludes 
the detection of the Raman peaks.  A  similar  increase in 
the intensity of the PL band measured at room temperature 
when the excitation energy approaches the bandgap of the 
semiconductor   has   also   been   observed   in  CuIn(S,Se)2 
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Fig. 4. Left: macro-PL spectrum performed on the surface of a representative absorber with 660 nm excitation wavelength. Right: PL peak energy and 
intensity versus relative excitation power. 

 
 thickness (m)   (Izquierdo-Roca  et  al.,  2011b).  The  increase  in  the light 
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Fig. 5. Ga/(In + Ga) composition depth profiles measured by AES and 
estimated from PL (using equation from fitting of data in Fig. 2) and 
Raman depth resolved measurements in a representative CIGS absorber. 
Depth axis is estimated assuming a uniform sputter rate. 

resolved PL measurements. These measurements were done 
focusing the excitation light spot at different depths with an 
optical confocal microscope. Fig. 6 shows the relative Ga/ 
(In + Ga) content profiles measured by AES and estimated 
by the PL from two representative samples processed with 
low (left) and medium (right) Ga content at the surface 
region. In these estimations, the depth scale of the PL mea- 
surements has been calibrated using the AES measure- 
ments. As shown, again both profiles exhibit an excellent 
agreement with the AES  ones. 

A limitation of these measurements is that although the 
total shift of the focal point is of the order of 4 lm (larger 

than  the  average  thickness  of  the  absorbers),  the  depth 
region   analyzed   by   the   PL   confocal   measurements   is 
restricted  in  these  samples  to  about  the  0.8 lm  surface 

region  of  the  layers.  For  the  sample  with  the  lower  Ga 
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Fig. 6. Ga/(In + Ga) composition depth profiles measured by AES (black squares) and estimated from confocal PL measurements (red circles) on samples 
processed with low (left) and medium (right) Ga surface contents. Depth axis is calibrated according to the AES measurements. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this  article.) 
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surface content (Fig. 6(left)), this limitation is likely related 
to self-absorption effects of light generated at deeper depths 
in the sample, because of the high optical absorption of the 
light for the used excitation wavelength in In rich 
Cu(In,Ga)Se2. On the other hand, for  the  sample with 
the higher Ga surface content (Fig. 6(right)) the investi- 
gated depth is likely  limited  to  the  region  with  Ga/ 
(In + Ga) 6 25%, as higher Ga contents lead to a bandgap 
higher than the energy corresponding to the used excitation 
wavelength. In this case, the limitation in the penetration 
depth region is determined by the region where the band- 
gap is lower than the excitation light. The need to work 
with excitation energies higher than the bandgap consti- 
tutes an intrinsic limitation for these measurements, and 
excitation wavelength needs to be carefully adjusted for 
the different composition regions in order to maximize 
the light penetration depth. In addition, diffusion effects 
of photogenerated carriers can also take place. A detailed 
analysis of these effects requires multidimensional model- 
ing of the optical and electrical properties of the layers, 
which is beyond the scope of the current study. 

 

4. Conclusions 

 

In summary, the correlation of the optical characteriza- 
tion of CIGS electrodeposited absorbers synthesized with 
different Ga depth profiles with their chemical AES analy- 
sis has allowed to demonstrate the viability of the room 
temperature PL measurements for the simple quantitative 
estimation of the relative Ga content, in the  whole  range 
of compositions of the alloy. This is based in the quantita- 
tive calibration of the dependence of the PL peak energy on 
the chemical composition of the electrodeposited layers. 
First results achieved with the use of a confocal microscope 
also show the potential of confocal based optical strategies 
for the nondestructive Ga depth profile monitoring of the 
absorbers. These data open interesting perspectives  for 
the development of optical-based nondestructive tools suit- 
able for depth resolved chemical monitoring of the absorb- 
ers in advanced CIGS PV technologies. Raman 
complementary spectra performed with the same experi- 
mental system show the presence of a Cu poor OVC sec- 
ondary phase that agrees with the Cu poor overall 
composition of the absorbers, and corroborates the high 
microcrystalline quality of the layers. High lateral resolu- 
tion of the performed measurements allows their extension 
for the analysis of the absorber uniformity down to micro- 
metric scale. 
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4.2. Cu(In,Ga)(S,Se)2 absorbers: quantitative assessment of S/(S+Se) surface content 

ratio 

 
Optimisation of the processes developed at NEXCIS for the improvement of the device efficiency 

have involved the implementation of a partial sulphurization step for the controlled 

incorporation of a certain amount of sulphur at the surface region of the absorbers. As described 

in section 1.3 of chapter 1, in the case of devices fabricated with two step processes, efficient 

control of the graded bandgap through the depth of the absorbers involves the combination of a 

surface CuIn(S,Se)2 alloy with a back Cu(In,Ga)Se2 alloy[36]. This has allowed achieving a 

significant increase in the open circuit voltage of the devices (up to a maximum value of Voc = 

650 mV). These processes have led to cells with a record device efficiency of 17.3%, which 

constitutes a world efficiency record for electrodeposition based devices. The strong impact of 

the presence of sulphur at the surface region of the absorbers on the optoelectronic properties of 

the cells gives a strong relevance to the quantitative assessment of the S surface content. 

 
In this work, a Raman scattering methodology has been developed for the non-destructive 

quantitative assessment of the anion composition at the surface region of the absorber layers. 

CuIn(S,Se)2 is a quaternary alloy that shows a characteristic two-mode behaviour being the 

Raman spectra characterised by the presence of a Se-like peak and a S-like peak that appear 

close to the respective positions of the A1  Raman peaks from the reference ternary compounds 

(CuInSe2: 173 cm
-1

,  CuInS2: 290 cm
-1

) [37]. As shown in Figure 19, increasing the S/(S+Se) 

content ratio leads to a shift of the Se-like peak towards higher frequencies. This is also 

accompanied by a decrease in the relative intensity of the Se-like peak in relation to the S-like 

one. In contrast, the S-like peak remains nearly unaffected by changes of the alloy composition. 
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Figure 19: Raman spectra from CuIn(S,Se)2  solid solutions with different S/(S+Se) content ratio. 
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Figure 20 shows a comparison of the depth resolved Raman – AES combined measurements 

from typical S-free and S-containing electrodeposited absorbers. Main differences are  determined 

by the presence of a surface CuIn(S,Se)2 alloy in the S-containing sample, which is related to the 

maximum S content at the surface of the layer, as shown in the sulphur AES depth profile. 

Formation of this alloy is corroborated by the presence of the Se-like and S-like peaks 

characteristic of the CuIn(S,Se)2 system in the Raman spectra from the surface region of the 

sample. Increment of the depth leads to a strong decrease of the S-like peak, which is related to 

the strong decrease in the S content below the surface region. The spectra measured at higher 

depths also show a blue shift of the Se-like Raman peak that is related to the gradual increase of 

the Ga content towards the back region of the layers. At the interface region between the 

absorber and the Mo back contact, the Raman spectra also show the formation of a MoSe2 phase. 

In the case of the S containing sample, additional peaks measured in this region have been 

attributed to the formation of a Mo(S,Se)2 alloy, demonstrating the existence of a S diffusion 

towards the Mo back layer. 

 
The following paper describes the Raman scattering methodology that has been developed for the 

quantitative assessment of the surface S/(S+Se) content in the absorber layers. This is based in the 

analysis of the integral intensities of the Se-like peak and the S-like peak, following the 

methodology described in chapter 2. This has led to the definition of the ratio between the integral 

intensity of the Se-like contribution (calculated in the 140 – 230 cm
-1  

spectral region) and the 

sum of the integral intensities of the Se-like contribution and the S-like contribution (calculated in 

the 270 – 350 cm
-1 

spectral region), as the corresponding quality control indicator for 

quantification of the S/(S+Se) relative content. Figure 21 shows the spectral regions defined in the 

Raman spectra for the assessment of this parameter. 
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Figure 20: Depth resolved AES profiles and Raman spectra measured after different sputter 

times from S-free and S-containing absorber layers. 

 

 

 

Figure 21: Spectral regions defined for the S/(S+Se) quality control indicator. 
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This work reports a detailed comparative study of electrodeposition-based (ED) cells fabricated with 

S-free Cu(In,Ga)Se2 and S-containing Cu(In,Ga)(S,Se)2 absorbers. ED based processes have a strong 

interest, because of their potential for cost reduction. ED of metal precursors followed by Rapid Thermal 

Process (RTP) with elemental Se and S has demonstrated to successfully obtain 60 x 120 cm2 modules up 

to 14% aperture area (AA) efficiency. In this work, the impact of the presence of S in the surface region of 

the absorbers is analyzed in detail. The results show the possibility to obtain high efficiency, reproducible 

cells by careful control of this parameter, which is assessed by Raman scattering. Standard techniques for 

surface S content measurement are limited due to either overall composition estimation (X-ray dif- 

fraction), overlap of S and Mo signals (X-ray fluorescence) or their need for handling samples under 

vacuum conditions and/or their destructive character (inductively coupled plasma mass   spectroscopy, 

secondary ions mass spectroscopy, energy dispersive X-ray spectroscopy, X-ray photoelectron spectro- 
scopy…). In this framework Raman scattering is interesting as it is non-destructive and very sensitive to 

both composition and crystal quality. This work proposes a Raman scattering based methodology for the 

quantitative analysis of the anion composition ratio in the surface region of the absorbers, providing with 

a simple non-destructive assessment procedure of this relevant   parameter. 

& 2015 Elsevier B.V. All rights reserved. 

 
 

 

1. Introduction 

 
Cu(In,Ga)(S,Se)2 (CIGSSe) based thin film solar cells are 

attracting large research interest by yielding record performances 

higher than those from best polycrystalline Si wafer-based devices 

[1,2], with record efficiencies at cell level above 21%. In order to 

achieve these high efficiencies careful bandgap engineering is 

required through the thickness of the absorbers, involving higher 

band-gap values at both the surface and back absorber regions. For 

sulfur-free efficiency record devices, this bandgap engineering is 

achieved by tuning carefully the Ga content profile using complex 

co-evaporation vacuum based processes, while for CIGSSe absor- 

bers,  it  can  be  obtained  by  modifying  both  sulfur  and  gallium 
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gradients. The most common industrial method to produce CIGSSe 

absorbers uses 2-step processes based on sputtering of metallic 

layers followed by annealing with toxic & expensive hydride gases 

H2S and/or H2Se. As an alternative, electrodeposition (ED) based 

processes have a strong interest, because of their large potential 

for cost reduction and high compatibility with up-scaled mass 

production at industrial level. ED of metal precursors followed by 

rapid thermal process (RTP) annealing using elemental Se and S 

(and thus avoiding toxic and expensive hydride gases) has 

demonstrated to successfully obtain commercial size 60 x 120 cm2 

modules up to 14% aperture efficiency, with average values that 

are already comparable to the average module efficiency achieved 

in production using vacuum-based processes. Small area (0.5 cm2) 

test cells fabricated on large area (60 x 120 cm2) substrates give a 

highest value of aperture efficiency of 17.3% [3]. This is the highest 

efficiency to date reported for electrodeposition-based cells, and is 
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comparable to the highest efficiency of  17.12%  that  was reported 

for solution based cells by Nanosolar Inc. company   [4]. 

A key feature in these processes is the controlled combination 

of sulfur and gallium to obtain the desired band-gap profile with 

high homogeneity of all elements over the full module area [5–9]. 

This work reports a detailed optoelectronic characterization of S-

free (CIGSe:CuInGaSe2) and S-containing (CIGSSe) electro- 

deposition-based solar cells, showing the impact of sulfur incor- 

poration on devices characteristics. Careful control of these pro- 

cesses for the manufacturing of high efficiency, reproducible cells 

requires the development of techniques suitable for the non- 

destructive quantitative assessment of sulfur content at absorbers 

surface. However, standard analytical techniques for measuring 

surface sulfur content in the layers are limited due to either the 

overall composition estimation (X-Ray diffraction (XRD)), overlap 

of S signal with Mo signal from the stack back contact (X-Ray 

fluorescence (XRF)) or the need for special handling of samples 

under vacuum conditions and/or their destructive character 

(inductively coupled plasma mass spectroscopy, secondary ions 

mass  spectroscopy  (SIMS),  energy  dispersive  X-ray spectroscopy 

(EDX), X-Ray photoelectron spectroscopy  (XPS)…). 
On the other hand, Raman scattering is an interesting option 

for characterising chalcopyrites, being an optical non-destructive 

technique very sensitive to both atomic composition and crystal 

quality in chalcopyrites [10–12]. Depth resolved Raman scattering 

measurements have already been reported for the analysis of 

depth composition in-homogeneities in CIGSe [13] as well as for 

the identification of CuIn(S,Se)2 quaternary alloys [14]. The use of 

suitable excitation conditions allows also the very high sensitive 

detection of secondary phases which could have a strong impact 

on device efficiency, as Cu-poor ordered compounds [15]. In 

addition, spectral features of these compounds main Raman peaks 

are also sensitive to the presence of relevant electronic defects as 

those related to Se vacancies and Cu interstitials [16]. 

In this framework, this work proposes a Raman scattering 

based methodology for the analysis of the S/(Sþ Se) relative con- 

tent at the absorbers surface region. The methodology is based on 

the study of integral intensity ratios. Only Raman peaks involving 

anion vibrations have been considered and we have followed a 

procedure similar to the one already reported for kesterite 

Cu2ZnSn(S,Se)4 solid solutions [17]. Spectra analysis reported in 

the literature of samples with different composition has demon- 

strated the proposed methodology viability for the simple quan- 

titative assessment of anion composition at the absorbers surface 

region. By selecting suitable excitation wavelength, measurements 

can be performed either on bare absorber layers, on the absorber 

layers covered by the buffer layer or on finished solar cells, 

allowing the monitoring of this parameter right after absorber 

formation or later on during the fabrication of the devices 

according to what is most convenient and useful [18]. In addition, 

the use of a suitable optical probe in combination with an x–y 

automated linear positioner for measuring different regions in 

large area samples, allow also the analysis of large area modules 

uniformity with spatial resolution that can be down to micrometer 

range by using suitable microscopic optics. 

 

 

2. Experimental details 

 
CIGSe and CIGSSe absorbers used in this work were prepared 

with the technology developed at NEXCIS company. This tech- 

nology is based on the electroplating of metals onto optimized 

Mo/soda-lime glass substrates. The precursor alloy containing Cu, 

Ga and In is annealed by rapid thermal processes (RTP) under Se 

and S atmospheres, using elemental chalcogen vapors. Layers with 

different  surface  S/(Sþ Se)  content  between  25%  and  70%  were 

 
produced for this experiment. S surface content has been mea- 

sured in the surface region from selected layers by X-Ray Photo- 

electron Spectroscopy (XPS) measurements, using a PHI-ESCA 

5500 equipment. In all cases, the overall Ga/(Inþ Ga) and Cu/ 

(Inþ Ga) relative contents were kept constant for the different 

chalcogen contents. Depth resolved measurements show that in 

these processes Ga tends to accumulate at the back region of the 

layers [19], while the Ga/(Inþ Ga) content in the surface region 

stays low, typically less than a few percent. 

After the absorbers growth, cells are completed by chemical 

bath deposition of CdS buffer layer and sputtered-based deposi- 

tion of a ZnO(i)–ZnO(Al) window layer. This allows the fabrication 

of devices on large area (60 x 120 cm2)  substrates  with  0.5 cm2 

test cells. For the optoelectronic characterization of cells, J–V 

measurements were made under illumination using a Sun 3000 

class AAA solar simulator from Abet Technology. Measurements 

were carried out after the calibration of the system with a refer- 

ence Si solar cell under AM 1.5 illumination and fixing the tem- 

perature of the samples to 298 K. External quantum  efficiency 

(EQE) curves were obtained using a PV300 Photovoltaic char- 

acterization  system  (Bentham Instruments). 

Raman scattering measurements were made using a Raman 

probe developed at IREC coupled with optical fiber to an iHR320 

Horiba Jovin Yvon spectrometer. The measurements were made in 

backscattering   configuration   focusing   the   excitation   laser spot 

directly on the surface of the cells window layer (diameter 50 μm, 
excitation power density o 1 kW/cm2) with an excitation wave- 

length of 633 nm. These conditions minimize the presence of 

Raman peaks in the spectra from the CdS buffer layer that could 

hinder the observation of S-like CIGSSe vibrational modes [18]. 

Estimated penetration depth of backscattered light in the absor- 

bers is o 100 nm. 

 

 
3. Results and discussion 

 
3.1. Optoelectronic characterization: impact of surface sulfur content 

on heterojunction band structure 

 
Fig. 1 shows the efficiency (normalized to its highest value) of 

the cells investigated in this work versus the S/(Sþ Se) surface 

relative content. As can be seen, presence of S at the surface region 

of the absorber has a significant impact on the device efficiency, 

with an  optimum value of  the S/(Sþ Se) relative  content that,   for 
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Fig. 1. Efficiency of the cells (normalized to the highest value from the analyzed set 

of devices) versus relative S/(Sþ Se) content at the surface region of the absorber. 

The relative S/(Sþ Se) content has been estimated according to the methodology 

described in Section 3.2. Dotted lines are added as guide for the eye, showing the 

evolution of the maximum efficiency with the S surface   content. 
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the set of samples investigated in  this  work,  corresponds  to S/ 

(Sþ Se) ∼47%. This behavior is related to the increase of the open 

circuit voltage and the corresponding decrease of the short circuit 

current determined by the increase of the bandgap at the surface 

region of the absorber resulting from the increased  incorporation 

of S. 

In order to analyze in more detail the impact of S in the char- 

acteristics of the cells, a deeper optoelectronic analysis has been 

performed on the device corresponding to the optimum S/(Sþ Se) 

content (S/(Sþ Se)¼ 47%) in relation to a similar device fabricated 

without incorporation of sulfur at the surface region of the 

absorber. Fig. 2 shows the External Quantum Efficiency (EQE) 

measured in these devices. The increase in the surface band gap 

related to the presence of S leads to the observed decrease in the 

EQE signal at the infrared region, while leaving the rest of the 

curve almost unchanged. 

Table 1 summarizes the optoelectronic parameters of typical 

cells produced with the optimal S surface content and without 

incorporation of sulfur at the absorbers surface. These data reveal 

an increase of the open circuit voltage (up to 631 mV) which could 

be directly related to the increase of the band gap in the surface 

region of the absorber; as already indicated this additionally 

causes a decrease of the short circuit current. By using a suitable S 

gradient profile this effect is likely reduced, achieving a lower 

relative reduction of the short circuit current (7%) in front of the 

higher relative increase (11%) of the open circuit voltage. This, 

together with the increase of the Fill Factor, leads to the observed 

increase in device efficiency to a typical value of 15.8%. 

Fig. 3 shows the J–V curves measured from the same devices 

with different illumination conditions. Before the measurements, 

the devices were kept in dark for one week, to avoid interference 

effects from previous illumination. Illumination measurements 

were made using different high-pass filters  (780 nm,  550 nm, 

515 nm and 400 nm). The use of these filters avoids photons 

absorption in the CdS buffer layer (according to the direct bandgap 

of 2.4 eV of CdS). 

Before illumination and regarding the S-free device (Fig. 3 top), 

the diode voltage of the dark curve is higher compared to that of 
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Fig. 2.  EQE curves from the S-free and S-containing optimal cells. 

the standard 1 sun illuminated curve; this effect is sometimes 

referred to as “crossover” or “non-superposition”. The inter- 

mediate-light J–V curves, which include only long-wavelength 

photons obtained with the 780 nm, 550 nm and 515 nm filters, 

have a feature typically referred to as the “red kink”. Hence the 

curves have a low-bias region with well-behaved collection of 

photo generated carriers, a mid-bias transition region with 

decreasing collection, and a higher-bias region where the curve 

merges with the dark J–V curve. This strong “red kink effect” is 

determined by the existence of a positive conduction-band dis- 

continuity (spike) at the buffer absorber interface, as previously 

reported in [20]. This effect disappears as soon as part of the 

emitted light starts to be absorbed in the CdS layer (400 nm filter) 

indicating that light active defect states in CdS and/or CdS/absor- 

ber interface exist and modify the band-alignment reducing the 

current blocking spike [21]. A strong shift in dark curve before/ 

after illumination and dark illuminated curve crossover support 

this interpretation. 

This behavior contrasts with that of the CIGSSe device (Fig. 3 

bottom), where no red kink effect is observed even if long wave- 

length curves look a bit distorted and the dark curves before and 

after illumination shift slightly. These results suggest the existence 

of a significant decrease of the spike discontinuity at the con- 

duction band due to the increase of the absorber bandgap with the 

S content in the CIGSSe  device. 
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Fig. 3. J–V curves from the S-free (top) and S-containing (bottom) optimal elec- 

trodeposition-based cells under different illumination conditions. 

 
Table 1 

I–V  data  from typical  CIGS-based and CIGSSe-based  solar cells. 
 

Sample Jsc (mA/cm2) Voc (mV) FF (%) Eta (%) Rsh  (Ω cm2) Rs (Ω cm2) 

CIGSSe 33.2 631 75.54 15.8 1241 0.56 

CIGSe 35.8 568 69.47 14.1 1665 1.15 
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Fig. 5. Raman spectra from absorber layers synthesized with different surface 

sulfur content, showing the main Se-like and S-like peaks characteristics of the 

CuIn(S,Se)2 alloy. Each of the spectra is normalized to the intensity of the highest 

peak. The relative S/(Sþ Se) surface content has been measured by XPS. 
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expected one as well as the observed band gap and Fill Factor 

increases in these devices. Similar effects related to the presence of S 

at the surface region of the absorber layers have also been reported 

for CIGS  devices fabricated with different processes [5] to    [8]. 

 
3.2. Raman scattering assessment of surface S/(S þ Se) relative 

content 

 
Fig. 4. Band structure at absorber/buffer interface extracted from the simulation of 

the experimental J–V curves from the S-free (a) and S-containing (b) devices. Inset 

in the figures shows the fitting of the experimental JV curves under AM1.5 illu- 

mination (dots) with the simulated one (red line). (For interpretation of the 

references to color in this figure legend, the reader is referred to the web version of 

this article.) 

 

Modification of the band alignment with the S surface content, 

that is to say, a beneficial decrease of the spike conduction band 

discontinuity at the CIGSSe/CdS interface, agrees also with the 

simulation of the devices which has been performed using SCAPS- 

1D [22]. Fig. 4 shows a schematic representation of the band 

structure calculated from the simulation of the experimental J–V 

curves at the absorber/CdS interface region. 

Fitting of the experimental JV curves with the simulated ones is 

shown in the inset of the figures. As shown in the band diagrams, 

increase of the band gap due to the incorporation of S in the 

chalcopyrite phase at the surface region of the absorbers deter- 

mines a significant decrease of the current blocking spike barrier 

at the conduction band, from 0.28 eV for the non  sulphurized 

down to 0.15 eV for the sulfur-containing surface one. This effect is 

similar to that previously reported increasing the Ga surface 

content in S-free absorbers [20]. These data suggest the possibility 

to achieve an efficient control on the band structure at the 

absorber/buffer interface by a suitable control of the S content in 

the surface region of the absorbers, in agreement with the beha- 

vior observed in Fig. 1. 

The results from the simulation of the devices shown in Fig. 4 are 

in agreement with the observed experimental changes in the 

optoelectronic properties shown in Table 1 and Fig. 3. Considering 

that the CdS buffer layer is the same in both solar cells, the band gap 

energy increase could explain the observed improvement of the 

open circuit voltage. Furthermore, the spike reduction would explain 

the lower  decrease  of  the short  circuit  current  compared  to the 

The strong impact of sulfur at the absorber surface region on 

the optoelectronics characteristics of the cells gives a strong 

relevance to the assessment of this parameter by a non-destructive 

technique compatible with its implementation at in-line level for 

process monitoring. 

A Raman scattering based methodology is proposed for the 

non-destructive quantitative assessment of the anion composition 

at the surface region of absorber layer, as was previously demon- 

strated in the case of CZTSSe absorber [17]. The investigated 

CIGSSe absorbers are characterized by the presence of a surface 

CuIn(S,Se)2 phase at the surface region of the layers, being always 

the Ga content in this region too low to have a significant effect in 

the Raman spectra [12]. CuIn(S,Se)2 is a quaternary system that 

shows a two mode behavior, with the presence of a Se-like peak 

and a S-like peak that appear close to the respective positions  of 

the  main  A1    peaks  from  the  respective  ternary  compounds  at 

173 cm- 1   (CuInSe2)  and  290 cm- 1   (CuInS2).  As  can  be  seen  in 

Fig. 5, changing the degree of alloying leads to significant changes 

in  the  relative  intensity  of  these  peaks,  with  a  decrease  of  the 

intensity of the Se-like peak and an increase in the intensity of the 

S-like   peak   when   the   S/(Sþ Se)   relative   content   increases.   As 

reported  in  [23,24]  this  is  also  accompanied  by a  shift  of  the  Se- 

like peak towards higher frequencies while the S-like mode posi- 

tion  is  almost unaffected. 

The proposed methodology is based on integral intensities 

analysis of the Se-like and S-like peaks. This strategy presents 

several advantages compared to the commonly used  method 

which consists of studying frequency changes of Raman peaks. In 

fact the latter relies on using a previous deconvolution of the 

spectra in order to fit the different peaks. This is typically done by 

using Lorentzian curves for each peak, and implies to work with a 

spectral resolution good enough to ensure a good sensitivity of the 

fitting  procedure  to  small  changes  of  the  peaks  position.  Using 
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samples at different composition regions is under progress to 

improve the precision of  this  calibration. 

On the other hand, it is interesting to remark that the Raman 

spectra analyzed in Fig. 6 include spectra that were  measured 

using different experimental conditions (involving different spec- 

trometers and with different spectral resolutions). These different 

sets of data agree with the fitted equation which indicates that the 

methodology does not depend on the particular experimental 

conditions used during Raman spectra   acquisition. 

In these measurements, the region analyzed corresponds to the 

surface region of the absorber that is limited by the  penetration 

depth of scattered light. For CIGSSe sample, the high  optical 

absorption of these semiconductors determines a very low value of 

penetration depth (typically below 100 nm when using excitation 

wavelengths in the visible region), which means that the S/(Sþ Se) 

value deduced from these measurements corresponds in all cases to 

the  chemical  composition  at the  surface  region  of  the  absorbers. In 

Fig. 6. S/(Sþ Se) relative content versus relative integral intensity of the S-like peak 

in relation to the sum of intensities of the S-like peak and the Se-like peak from the 

experimental spectra shown in Fig. 5 (green triangles) and the data reported in [23] 

(black squares) and in [12,25] (blue circles). Solid line is the fitting of these data 

with Eq. (1). (For interpretation of the references to color in this figure legend, the 

reader is referred to the web version of this  article.) 

 
 

integral intensities monitoring avoids spectral deconvolution 

requirements. Moreover it has several others advantages as better 

tolerance to higher noise levels, simpler and faster processing 

algorithms and reduction of the spectral  resolution  required for 

the  measurements. 

The calibration of this methodology has been performed by the 

analysis of the experimental spectra shown in Fig. 5, as well as with 

independent measurements that are reported in the literature from 

different kinds of samples. These include CuIn(S,Se)2 single crystals 

grown with compositions covering the whole range of values 

between stoichiometric CuInSe2 and CuInS2[23], as well as S-rich 

CuIn(S,Se)2 thin films that were synthesized by sulfurization of 

CuInSe2 nanocrystalline precursors [12,25]. These samples were 

characterized by a homogeneous composition that was determined 

by X-Ray diffraction measurements, as described in  [25]. 

Fig.  6  shows  the  plot  of  the  S/(Sþ Se)  relative  content  at  the 

absorber  surface  of  those  samples  as  a  function  of  Raman  spec- 

trum features, meaning the ratio between the integral intensity of 

the S-like peak and the sum of the intensities from Se-like and the 

S-like  peaks,  using  the  spectra  shown  in  Fig.  5  and  the  data 

reported  in  [23,12] and  [25].  Spectral ranges  selected for calcula- 

tion of these integral intensities are 140–230 cm- 1  for the Se-like 

peak  and  270–350 cm- 1   for  the  S-like  peak.  Selection  of  these 

relatively wide spectral regions allows working with suitable sig- 

nal to noise ratios regardless of layer composition. This also allows 

to  cover  the  whole  range  of  frequencies  the  Se-like  peak  can  get 

depending on the alloy composition [23,24]. 

The data plotted in Fig. 6 show the existence of a clear corre- 

lation between the S/(Sþ Se) relative content and the ratio of 

integral intensities A(S-like)/((A(Se-like) þ A(S-like)). Fitting of 

these data gives a simple equation: 

addition, comparison of spectra measured with different excitation 

wavelengths allows performing a simple assessment on the possible 

existence  of composition  gradients  in  the  surface  absorber region. 

 

 
4. Conclusions 

 
In summary, the detailed optoelectronic analysis of electro- 

deposition-based CIGSe and CIGSSe cells has allowed to study the 

impact of sulfur incorporation in CIGSe absorber. A significant 

decrease in the spike-like blocking discontinuity of the conduction 

band at the absorber/buffer interface has been observed. Selection 

of an optimal S content (corresponding to S/(Sþ Se) ∼47% for the 

process parameters used in this work) compensates the decrease 

of short circuit current determined by the increase of the surface 

band-gap with a higher increase of both the open circuit voltage 

and fill factor that correlates with the spike reduction. This leads to 

a significant improvement in the devices efficiency. According to 

the relevance of the S relative content at the absorbers surface, a 

simple methodology for the non-destructive quantitative assess- 

ment of this parameter is proposed, based on the analysis of the 

relative integral intensities of the S-like peak and the Se-like peak 

in the Raman spectra. Analysis of Raman spectra reported in the 

literature from CuIn(S,Se)2 alloys with different compositions 

demonstrates the viability of the proposed methodology for the 

quantitative estimation of the S/(Sþ Se) content ratio. The meth- 

odology is independent of the experimental  conditions  used for 

the measurement of the Raman spectra. The use of  an  optical 

probe coupled with an x–y automated linear positioner for mea- 

surement of different regions in large area samples, allows the 

extension of this methodology for the analysis of the uniformity of 

large area modules. 
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5. Assessment of CdS buffer layer in 

advanced CIGS devices 

 

 

 

 

5.1. Introduction. 

 
This chapter describes the Raman scattering methodology that has been developed for the 

assessment of the CdS buffer layer in the CIGS cells and modules. Main objective is the detection 

of buffer thickness inhomogeneities in large area devices that can cause a potential 

deterioration of the device efficiency. 

The application of Raman scattering for the non-destructive assessment of the thickness of the 

buffer layer was already reported in[38]. Non-destructive measurement of this parameter is 

challenging because of the very small thickness of this layer (typically in the range between 40 – 

60 nm) that is located between the window and absorber layers, as shown in Figure 1 from 

Chapter 1. The development of a Raman scattering methodology for this application requires for a 

detailed calibration of the sensitivity of the Raman spectra to changes in the thickness of the 

CdS layer that has been performed in this work. The experimental results described in this chapter 

have demonstrated the high sensitivity of the proposed quality control indicator to very small 

changes (below 5 nm) of the layer thickness. Correlation of these measurements with the 

efficiency of test cells fabricated in different regions from large area substrates has corroborated 

the viability of the proposed methodology for the identification of efficiency looses related to 

buffer inhomogeneities. 

N–type CdS is widely used as buffer layer for thin film photovoltaic devices, forming the p-n 

junction necessary for the performance of the device. The buffer layer has shown to be able to 

optimize the band alignment of the device [39] by increasing the excess carrier lifetime and to 

improve lattice matching at the hetero junction interface [40]. The doping of the CdS layer is of 

important relevance to ensure the space charge region (SCR) is on the absorber and not on the 

window layer side. The CdS layer can be produced by different methods like vacuum 

evaporation [41], pulsed laser deposition (PLD) [41], thermal evaporation [42], spray 

deposition, electrodeposition [43], chemical bath deposition (CBD) [44] [45], screen printing [46], 

chemical vapor deposition [47] and RF sputtering[48]; each  technique has its benefits and 
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problems. Among them, CBD is an effective and simple technique, and the film growth is 

smooth and homogeneous. Also, CBD is suitable for larger areas as required on industrial level 

[49]. According to this, CBD constitute the main technology at industrial level.  

CdS is a compound of the II-VI group with direct band gap at 2.48eV, that can be grown with 

the zinc blend and wurzite structures; being the latest one easily fabricated for thin films devices 

[50]. In the PV devices if the CdS layer is too thin, it will not work as a buffer, and this will 

lead to a determination of the Fill Factor and in consequence the efficiency [51]. On the other 

hand, a too thick layer will absorb more light and the increment in the recombination will 

decrease the current density. This gives interest to the assessment of the thickness of the buffer 

layer in the solar cell devices. For this reason in this work we focus on the assessment of the 

variation of the CdS layer thickness. 

Cu(In,Ga)Se2 absorbers have been produced and after the preparation of the absorber, CdS 

layers with different thicknesses (from 26 to 94 nm) were deposited by chemical bath 

deposition method; this variation was obtained by controlling CBD deposition time. Additional 

reference samples were deposited at the same time on soda lime glass. Finally, the cells were 

completed by depositing by sputtering the window layer. 

5.2. Optical systems for Raman scattering assessment of CdS buffer layer 

 
Group theory predicts for the CdS wurtzite crystal structure one Al mode, IR and Raman active; 

one E1 mode, also IR and Raman active; two E2 modes, Raman active only and two silent B1 

modes. These modes are highly isotropic, with A1(TO) ≈ E1(TO) and A1(LO) ≈ E1(LO) [52]. 

Zelaya-Angel et al reported the A1(LO)/E1(LO) phonons for CdS single crystal at 305cm
- 

1
[53], similar results are presented by Abdulkhadar et at. [52] and Senthil et al. [54]. 

Nonetheless, for the nanoparticles case the same band is reported at 299 cm
-1 

by Abdulkhadar et al 

[52] and by Rodriguez-Fragoso at 300 cm
-1

[55]. The shift is due to the presence of nanometric 

effects affecting the vibrational properties of the particles. 
 

The Raman spectra measured on the surface of complete solar cells with 532 nm excitation 

wavelength are dominated by the presence of an intense peak at 300 cm
-1

, attributed to the 

A1(LO) mode from the CdS buffer layer (Figure 22). The detection of the Raman CdS 

contribution is favored by the existence of pre-resonant Raman excitation conditions at this 

wavelength. These conditions allow the detection of very thin CdS layers, being possible to detect 

the Raman signal from layers with thicknesses below 30 nm. Additionally, the Raman 

spectrum from the complete cell, also shows the A1 CIGS peak at 175 cm
-1

. This is related to 

the low optical absorption of the window and buffer layers at this spectral region (below the band 

gap of both ZnS and CdS), which allows the transmission of both the laser excitation and the 

backscattered light signals across the CdS and ZnO layers. 
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Figure 22: Raman spectrum from a complete CIGS based solar cell measured with 532nm 

excitation waveleght. 
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Figure 22(left) Scheme of CIGS solar cell focused regions using a short focal lens (1-10 µm) and 

large focal lens (order of centimeters). (Right) comparison of Raman spectra measured with 532 

nm excitation wavelength and with long and short length focal objectives. 

For the assessment of the CdS buffer layer an optical probe with a long focal distance objective 

has been implemented. The use of a long focal distance configuration, in contrast of the standard 

objectives with short focal distance and high lateral resolution, allows achieving a significant 

increase in the depth of field collected by the Raman probe, from ~1µm for x100 and x50 

standard objectives to ~10µm for the lens with 1.5 cm focal distance. This depth of field 

ensures that the focused region includes the whole desired region, decreasing the possible error in 

the samples positioning (Figure 22 left).The penetration depth of the scattered light is 

estimated to include the complete ZnO (~500nm) and CdS (~50nm) layers and the surface of 

the CIGS (~100nm with 532 nm excitation). Spectra measured on the same solar cell with 

different focal collimators lenses can be seen in Figure 22; these spectra show the impact of the 

use of different depth field optics on the Raman spectra. It is clear from this figure that the use of 

the long focal distance optics enhances the CdS layer detection.  
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5.3. Experimental results: Estimation of CdS effective thickness. Impact  on cell 

efficiency 

 
The assessment of the thickness of the CdS buffer layer is based in the analysis of the relative 

integral intensity of the CdS Raman peak in relation to that of the main CIGSe peak, according to 

the methodology described in Chapter 2. Figure 23 shows the spectral regions defined for the 

determination of this quality control indicator. 
 

 

 

Figure 23: CdS/CIGS quality control indicator selected spectral areas. 
 

Figure 24 presents the Raman spectra measured on a set of reference samples that were grown 

with different CdS thicknesses. The inset of Figure 24 plots the relative integral intensity of the 

CdS peak in relation to that of the main CIGS peak of each sample, ACdS/ACIGS, versus the 

thickness of the CdS layers measured by X-Ray Fluorescence. A lineal correlation between the 

ACdS/ACIGS ratio and the CdS thickness can be clearly observed. This correlation allows 

quantifying by optical measurements the thickness of the CdS layer on the final devices with 

high resolution (below 5 nm) and short acquisition time (<1 min.). 
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Figure 24: Raman spectra measured with 532nm excitationwavelegnth from complete solar cells 

with CdS buffer layers with different thicknesses. 

Figure 25 shows the relative efficiency of test cells that were fabricated at different regions from a 

large area (60x120 cm
2
) substrate, versus the relative integral intensity of the CdS Raman 

peak, ACdS/ACIGS, These measurements show the existence of a deterioration of the device 

efficiency for values of ACdS/ACIGS < 6. This behavior has been attributed to the existence of a 

lack of a full coverage of the CIGS absorber in the regions with a thinner CdS buffer layer. 

Identification of efficiency loses related to the buffer layer is a relevant result for the 

optimization of the processes that has been performed at NEXCIS. 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 25: Relative efficiency of the cells versus ACdS/ACIGS fort test cells fabricated at different 

regions from a large area CIGS substrate. 
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6. Assessment of Al-doped ZnO (AZO) 

window layer in advanced CIGS devices 

 

 

 

 

6.1. Introduction 

 
In this chapter the development of a Raman scattering based methodology for the non- destructive 

electrical assessment of the window layers from the CIGS devices is described. Availability 

of non-destructive tools suitable for the detection at on-line level of deviations in the electrical 

characteristics of the window layers has a strong interest, because of the potential impact of 

such deviations on the characteristics of the devices. In particular, ZnO doped with different 

elements and mainly with Al (ZnO:Al, AZO) is most generally used as the window layer in 

CIGS based devices [56]; this layer has to fulfill two important properties: it has to be as 

transparent and as conductive as possible. 

ZnO is a transparent conductive oxide (TCO); TCOs hold a wide band gap (Eg ≥ 3 eV), which 

makes them transparent in the visible wavelength region [57]. Due to their low absorption of 

light and good electrical conductivity, they are widely used in opto-electronic devices such as 

displays, gas sensors, ultrasonic oscillators, transducers, opto-electrical interfaces and solar cells 

[58]. In the case of photovoltaic technology the development of quality control tools especially 

suited for the characterization of these layers is of great interest, as current methods have to be 

implemented in special test device structures and are non-compatible with the on-line 

characterization requisites. 

TCOs are compound semiconductors that consist of a nonmetal part, Oxygen, in combination of a 

metal or metal-combinations part. The opto-electronic characteristics are controlled by the 

creation of defects or the addition of dopants. The dopants can be metals, metalloids or 

nonmetals; consequently, metals can be part of the compound semiconductor itself or can be a 

dopant. This is needed in order to reduce the electrical resistivity to values compatible for their 

application as transparent electrodes; otherwise the intrinsic version of these compounds poses 

very high resistivity, of the order of 10
7
.cm. 

Other TCOs used as window layer in thin film devices are: Indium Tin Oxide (ITO) and Fluoride 

doped Tin oxide (FTO); nonetheless, the most common used is ZnO due to its lower price 

compared to ITO and its compatibility with the low processing temperatures (typically < 250
o 

C)  
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that are required to avoid damaging of the CdS/CIGS heterojunction that is formed before the 

growth of the window layer. The dopant most often used for ZnO is Aluminium; nevertheless, 

other dopants (B, Ga, In, Si) lead to resistivities comparable to Al-doped films. Aluminum 

doped zinc oxide thin films (ZnO:Al, AZO) can be produced by different techniques: spray 

pyrolysis, sol gel technology, electro deposition, vapor phase deposition, chemical vapor 

deposition (CVD), magnetron DC sputtering, magnetron RF sputtering or a combination of both 

the sputter deposition methods. ZnO has a considerable potential for optoelectronic applications; 

on the grounds of its wide direct bad gap (3.37 eV), low resistivity when doped (10
-4
.cm), easy 

doping with several atoms (Al, Ga, Cl, In, Na, etc…), high transparency in the visible >90% and 

thermal/chemical stability. ZnO it a compound within the II-VI group that has a Wurtzite-type 

crystal structure which belongs to the space group C
4

6v.  The Raman active zone-center optical 

phonons are A1+2E2+E1, where the A1 and E1 are polar modes and the E2 modes are  nonpolar; all 

described phonon modes have been reported in the Raman-scattering spectra of bulk ZnO 

[59]. 

 

6.2. Electrical non-destructive assessment of the AZO layer: UV resonant Raman 

scattering analysis of AZO 

 

An optical methodology for the non destructive electrical characterization of the AZO layers that 

is based on resonant UV Raman scattering measurements has been developed within this work 

and is described in the paper included in this section. This has involved the definition of a 

suitable quality control indicator that is based in the analysis of the relative intensity of the AZO 

defect induced band that appears in the spectra measured under resonant UV excitation conditions 

in relation to that of the main AZO peak, according to the methodology described in Chapter 2. 

Figure 26 shows the spectral regions that have been selected for the calculation of this indicator. 

 

 

Figure 26: Spectral regions defined the calculation of the relative integral intensity of the AZO 

defect induced band in relation to that of the main ZnO A1(LO) Raman peak. 
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1 Introduction Thin film photovoltaic technologies 
have a strong interest because of their potential for achieving 

significant cost reduction. Among the different alternatives, 

Cu(In,Ga)Se2 (CIGS) based devices show the highest 

efficiencies, having reached record values at laboratory 

level of 20.9% (on glass substrates) and 20.4% (on flexible 

polymeric substrates) [1, 2]. These efficiency values are 
already comparable to those achieved by other competitive 

 

technologies like multi-crystalline silicon devices [3]. CIGS 

technologies are already at the industrial implementation 

stage, with commercial modules with efficiencies in the 

range of 13%. 

Further development of these technologies requires for a 

more stringent control of the processes to limit the presence 

of inhomogeneities in the layers that are deposited onto large 

area substrates for the fabrication of the solar modules. Such 
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Part of Topical Section on 

Advanced Materials and Nanotechnology for Photovoltaics 

The  increasing  importance  of  the  Cu(In,Ga)Se2   based  thin  films 

photovoltaic industry claims for the development of new assessment 

and monitoring tools to answer the needs existing in the improvement 

of the control of the processes involved in the production of solar cells 

modules.  In  this  frame,  a  strong  interest  has  been  given  to  the 

development methodologies for the assessment of the CIGS absorber, 

nevertheless advanced optical tools for the characterization of the 

other layers in the solar cells are still missing. In this work, we report a 

non-destructive  optical  methodology  based  on  resonant  Raman 

concepts that has been developed for the characterization of Al doped 

ZnO layers (AZO) that are used as window layer in Cu(In,Ga)Se2 

solar cells. Doping the ZnO layer with Al leads to the presence of 

a  characteristic  defect  induced  band  at  510 cm-1  spectral  region. 

The correlation of the relative intensity of this band with the resistivity 

of  the  layers  provides  a  fast  and  reliable  tool  for  their  electrical 

monitoring. Analysis of solar cells fabricated with layers of different 

conductivities has allowed demonstration at cell level of the proposed 

methodology  for  the  determination  of  efficiency  losses  related  to 

degradation of the resistivity of the AZO layers. 
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2 C. Insignares-Cuello et al.: ZnO:Al window layers in advanced Cu(In,Ga)Se2 PV technologies 
 

 

 
 

inhomogeneities are assumed to be the origin of the gap 

that exists between the values of efficiency achieved at 

module level  and those obtained with small area  devices 

at laboratory scale. This requires for the availability of 

characterization techniques suitable for the detection of 

these inhomogeneities at different process steps and 

compatible with their on-line implementation for process 

monitoring. 

In this context, a significant interest has been given to the 

development of optical techniques that have been mainly 

applied to the analysis of the chemical and structural 

properties of the CIGS absorbers that are determining their 

optoelectronic characteristics, such as  photoluminescence, 

ellipsometry, laser light scattering and Raman scattering 

[4–7]. Interest in the development of optical techniques for 
these applications is related to their non-destructive 
contactless character, as well as  their  compatibility with 
the presence of hazardous and chemically aggressive 
environments and with the possibility to obtain fast 
acquisition   times.   Working   with   optical   systems with 

suitable space resolution, mapping and imaging measure- 

ments can also be developed for the analysis of the presence 

of  absorber  inhomogeneities  at  different  length     scales 

(from cm down to mm regimes). The encouraging advances 

produced in the last years in this field, have shown the 

importance to develop monitoring tools specially designed 

and adapted to the distinct characteristics and properties of 

this technology, establishing procedures for the early 

scrapping of modules, which do not fulfill the minimum 

quality criteria. This has a highly positive economical impact 

on the processes, as it avoids processing damaged devices in 

the production line, reducing over-costs related to materials 

and process time wasted in the fabrication of potentially 

harmed modules. 

In addition, the influence of the characteristics of the 

other layers constituting the solar cell (as the back contact 

and the buffer and window layers) on the efficiency of the 

devices has also to be considered. In particular, ZnO doped 

with different elements and mainly with Al (ZnO:Al, AZO) 

is most generally used as the window layer in CIGS  based 

devices [8–11]. This layer has to fulfill two important 
properties: it has to be as transparent and as conductive 

as possible. The development of quality control tools 

especially suited for the characterization of this layer is 

still missing. The on-line detection of deviations in the 

physical properties of the AZO layers is of high concern 

for the photovoltaic industry because of its strong potential 

impact on the characteristics of the devices. Usually, four 

points probe and Hall effect measurements are used for 

the electrical characterization of these layers, but these 

methods have to be implemented in special test device 

structures and are non-compatible with the on-line 

characterization requisites. 

In this paper, we propose an optical methodology for the 

non-destructive electrical characterization of the AZO layers 

that is based on the use of resonant Raman scattering 

measurements.   Raman   spectra   performed   at   resonant 

conditions  on  AZO  layers  with  different  conductivity  are 

characterized  by  the  presence  of  a  band  at  the  510 cm
-1 

spectral  region  that  has  been  related  to  intrinsic  defects 

associated  to  the doping  process  [12]. The  analysis  of the 

spectra measured from layers with different conductivity has 
allowed  to observe the existence of a direct  correlation  of 

the  relative  intensity  of  this  band  in  the  spectra  with  its 
conductivity.  This  provides  a  fast  non-destructive  method 

that can be applied at cell and module levels for the electrical 

quantitative assessment of the window layer in CIGS based 
devices,  identifying  potential  presence  of  inhomogeneities 

of the AZO layers limiting the efficiency of the solar cells 

and modules. 

 

2 Experimental Cu(In,Ga)Se2 absorbers have been 

synthesized  on  30 x 30 cm
2    

Mo  coated  soda-lime  glass 
substrates with a two-step process based on the electrode- 

position of Cu/In/Ga metallic stack precursors followed by a 

rapid thermal processing under selenium atmosphere (RTP). 

After the preparation of the absorber, 60 nm of CdS were 

deposited by chemical bath deposition method. Finally, the 

cells were completed by depositing 50 nm of intrinsic ZnO 

(resistance higher than 10
6 V/&), and 450 nm of AZO  with 

different resistances, both grown by DC-magnetron sputter- 

ing technique with a CT100 equipment (Alliance Concept). 
Also, we prepared similar AZO samples onto glass for the 

complementary optical, electrical and Raman scattering 

analysis. In order to change the resistance of the layers in a 

wide range of values, an Ar/O2 mixture was used as carrier 

gas for the sputtering, varying the ratio between both gases: 

the higher the O2 content in the mixture, the higher the 

resistance of the  resulting  layer.  This  allowed  growing 

of AZO layers with a wide range of resistivity values, from 

1 mVcm up to >10 MVcm. 
For the characterization of the layers four point   probe 

measurements were performed to determine the electrical 

resistance, using a standard probe connected to a Keithley 

2,420 sourcemeter. X-ray fluorescence (XRF) measurements 

were made to obtain the layer thickness of all the samples to 

calculate the resistivity of the AZO layers. These measure- 

ments were previously calibrated on standard reference ZnO 

samples. Thickness of the reference samples was determined 

from cross-section SEM observations. Raman scattering 

measurements were performed with a LabRam HR800-UV 

Horiba-Jobin Yvon spectrometer coupled with an Olympus 

metallographic microscope. Backscattering measurements 

were made using as excitation the 325 nm wavelength line 

from a He-Cd laser, with the laser spot focused on the surface 

of the AZO films. The power on the samples was kept below 

0.4 mW to avoid presence of thermal effects in the spectra. 
Excitation and light collection were made through a 40X 
objective (spot diameter approx. 1 mm), and spectra were 

obtained scanning a 30 x 30 mm
2 

area with the Duo-Scan
TM 

accessory, in order to avoid the presence in the spectra of 
potential inhomogeneity effects at microscopic scale.   The 

collection time used in this work was 60 seconds for each 

spectrum, in order to obtain a good signal-to-noise ratio 
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(SNR). This time could be significantly reduced (down to 

times lower than seconds) using an optimized optical system 

with a simpler spectrometer with higher  luminosity. 

To measure the optoelectronic properties of the solar 
cells a Sun 3000 class AAA solar simulator from Abet 

Technology (uniform illumination area of 15 x 15 cm
2
) was 

used. Measurements were carried out after the calibration 
of the system with a reference Si solar cell under AM 1.5 
illumination and fixing the temperature of the samples to 
298 K. It is important to remark that for the optoelectronic 

characterization, 3 x 3 mm
2 

cells were scribed. The efficien- 
cies presented in this work correspond to the average values 
from measurements performed on nine cells. 

 

3 Results and discussion Figure 1 shows the UV 

resonant Raman spectra of AZO layers grown onto glass 

with   different   resistivities.   For   the   layer   with   highest 

resistivity  (>10 MVcm)  the  spectrum  is  characterized  by 

a  dominant  peak  at  571  cm
-1

,  with  a  full  width  at  half 
maximum   (FWHM)   of   32 cm

-1
.   This   peak   has   been 

identified  with  the  A1(LO)  ZnO  mode,  that  is  reported  at 

573 cm
-1  

[13].  The  redshift  of  the  peak  in  relation  to  the 

frequency  of  the  mode  experimentally  measured  in  single 
crystal ZnO samples and its FWHM are likely related to the 
nanocrystalline nature of the layer. The spectrum also shows 

an   additional   contribution   at   650–700 cm
-1

,   related   to 
second order contributions from A/E symmetry non-center 

modes [13], and an intense peak at 1150 cm
-1  

(not shown) 
corresponding to the second order peak of the A1(LO) mode. 

Increasing the AZO conductivity leads to the appearance 

of an additional broad band that peaks at about 510 cm
-1

. 
From Fig. 1 it is clear that the higher the conductivity of the 

 

 

AZO layer, the higher the relative intensity of this band. The 

origin of this band can be related to the presence of an 

intrinsic defect in the ZnO layer which occurrence is favored 

by the Al doping process during the growth of the layer. This 

is supported by the observation of a similar band in resonant 

Raman spectra measured with 325 nm excitation wavelength 

from different kinds of ZnO samples, such as as-grown ZnO 

conducting layers [14], and in Cl-doped ZnO nanowires [15], 

, even if in any of these works the band is commented in the 
text.  Further  support  on  an  intrinsic  origin  of  this  band  is 
given in the previous work of Bundesmann et al. [16], which 

report the presence of an additional peak at about 510 cm
-1 

in  the  Raman  spectra  measured  with  514 nm  excitation 
wavelength from ZnO layers doped with different impurities 
as Fe, Sb, Al, and Kong et al. [17] have also reported a peak 
similar   to   this   band   from   UV-Raman   measurements 

performed  in  N–In  co-doped  p-type  ZnO  films,  although 
in  their  case  the  maximum  of  the  peak  appears  at  lower 

frequencies (488 cm
-1

). In this study, they analyzed layers 

with doping levels leading to densities of holes between 10
17 

and 10
18 

cm
-3

, as determined by Hall effect measurements. 
Interestingly, they also observed an increase in the intensity 

of this peak with the density of holes. According to this 

behavior they ascribed this peak to an In–N vibrational 
mode. However, in our case the observation of a similar band 
in different kinds of layers doped with different  impurities 

(as reported in [14–16]) gives more support to an intrinsic 
defect related origin of the  band. 

Figure 2 shows the plot of the relative integral intensity 

of this band in relation to that of the A1(LO) peak versus the 

resistivity of the layers. In this figure, the experimental 
statistical error in the measurement of the relative integral 

intensity of the band has been estimated from a series of 20 

measurements that were performed at different points in the 
same region of each sample. This determines a relative error 

 
3.0 

 
2.0 

 
 
 

1.0 
0.9 
0.8 

0.7 

0.6 

0.5 
 

 
20 0    25 0    30 0    35 0    40 0    45 0    500   550   6 00   6 50   7 00   7 50 

Ra m an s h ift (c m 
-1

) 

 

Figure 1 Raman spectra from Al doped ZnO layers (AZO) grown 

on glass with different resistivities. The spectra are normalized to 

the intensity of the main A1(LO) ZnO peak, and spectra from the 

different samples are vertically shifted for more clarity. The inset 

shows an example of peak fit. As shown, the defect induced band is 

fitted by three Gaussian curves (marked in green), because of the 

asymmetric shape of this contribution. 
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Figure 2  Relative integral intensity of band peaking at 510 cm-1 

spectral  region in  relation  to  that of  the A1(LO)  peak versus the 

resistivity of the AZO layers. 
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in the resistivity estimated from these measurements of the 
order of 19%, for layers with sheet resistance in the range 

10–100 Vsq (corresponding to the range of interest for a 

window layer in a solar cell). As can be seen in this figure, 
the relative intensity of the band is strongly sensitive to the 
layer resistivity in a very wide range of values of resistivity 

(from mVcm to > MVcm). This suggests that the intrinsic 
defect responsible for the formation of this band is also 

directly related to the increasing conductivity of the layers. It 

is well known that oxygen vacancies are the main intrinsic 

defect responsible for the n-type conductivity in undoped 

ZnO [9]. Accordingly, doping of the ZnO lattice with Al 

impurities could determine modifications in the oxygen sub- 

lattice of ZnO likely leading to the observed changes in the 

layer conductivity. 

The data shown in Fig. 2 can be used for the quantitative 

estimation of the conductivity of the AZO layer, using non- 

destructive optical measurements. The high absorption of the 

UV light in the AZO layer gives also the possibility to apply 

these measurements directly on the window layer from solar 

cells without interference from the other layers in the cell 

multilayer structure. As a proof of concept of the proposed 

methodology, solar cells that were fabricated with identical 

substrate, Mo, absorber, buffer and i-ZnO layers and using 

AZO layers with different resistivity have been analyzed. In 

principle, the resistivity of the AZO layer has a direct impact 

of the series resistance of the solar cells and, as a consequence, 

on the effciency of the device. Figure 3 shows the evolution of 

the relative  efficiency  (normalized  to that of the cell    with 

highest efficiency) and the inverse of the series resistance (Rs) 

of solar cells prepared with different AZO’s, as a function of 
the relative integral intensity of the Raman band at 510 cm

-1
 

in relation to that of the A1(LO) peak, extracted  from    the 

 

4,0 

corresponding Raman spectra measured with UV excitation 
directly on the devices. As shown in this figure, the decrease in 

the  relative  intensity  of  the  Raman  band  at  510 cm
-1   

is 
accompanied by a drastic increase of the series resistance and 
by  a  decrease  (in  more  than  a  factor  of  six)  of  the  device 
efficiency.  This  is  directly  related  to  the  increase  in  the 
resistivity of the AZO layers. 

Furthermore, increasing the conductivity of the layers 

has also a significant impact on the spectral features of the 

A1(LO) peak, with a significant increase of the FWHM and a 

decrease (redshift) of the frequency. Figure 4 shows the plot 

of the frequency and FWHM of the peak versus the layer 

resistivity. These changes could be related to the existence of 

a LO phonon–plasmon coupling of the mode, as previously 
reported by Kong et al. [17] from UV-Raman measurements. 

In  this  work,  p-type  samples  with  hole  densities  between 

10
17  

and 10
18 

cm
-3  

were investigated, and the modeling of 

the coupled LO phonon–plasmon mode is proposed for the 
determination of both density and mobility of the carriers. 
However, this involves a detailed analysis of the line shape 
of the Raman peak. This contrasts with the simpler and faster 
procedure proposed in this work for the assessment of the 
layer conductivity, which is only based on the analysis of 

the relative integral intensity of the defect induced band. The 
data shown in Figs. 2 and 3 demonstrate the validity of this 

procedure in a wider range of resistivity values, from those 

characteristic of intrinsic ZnO up to high conductivity layers. 
Optimization of the optical system with the use of simpler 

spectrometers with higher luminosity would allow decreas- 

ing the measuring time down to times lower than seconds, 
which are compatible with the implementation of the 

proposed methodology at on-line level for quality assess- 
ment and process monitoring at an industrial production line. 

An alternative origin for the observed changes in the 

spectral features of the A1(LO) ZnO peak could be related to 

disorder effects induced by an increasing density of defects 
1,0 

 
0,8 

 
0,6 

 
0,4 

 
0,2 

 
0,0 

 

0,5 1,0 1,5 2,0 2,5 

A[510 cm
-1
]/A[A (LO)] 

3,5 

3,0 

2,5 

2,0 

1,5 

1,0 

0,5 

0,0 

 
 
 

575 
 

570 
 

565 
 

560 
 

555 
 

550 

 
 
 
 

i-ZnO 

 
 
 

120 
 

110 
 

100 
 

90 
 

80 
 

70 
 

60 
 

50 

 
Figure 3 Normalized efficiency (black) and inverse of series 

resistance (blue) of solar cells prepared with different  Al    doped 

 

545 i-ZnO 40 

30 

ZnOs (AZO), versus the ratio between the integral intensity of the 

Raman band at 510 cm-1  and the A1(LO) peak from the Raman 
spectra measured on the device surface. The resistivities of the AZO 
windows can be estimated taking into account the dependence of 

the relative intensity of the 510 cm-1 Raman band on this parameter 
shown in Fig. 2. 
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Figure 4 Frequency (blue) and full width at half maximum 

(FWHM) (red) of the A1 (LO) Raman peak from the spectra plotted 

in Fig. 1 versus resistivity of the Al doped ZnO layer   (AZO). 
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in the layers with higher conductivity. This would agree with 

the existence of a negative slope in the phonon dispersion 

branch corresponding to the A1(LO) mode along the GK 

direction, as reported in [18]. Clarification of the origin of 

these effects requires the correlation of the Raman spectra 

with the transport properties of the reference AZO layers that 

are being determined by Hall effect measurements. This will 

also allow analyzing the viability of a more detailed analysis 

of the shape of the Raman spectra for a deeper characteriza- 

tion of the transport properties of the AZO layers in solar cell 

state of the art devices. However, these are procedures that 

typically require for a spectral resolution in the measuring of 

the spectra high enough to ensure a suitable fitting of the 

lineshape of the Raman peak, which can compromise the 

possibility to decrease significantly the measuring  time. 

 

4 Conclusions In summary, a totally optical method 

for the fast, reliable and contactless evaluation of the 

resistivity of the AZO window layer in thin film devices is 

proposed, based on the simple fast analysis of resonant 

Raman scattering spectra measured with UV excitation. 

These spectra are characterized by a broad band that is likely 

induced by intrinsic defects related to the ZnO doping. The 

existence of a direct correlation between the resistivity of the 

layers and the relative intensity of this band allows 

performing a quantitative estimation of  this  parameter, 

and this can be used for the detection of efficiency losses in 

the devices due to degradation of the window conductivity. 

The high lateral resolution that can be achieved with the 

use of a suitable Raman probe (down to the order of mm’s) 
allows the extension of these measurements for the analysis of 

the window uniformity from the cm scale down to micro- 

metric scale in the production of scaled-up large area modules. 

The spectra collected could be used for the identification of 

problematic areas of the device due to the inhomogeneities in 

the conductivity of the ZnO layer. Future works are focused to 

solve two major challenges of the methodology presented 

here. The first one is related to the optimization of the 

measuring conditions for the implementation of a methodol- 

ogy compatible with the implementation of the technique for 

the on-line and/or in-situ monitoring of industrial processes. 

This implies an additional effort to minimize acquisition 

times, exploiting the possibilities given by the use of resonant 

excitation conditions. Another significant issue is the 

improvement in the sensitivity of the technique to small 

changes in the resistivity of the layers, which decreases 

significantly for layers with higher resistivity  values. 
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6.3. Correlation with Hall Effect measurements. Characterisation of annealed AZO 

layers 

 
Characterization of the AZO layers grown with different resistivities by Hall Effect measurements 

has allowed observing the existence of a linear correlation between the density of electrical 

carriers in the layer and the relative integral intensity of the Raman defect induced band, as shown 

in Figure 27. This behavior contrasts with the lack of a clear correlation of this quality control 

indicator with the carrier mobility. This suggests the existence of a direct correlation of the defect 

induced Raman band with activated Al dopants impurities. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 27: Left: Relative integral intensity of the defect induced Raman band versus layer 

resistivity. Right: density of carriers measured by Hall Effect versus relative integral intensity of 

the defect induced Raman band. 

 

To deepen in the knowledge of the processes involved in the fabrication of the solar cells, Raman 

scattering and Hall effect measurements have also been performed on AZO layers that were 

subjected to a soft annealing (250
o 

C, 30 min). Post-deposition soft annealing on finished devices 

is known to improve the characteristics of the CIGS devices. However, there is scarce information  

on  the  origin  of  this  behavior,  and  the  impact  of  these  processes  on  the characteristics 

of the window layers is still not well known. 

 

Figure 28 presents the Raman spectra measured on four selected samples before (BA) and after  

(AA) annealing: one intrinsic and 3 samples with different Al doping. It can be clearly seen that 

after annealing at 250
o
C the relative integral intensity of the defect induced Raman band increases 

in all the samples except the intrinsic one. The soft annealing induces in the intrinsic ZnO layer 

a decrease of the FWHM of the main A1(LO) peak. This is the normal expected behavior 

with the annealing process, due to the improvement of the crystalline quality of the layer with 

the annealing. In contrast, the samples doped with Al present an increase of the 
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FWHM and a red shift of the main A1(LO) peak; in addition to the increase of the relative 

intensity of the defect induced band. 
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Figure 28: Raman spectra of the samples before and after annealing of three AZO samples (AZO 

A, B and C) and the intrinsic sample (ZnO-I). 

Hall Effect measurements made in these layers show also an increase in the density of electrical 

carriers that determines a decrease of the layer resistivity with the soft annealing, as can be seen in 

Figure 29. These data corroborate the existence of a direct correlation of the defect induced 

Raman band with defects that are associated with the activation of the Al dopants impurities at 

substitutional sites. Also, the data show that the soft annealing induces the activation of Al 

impurities to substitutional sites, thus increasing the density of carriers. Figure 29 presents the 

resistance and carrier concentration of the AZO samples before and after annealing (BA and AA 

respectively) compared to the Adef/A1(LO) of the Raman spectra. The resistance of all the layers 

decreases after the annealing as the carrier concentration increases and a correlation with the 

Adef/A1(LO) can be noticed. Nonetheless, the values obtained for the mobility of the samples 

indicates that there is no correlation between the Raman spectra and the mobility as no significant 

improvement was observed on the mobility. The changes observed in the shape and frequency 

of the A1(LO) peak with the soft annealing are also consistent with this behavior, and could be 

due either to the presence of disorder effects caused by the defects related to the Al 

substitutional impurities or to plasmon-phonon coupling effects that increase with the density of 

carriers[60][61]. More recent data measured on additional ZnO layers doped with different species 

give further support to this last interpretation. 
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Figure 29: Relative integral intensity of the defect induced Raman band versis the layer resistance 

(left) and the carrier concentration (right) from AZO samples before and after the soft-annealing 

treatment. 
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7. Conclusions 

 

The main objective of this thesis has been the development of Raman scattering based 

methodologies for the characterization of the different layers that build a CIGS based solar cell. 

Quality control indicators based on the analysis of the Raman spectra of each of the layers have 

been successfully identificated to perform the study of the chemicophysical and optical 

characteristics of the layers in the cell heterostructure and their impact on the optoelectronic 

properties of the devices. These indicators were calculated from selected areas in the spectra, 

which allow the use of simple and fast algorithms for data analysis and increases the tolerance to 

noise. Additionally, the methodologies proposed proved the benefits of using a quasi-resonant 

excitation strategy for the analysis of the different layers. These include the possibility to work 

with measuring times of the order of seconds (as can be seen in the table in the annex of this 

thesis), making Raman measurements fast enough for their implementation at  on-line level during 

the processe. In addition, selection of suitable excitation wavelengths allows achieving a selective 

excitation of the different layers in the cell heterostructure, and measurements can be performed 

on finished devices without interferences between the Raman signals from the different layers in 

the cells. The results were presented in a series of articles which have been published 

addressing the study of the absorber and window layers; in addition, a chapter related to the 

assessment of the buffer layers has been included.  

The two first of these papers were focused on the study of the main secondary phases that 

have gathered interested for the most advanced electrodeposited CIGS devices, Cu-Au and 

OVC. In the publication regarding the OVC phases, a resonant Raman excitation of an E/B 

peak characteristic of the OVC phase has been identified and characterized when working 

with a 785 nm excitation wavelength. The enhanced sensitivity of the Raman spectra 

measured at these excitation conditions on the OVC content at the surface region of the absorber 

layers has allowed reporting for the first time in the literature clear experimental evidence of the 

impact of the presence of the OVC phases on the device parameters. The experimental data show 

the existence of an optimum OVC content leading to devices with higher Voc and efficiency, 

which corroborates the relevance of the proposed quality control indicator for process 

monitoring. In the case of CuInS2 based devices, this work confirms the suitability of Raman 

scattering for the detection of Cu-Au ordered CuInS2 polytypes. The analysis of cells with 

efficiencies close to the record values in this kind of devices has allowed clarifying the 

beneficial impact of the presence of domains of this crystalline polytype, because of their 

proposed role in the reduction of the strain in the absorber layers. 

This work has also developed suitable methodologies for the chemical quantitative analysis of 

the surface region of the absorber layers, including the quantitative measurement of the 

Ga/(In+Ga) content ratio in Cu(In,Ga)Se2  absorbers and the  S/(S+Se) content ratio in 
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Cu(In,Ga)(S,Se)2  absorbers. In the first case, the thesis has confirmed the potential of room 

temperature photoluminescence (PL) spectral measurements for the simple quantitative 

estimation of the relative Ga content, in the whole range of compositions of the Cu(In,Ga)Se2 

alloy. This has implied a detailed quantitative calibration of the dependence of the PL peak 

energy on the chemical composition of the electrodeposited layers. The combination of Raman 

and PL measurements performed using the same  experimental set-up has allowed clarifying the 

origin of the Raman blue shift observed in the main A1 CIGS peak, which has been related to 

the Cu-poor composition of the layers. In this sense, assessment of the OVC content by Raman 

scattering provides also an indirect assessment of the Cu deficiency in the layers. In addition, 

the characterization of S-free and S- containing CIGS absorbers and solar cells has allowed to 

make a detailed study of the impact of the presence of Sulphur in the surface region of the layers 

on the optoelectronic characteristics of the devices. A Raman scattering based methodology 

has been developed for the quantitative analysis of the S/(S+Se) surface composition ratio, 

which provides with a simple non-destructive assessment procedure of this parameter that is 

relevant for the device efficiency. 

 
As the effect of the other layers that form part of the cell has to be also considered in the device 

performance, two chapters related to the assessment of the buffer and windows layers have 

also been presented in this thesis. In the first case, resonant Raman scattering measurements 

performed at 532 nm excitation wavelength have been used for the assessment of the 

thickness of the CdS buffer layer in the solar cells. This has included a calibration of the 

sensitivity of the Raman spectra to changes in the thickness of the CdS layer. The analysis of the 

experimental spectra has demonstrated the high sensitivity of the quality control indicator 

proposed for the CdS assessment to very small changes (below 5 nm) of the layer thickness. 

Correlation of these measurements with the efficiency of test cells fabricated in different 

regions from large area substrates has corroborated the viability of the proposed methodology 

for the identification of efficiency losses related to buffer inhomogeneities. 

 

Finally, the thesis has also addressed the development of a non-destructive methodology for the 

electrical assessment of the Al-doped ZnO (AZO) window layers in the CIGS solar cells. This 

methodology is based on the analysis of resonant Raman  scattering measurements performed with 

UV excitation. Doping the ZnO layer with Al leads to the presence of a characteristic defect 

induced band at 510 cm
-1 

spectral region. The correlation of the relative intensity of this band 

with conductivity of the layers provides a fast and reliable tool for their electrical monitoring. 

Analysis of solar cells fabricated with layers of different conductivities has allowed 

demonstration at cell level of the proposed methodology for the determination of efficiency 

losses related to degradation of the resistivity of the AZO layers. 

 

In conclusion the work presented in this thesis has developed and validated several Raman 

scattering based methodologies that are suitable for the assessment of the layers that built a 

CIGS solar cells, proving Raman scattering as a suitable technique for the quality control and 
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process monitoring applications in the fabrication of high efficiency CIGS cells and modules. The 

table included in the Annex of the thesis summarises the main characteristics and specifications of 

the proposed methodologies using a Raman/PL system setup optimized for these applications. 

Optimization of the different elements included in the system allows performing measurements 

compatible with the time and sensitivity requirements for the implementation of these 

methodologies as on-line process monitoring tools in a CIGS process line. Additionally, the 

combination of these systems with a X-Y positioner allows their extension for the analysis of the 

absorber uniformity, that can be done down to the micrometric scale. Availability of these 

methodologies will contribute to increment the process reliability and process yield, which are 

relevant issues in these technologies for cost reduction. 
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Annex. 
 
Table A1. Main characteristics and specifications of an optimized Raman/PL system for the 

implementation at on-line level of the process monitoring methodologies developed in the thesis. 

Optimization of this system has been based on the analysis of the setup described in Chapter 2 

that has been experimentally developed. In this study, the uncertainty in the determination of the 

different parameters has been kept to the same value of experimental uncertainty obtained with 

the developed Raman/PL setup, and the minimum integration time is estimated taking into 

account the technical specifications of the different elements in the optimized system. This 

allows achieving Raman measuring times which are in the range 0.1 s – 2 s for the more relevant 

quality control indicators. 
 

 

Parameter 

 

Details 
ZnO:Al/i- 

ZnO 

 

CdS 

 

Cu(In,Ga)Se2 
Cu(In,Ga)(S,Se) 

2 

 
Technique 

 
n.a. 

Resonant 

Raman 

scattering 

Resonant 

Raman 

scattering 

Resonant 

Raman 

scattering 

 
PL 

 

Raman 

scattering 

 
Parameters 

assessed 

 
ZnO 

Resistivity 

 
CdS 

Thickness 

 

OVC content 

at surface 

region 

Ga/(In+Ga) 

relative content 

at surface 

region 

 

S/(S+Se) 

relative content 

at surface region 

Quality 
control 

parameter 

 

Quality control 

A(Def- 

band)/ 

A(A1 (LO) 

ZnO) 

A(A(LO) 

CdS))/ 

A(A1 CIGSe) 

A(228 cm-1
 

OVC)/ 

A(A1 

CIGSe) 

 

PL peak energy 

A(Se-Se)/ 

(A(Se-Se)+A(S- 

S)) 

Experimental 

uncertainty 

 

7% (rel) 
 

4% (rel) 
 

10% (rel) 0.5% 

 

<5% 

Laser Wavelength 325nm 532nm 785nm 532nm 633nm 

 
Raman 

Probe 

Lower 

wavenumber 

required 

(Raman) 

 
250 cm-1

 

 
100 cm-1

 

 
100 cm-1

 

 

N.a. 

 
100 cm-1

 

 

 

 

 
 

Spectrometer 

Minimum 

spectral 

resolution 

required 

 
10 cm-1/pixel 

 
10 cm-1/pixel 

 
5 cm-1/pixel 

 

0.01eV/pixel 

 
10 cm-1/pixel 

Focal distance 

(aperture) 

>300 mm 

(f/4.1) 

>163mm 

(f/3.6) 

>163mm 

(f/3.6) 

>163mm 

(f/3.6) 

>163mm 

(f/3.6) 

Grating 

resolution 

(centered) 

 

1800 l/mm 

(UV) 

 

1800 l/mm 

(Green) 

 

1200 l/mm 

(NIR) 

 

150 l/mm 

(NIR) 

 

1200 l/mm 

(RED) 

 

 

 

Detector 

 

 
Sensor 

 
CCD -80ºC 

UV- Back 

illuminated 

 
CCD -80ºC 

VS- Back 

illuminated 

CCD -80ºC 

Deep 

depleted- 

Back 

illuminated 

 
 

InGaAS 

-70ºC 

 
CCD -80ºC 

Deep depleted- 

Back illuminated 

Minimum 

integration time 

 

1 s 

 

0.1 s 

 

2 s 

 

<1 s 

 

2s 

Focalization 

system 

 

Objective NA 

 

0.5 
 

0.35 
 

0.35 
 

0.35 
 

0.35 

 

 
Data 

processing 

Method Areas ratio Areas ratio Areas ratio Fitting Areas ratio 

Wavenumber 

region 

integrated for 

the ratios 

 
(316-516)/ 

(541-625) 

 
(244-342)/ 

(164-230) 

 
(220-250)/ 

(164-180) 

 
 

N.a. 

 

(270-350)/ 

(140-230)+(270- 

350) 
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