
 

 

TESIS DOCTORAL 

 

Solution-Processed Transition Metal 

Oxides for Organic Solar Cells 

 

DEFENDED BY: 

Gerardo Teran Escobar 

 

   THESIS DIRECTOR:          TUTOR: 

Dra. Mónica Lira Cantú   Dr. José Antonio Ayllón 

 

 

PROGRAMA DE DOCTORAT EN CIÈNCIA DE MATERIALS 

DEPTARTAMENT DE QUÍMICA  

FACULTAT DE CIÈNCIES 

2013 

 

 



 

 

 

 

 

 

 

 

 

 

 

Centre d’Investigació en Nanociència i Nanotecnologia CIN2 (CSIC-ICN) 

Consejo Superior de Investigaciones Científicas 

Campus UAB 

08193 Bellaterra, Barcelona 

 

Universitat Autònoma de Barcelona 

Departament de Química 

08193 Bellaterra, Barcelona 

 

 

 





 

 

 

 

 

 

 

 

 

 

 

Para Sharon y Silvana 



 

 

 

 

 

 

 

 

This work has been presented to obtain the mention of PhD on Material Science at the Universitat 

Autònoma de Barcelona (UAB). The experimental work has been carried out at the Nanostructured 

Materials for Photovoltaic Energy Group of the Institut Català de Nanociència i Nanotecnologia (ICN2-

CSIC) under the direction of Dr. Monica Lira-Cantú and supervised by Dr. Jose Antonio Ayllón. 

Special Acknowledgment to the CONACYT for the PhD scholarship, and to the Supporting Projects: 

Spanish Ministry of Economy and Competitively (MINECO), the Consolider Grant Nanoselect CSD2007-

00041, the Xarxa de Referència en Materials Avançats per a l’Energia XaRMAE 

Specially thanks to all the members of the group that have collaborated on this work like Irene Gonzalez, 

Youhai You, Thomas Blevin, Jonas Pampel, David Beltrand, Loic Gros, Manuel C. Roque, Aurélie 

Vanwaelscappel, Raphael Arfaoui and Anderson de Souza . 

Also thanks to the ICN2 staff, for the technical and administrative support. 



Contents  

 

Contents 
 

                         

        Abbreviations and Symbols                                                               1           

List of Figures and Tables                                                                                3         

         

             

Chapter 1 Introduction                                                                                             10 

1.1  Transition Metal Oxides (TMOs) in OSCs                                                                                   13 

1.1.1 Hybrid Solar Cells                                                                                                                    13 

1.1.2 Interface ETL/sulphur polymers                                                                                           15 

1.2  Organic Solar Cells (OSC)                                                                                                               17 

1.2.1 Transition Metal Oxides as Electrons Transport Layers (ETL)                                         17 

1.2.2 Active Polymer Blend                                                                                                             18 

1.2.2.1 Low band gap polymers as a donor material                                                      18 

1.2.2.2 Acceptor Materials                                                                                                   22 

1.2.3. Transition Metal Oxides as Hole Transport Layers (HTL)                                                23 

1.2.3.1. TMO/Organic Interfaces                                                                                        24 

1.3. Stability / Degradation of OSCs                                                                                                     27 

1.4. General objectives of the present work                                                                                      32 

               1.4.1. Specific Objectives                                                                                                               32 

1.5. References                                                                                                                                         33 

 

   Chapter 2 Experimental Section                                44 

             2.1 Materials                                  44 

  2.2 Preparation of semiconductor oxides solutions                                                                        45 

              2.2.1 TiO2 sol-gel                                                                                                                              45 

              2.2.2 ZnO nano-particles solution                                                                                                45 



Contents  

 

                         2.2.2.1 ZnO nanoparticles suspension on CLB and IPA                                                   45 

              2.2.3 V2O5 sol-gel                                                                                                                              45 

              2.2.4 NiO sol-gel                                                                                                                               45 

      2.3 Solar Cell fabrication                                                                                                                        46 

 

                             2.3.1 Bilayer Organic Solar Cells (FTO/TiO2/polymer/Ag)                                                         46 

 

              2.3.2 Bulk heterojunction Organic Solar Cells                                                                             46  

 

                         2.3.2.1 Solar Cell fabrication with TiO2 film as ETL                                                         46 

 

                         2.3.2.2 Solar Cell fabrication with ZnO film as ETL                                                          46 

                        2.3.2.3 Inverted Solar Cell fabrication on flexible PET substrate                                   47 

              2.3.3 Bulk heterojunction inverted and normal structure OSC with V2O50.5H2O as HTL   47 

 

                       2.3.3.1 Inverted solar cell fabrication with V2O50.5H2O as HTL                                      47 

 

                       2.3.3.2 Normal solar cell fabrication with V2O50.5H2O as HTL                                        47 

 

                         2.3.4 Bulk heterojunction rnormal structure OSC with NiO as HTL                                 47 

 

       2.4 Characterization                                                                                                                               48 

       2.5 References                                                                                                                                         51 

 

        Chapter 3 Transition Metal Oxides as the electron transport layer (ETL):   52 

                                TiO2 and ZnO 

                                          

       3.1. Solution-processing TiO2                                                                                                                      54 

               3.1.1. TiO2Synthesis and Characterization                                                                                  55 

                      3.1.2. Study of bi-layer solar cells: FTO/TiO2/Polymer/Metal                                                 58 

                     3.1.2.1. Effect of the back metal electrode: Au, Ag, Cu, Ni and Co.                                60 

                     3.1.2.2. Effect of the post-annealing treatment                                                                60 

                    3.1.2.3. Interlayer mixing: Ti-S interface interaction and Ag migration                        63 

 



Contents  

 

3.1.2.4. Proposed mechanism: From bi-layer TiO2:P3HT to inverted bulk                     72     

.                                                   heterojunctionTiO2/P3HT:AgOx solar cell 

              3.1.3. Study of bulk heterojunction organic solar cells:                                                           74 

                                         FTO/TiO2/P3HT:PCBM/PEDOT:PSS/Ag   

                      3.1.3.1 Fabrication and Optimization                                                                                  74 

       3.2. Solution processing ZnO                                                                                                               77 

              3.2.1. Synthesis and characterization of the ZnO ink                                                              77 

              3.2.2 Fabrication and Optimization of solar cells                                                                    83 

              3.2.3 Flexible solar cells                                                                                                                85 

       3.3. Conclusions                                                                                                                                      86 

       3.4. References                                                                                                                                       87 

Chapter 4 Transition Metal Oxides as the hole-transport layer                     94 

                                 in OPVs:   V2O5 and NiO                                                                                                           

        4.1 Low-temperature, solution-processed, V2O5                                                                                                                         94 

               4.1.1. Synthesis of the V2O5                                                                                                         95 

               4.1.2. Characterization of the V2O5                                                                                                                                                96 

                         4.1.2.1. X-Ray Diffraction of the V2O5                                                                                                                                96 

                         4.1.2.2. AFM of the V2O5                                                                                                      97 

                         4.1.2.3. TGA of the V2O5                                                                                                       97 

       4.1.3. Application in Organic Solar Cells: the inverted configuration                                  99 

                         4.1.3.1. Effect of the concentration of the V2O5 and thin film thickness                       99 

     4.1.3.2. Effect of the organic additives on photovoltaic performance                        101 

      4.1.3.3. Optical properties of the V2O5 by XPS, UPS and UV-vis                                    105 

      4.1.3.4. Hole conductivity                                                                                                    108 

     4.1.3.5. Energy level alignment                                                                                          110 

       4.1.4. Inverted vs Normal configuration OPV                                                                        112 

       4.1.5. Flexible Organic Solar Cell : ITO/ZnO/P3HT PCBM/V2O5.0.5H2O/Ag                      115 

 



Contents  

 

        4.2. Solution processing NiO                                                                                                              117 

       4.2.1 Synthesis of solution processing NiO thin film                                                             117 

       4.2.2 Application on Normal configuration OPV                                                                   118 

     4.2.2.1. TGA of the NiO precursor                                                                                     120 

     4.2.2.2. Effect of pre-annealing.                                                                                        121 

     4.2.2.3. Effect of the sintering temperature                                                                    123 

     4.2.2.4. Effect of the NiO layer thickness and nanostructure.                                      126  

     4.2.2.5. XPS and the electronic properties: Nickel Vacancies.                                      128 

                                      4.2.2.5a. Relation between Ni vacancies, Rsh and thin film nanostructure    130 

                      4.2.2.6. Energy level alignment of the NiO thin films.                                                   132 

                    4.2.2.7 NiO OSC Optimized.(AFM & Kelvin Probe characterization                            136 

4.2.2.8. Photoactivation of OSCs with NiO as HTL                                                         138 

4.2.2.9. Effect of temperature on OPV performance                                                     142 

        4.3. Conclusions                                                                                                                                    144 

               4.3.1 V2O5 as Hole transport material                                                                                     144 

               4.3.2 NiO as Hole transport material                                                                                      144 

        4.4. References                                                                                                                                       146 

Chapter 5  Stability/Degradation of OSCs                                                                              156 

         5.1. Stability and Degradation analyses of OSCs applying V2O5.0.5H2O as HTL                      158 

               5.1.1. Inverted OSC stability: FTO/ZnO/P3HT: PCBM/ V2O5/Ag                                         158 

                           5.1.1.1. Storage of the OSC in the dark: Protocol ISOS-D-1 shelf                                159 

                          5.1.1.2. Effect of UV-filer                                                                                                   160

                         5.1.1.3. Effect of inert atmosphere: IPCE monitoring                                                   161                               



Contents  

 

                         5.1.1.4. Outdoor stability analyses of the OSC: Protocol ISOS-O-2                             162 

              5.1.2. Inverted vs. Normal configuration OSC applying V2O5 as the HTL                         163 

                       5.1.2.1. Outdoor stability analyses of the OSC: Protocol ISOS-O-2                             164 

                      5.1.2.2. Outdoor stability analyses: Effect of the UV-filter                                          166 

             5.1.3. Analyses of OSCs by Time-of-Flight Secondary Ion Mass Spectrometry             168 

          5.2 Stability and Degradation analyses of OSCs applying NiO as HTL                                   170 

               5.2.1. Normal OSC stability: FTO/NiO/P3HT: PCBM/ZnO/Ag                                           170 

                        5.2.1.1. Indoor analysis of the OSC: Protocol ISOS-L-2                                                171 

                       5.2.1.2. Analyses under inert atmospheres: IPCE monitoring                                    172 

                       5.2.1.3. Outdoor stability analyses of the OSC: Protocol ISOS-O-2                           173 

                5.2.3. Analyses of OSCs by Time-of-Flight Secondary Ion Mass Spectrometry            176 

            5.3. Conclusions                                                                                                                               178 

 

                5.3.1 Stability & Degradation of OSCs assembled with V2O5.0.5H2O as HTL                178 

 

                5.3.2 Stability & Degradation of OSCs assembled with NiO as HTL                               179 

 

 

5.4. References                                                                                                                             180 

 

List of Publications                                                                                                                                    188 

Apendix 1                                                                                                                                                      187 



Abbreviations and Symbols 

 

1 

 

 

Abbreviations and Symbols 

 

AFM                    Atomic force microscopy 

Ag  Silver 

BHJ  Bulk heterojunction 

CB  Conduction band 

CBO  chlorobenzene 

CVD  Chemical vapor deposition 

DSC                     differential scanning 

calorimetry 

DSSC                   Dye sensitized solar cells 

e
-
  Electron 

Eg  Band gap 

Ef                                        Fermi energy level 

EQE  External quantum 

efficiency 

ETL  Electron transport layer 

FF  Fill factor (%) 

FTO  Fluorinated indium tin 

oxide 

h
+
  hole 

HCL                     Chlorhydric acid 

HTL  Hole transport layer 

HSC  Hybrid solar cell 

IPA                       Isopropanol 

IPCE  Incident photon to current 

efficiency 

ITO  Indium-tin oxide 

IV-curves Current-Voltage curves 

Jsc  Short-circuit current 

density (mA· cm
-2

) 

JV-curves Current density-Voltage 

curves 

KOH                    Potassium Hydroxide 

MEAA                 2-(2-methoxyethoxy) 

                             Acetic acid 

MEEAA              2-[2-(2-Methoxyethoxy) 

                             Ethoxy]acetic acid 

 

 

 

MEH PPV           [2-methoxy-5-(2`-ethyl-

hexyloxy)-p-phenylene 

vinylene] 

MeOH                 Methanol 

NaVO3                          Sodium metavanadate 

Ni (CH3COO)2     Nickel acetate tetra- 

4H2O                    Hydrate 

NiO                      Nickel oxide 

OPV  Organic photovoltaic cell 

OSC  Organic solar cell 

Ovac  Oxygen vacancy defects 

P3HT                   Poly(3, hexyl-thiophene) 

PCBM                  [6,6]-Phenyl-C61-butyric  

                              Acid methyl ester 

PCE  Power conversion 

efficiency (%) 

PET                     Polyethylene terephthalate 

PSC  Polymer solar cell 

PEDOT: PSS       (poly (3, 4-ethylenedioxy   

                            thiophene) poly        

                            (styrenesulfonate)) 

Rs  Series resistance  

Rsh  Shunt resistance 

RT                        Room Temperature 

S  Sulfur 

SEM  Scanning electron 

microscopy 

T Temperature 

TCO   Transparent conductive 

oxide 

TEM  Transmission electron 

microscopy 

TiO2                                 Titanium dioxide 

Ti(OCH(CH3)2)4  Titanium isopropoxide 

TGA Thermogravimetric analysis 

TMO                    Transition Metal Oxide 



Abbreviations and Symbols 

 

2 

 

 

 

 

TOF SIMS          Time-of-flight Secondary 

                             Ion Mass Spectroscopy 

UV Ultraviolet 

VB Valence band 

Voc                Open-circuit voltage (V) 

V2O5                            Vanadium pentoxide 

WF                      Work Function 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

XPS                      X-ray photoelectron 

                             Spectroscopy 

XRD  X-ray diffraction 

UPS                     UV Photoelectron 

                             Spectroscopy 

Zn                        Zinc  

Zn(OAc)2.2H2O Zinc Acetate di-hydrated 

ZnO                     Zinc Oxid 



List of Figures and Tables 

 

3 

 

List of Figures 

 

Figure 1.1 Twenty years of progress: Highest confirmed efficiencies for >1 cm
2
 area cells fabricated using 

the different technologies (left); Highest confirmed module results for modules sizes >800 cm2 except 

for OPV where the module sizes range from 200-400 cm2 (right) 

Figure 1.2 Updated (Nov 2012) of highest efficiency achieved for the different technologies on solar cells 

field 

Figure 1.3 Evolution of number of scientific documents related to TMOs on organic photovoltaic 

applications 

Figure 1.4 Atomic models of (A)the bulk TiO2 (110) Surface; (B) S Adsorbed at RT; (C) S Adsorbed at 300 
o
C; (D) S adsorbed at 400 

o
C 

Figure 1.5 Common stacking of an inverted structure OSC 

Figure 1.6 Diagram of electron and hole movement in a photovoltaic device 

Figure 1.7 Poly (3, 4-ethylenedioxithiophene): poly (styrene sulfonate): (PEDOT: PSS) Structure 

Figure 1.8 Schematic energy level diagram of an organic/electrode interface 

Figure 1.9 Proposed holes injection and holes extraction mechanism on TMO/organic inrface 

Figure 1.10 Improvement of research documents related with OSCs (line graph), to stability research 

works (bars graph) and to the principal research centers that publish stability research works (pie graph) 

Figure 2.1 Home made holder for IPCE in situ measurements: a) angle view, b) top view 

Figure 2.2 Outside-Suntracker-Station, at ICN2 building (Barcelona, Spain) 

Figure 2.3 Screen print of Measurement system interface application of the Outside-Suntracker-Station 

Figure 3.1 Reduction of the electron injection barrier by dipole interaction 

Figure 3.2 Band bending of energy levels at TiO2/polymer interface (P3HT left, MEH PPV right) 

Figure 3.3 TiO2/MEH PPV dipole interactions 

Figure 3.4 XRD diffractogram of a TiO2thin film on FTO. 

Figure 3.5 SEM image from top view of FTO/TiO2 thin film 

Figure 3.6 XPS measurement of FTO/TiO2 thin film; (3A) titanium region, (3B) oxygen region, (3C) carbon 

region 

Figure 3.7 UPS measurements of FTO/TiO2 thin film: A) work function, B) valence band. 

Figure 3.8 UV-vis adsorption spectra (black squares) and transmittance (red circles) of a FTO/TiO2 thin 

film. 

Figure 3.9 Direct band gap of TiO2 thin film.  

Figure 3.10 Energy band diagram corresponding to the TiO2 thin film. 

Figure 3.11 Schematic representation of a polymer/oxide bi-layer HSC with the configuration 

glass/TCO/TiO2/Polymer/Ag (a), the polymer donor molecules used in this work P3HT (b) and MEH-PPV 

Figure 3.12 Energy level alignment diagram of a bi-layer HSC of the type FTO/TiO2/Polymer/Metal, 

where the polymer is P3HT (left) and MEH PPV (right). 

 

 

 



List of Figures and Tables 

 

4 

 

 

Figure 3.13 IV curves of the Polymer/Oxide HSCs applying different polymers, MEH-PPV and P3HT, and 

different back metal electrodes: Ag, Au, Cu, Co, Ni.  

Figure 3.14 IPCE (A), and IV-curve (B) of hybrid solar cell (FTO/TiO2-P3HT/Ag) monitored for 7 days after 

the vacuum metal evaporation (with pre-vacuum at 10
-7

 bar of 48 hrs).  

Figure 3.15 ToF-SIMS study showing the silver migration behaviour depending of the annealing process: 

sample not annealed (A), annealed at 120 C in air for 10 min (B), Zoom sample not annealed (C), zoom 

sample annealed (D). 

Figure 3.16 Schematic representation of the four samples studied in this section: (A) FTO/TiO2 submitted 

to high vacuum, (B) FTO/TiO2 after removal of the P3HT/Ag layers, (C) FTO/TiO2/P3HT submitted to high 

vacuum, and (D) FTO/TiO2/P3HT after removal of the Ag electrode. 

Figure 3.17 Sample A. TiO2 Signals (A), Oxygen Signals (B). 

Figure 3.18 Sample B:Ti signal (A), S signal (B), O signal (C), Ag signal (D).  

Figure 3.19 Sample C: Ti Signal (A); O Signal (B); S Signal (C); S Signal back view (D). 

Figure 3.20 Samples D: Ti Signal (A); O Signal(B); S Signal (C); Ag Signal (D). 

Figure 3.21 Steps diagram of the changes that experiment the cell with the annealing process at air 

conditions.  

Figure3.22 Molecular structure of (3, 4-ethylenedioxithiophene): poly(styrene sulfonate): (PEDOT:PSS) 

used as the hole transport layer (HTL) in the inverted OPV fabricated in this work. 

Figure 3.23 Scheme of the inverted structure of an organic solar cell inserting PEDOT-PSS as HCL 

(glass/TCO/TiO2/P3HT: PCBM/PEDOT: PSS/Ag) (left);Energy Level diagram of inverted solar cell 

(FTO/TiO2/P3HT: PCBM/PEDOT: PSS/Ag)(right) 

Figure 3.24 Comparison between organic solar cell assembled with (circles) and without (squares) 

PEDOT: PSS (IV curves left, IPCE right).  

Figure 3.25 ZnO synthesis by zinc acetate dehydrate precursor. 

Figure 3.26 Process diagram of ZnO nanoparticles solution obtaining. 

Figure 3.27 Molecule of stabilizing used: MEEAA and MEAA 

Figure 3.28 XRD patterns of ZnO nanoparticles 

Figure 3.29 XPS of ZnO-CLB and ZnO-IPA coatings 

Figure 3.30 UPS analysis results: A) Cut off of the secondary electrons (WF), B) intersection between the 

trajectory of the lowest excitation energy and the x axe (VB).  

Figure 3.31 Transmittance of ZnO thin film samples.  

Figure 3.32 Direct Band gaps of ZnO samples. 

Figure 3.33 Energy level diagram of ZnO-CLB and ZnO-IPA 

Figure 3.34 SEM images of ZnO-CBO (left) sample and ZnO, IPA sample (right) 

Figure 3.35 IV-curve (top) and IPCE (bottom) of comparative test of ZnO-CLB and ZnO-IPA inks at an 

inverted organic solar cell (FTO/ZnO/P3HT PCBM/PEDOT PSS/Ag) the IV-curves show us very similar 

performance of both inks. The difference appears at the current density, and more pronounced at the 

fill factor. 

Figure 3.36 Performance comparisons between hybrid organic solar cells assembled onto glass (black 

squares) and PET (red circles) substrates. 

 



List of Figures and Tables 

 

5 

 

 

Figure 4.1 Scheme of the V2O5.H2O stacking 

Figure 4.2 XRD pattern of V2O5.nH2O film deposited on glass substrates 

Figure 4.3 AFM (left & center) and SEM top view (right) on V2O5.0.5H2O layer coated on FTO substrate 

Figure 4.4 A) TGA and B) DSC analyses of the V2O5.0.5H2O thin film. 

Figure 4.5 Performance vs Concentration V2O5.0.5H2O as HTL Structure: 

FTO/TiO2/P3HT:PCBM/V2O5.0.5H2O/Ag 

Figure 4.6 SEM images of 3 different OSC at different concentrations of V2O5 ink: A)2 mg/ml, B)6 mg/ml, 

C)9 mg/ml 

Figure 4.7 Variation of the V2O5.0.5H2O thin film layer thickness with V2O5 concentration in solution. 

Figure 4.8 TEM image of the transversal cut-off showing the thickness of the different layers in the 

Inverted OSC 

Figure 4.9 IV curve and IPCE obtained from an Inverted OSC with the structure: 

glass/FTO/TiO2/P3HT:PCBM/V2O5.0.5H2O/Ag  Voc 0,57 V, Jsc 10,64 mA/cm2, FF 57%, PCE 3,46% 

Figure 4.10 Contact Angle measured to different %Vol of V2O5: IPA dilutions (black squares), and V2O5: 

Triton X-100 (red circles) 

Figure 4.11 Inverted Structure of OSC: glass/TCO/ECL/pristine/V2O5.0.5H2O/Ag 

Figure 4.12 A)S-Shape of old solutions (24 hrs).After continuous irradiation, the S effect disappears, 

leading a final curve (1 min between measurements: total 10 min continuous irradiation); 

B)Corresponding IPCE of the 1
st

 and last IV curve after activation. 

Figure 4.13 Appearance of a fresh V2O5: IPA solution (left) and aged solution (48 hrs) (right) 

Figure 4.14 A) UV-vis study (Abs/Trans), B) Direct band gap calculated from α
2
E

2
 vs E 

Figure 4.15 XPS Study of A) Fresh V2O5 solution and B) Aged V2O5 solution. 

Figure 4.16 UPS Analysis of the Work Function for V2O5: IPA solutions; fresh (black squares) and aged 

(red circles) 

Figure 4.17 UPS analysis: cutoff of the secondary’s band with the X axis from the fresh solution (left) and 

aged solution (right) 

Figure 4.18 Energy levels of V2O5.0.5H2O at fresh solution (left), and aged solution (right) 

Figure 4.19 VH at different magnetic intensities and polarities field 

Figure 4.20 Response of conductivity of V2O5.0.5H2O at different magnetic fields intensities and 

polarities. 

Figure 4.21 Energy alignment diagram for the inverted OSC with the structure: 

FTO/TiO2/P3HT PCBM/V2O5.0.5H2O/Ag 

Figure 4.22 Scheme strucuture of the Inverted (left) and regular (right) organic solar cells 

Figure 4.23 Comparisson of IPCE results for inverted (blue circles), regular (black squares), and 

Absorbance for ZnO thin film (green rhombus) and V2O5 thin film (red triangles) 

Figure 4.24 Energy level Diagram for Inverted and Regular OSCs using V2O5.0.5H2O as HTL 

Figure 4.25 IV Curves and IPCE analysis of inverted (black squares) and normal (red circles) 

Figure 4.26 IV curves and IPCE analysis of Inverted-OSC varying V2O5.0.5H2O and PEDOT: PSS like HTL on 

glass (glass/FTO) and flexible substrates (PET/ITO) 

 

 



List of Figures and Tables 

 

6 

 

 

Figure 4.27 Photo of a flexible OSC with V2O5.0.5H2O as hole´s transport layer. 

Figure 4.28 Schematic representation of the Normal OSC with NiO as HTL: FTO/NiO/P3HT: 

PCBM/ZnO/Ag. 

Figure 4.29 IV Curve response of Normal OSC with NiO as HTL sintered at 1 single step (450
o
C, ramp 

5
o
C/min) 

Figure 4.30 TGA Analysis of Ni (CH3COO)2.4H2O 

Figure 4.31 UV-vis analyses of thin films made of NiAcO precursor (black squares), NiAcO after pre-

annealing at 160
o
C for 3 h (red circles), NiO sintered at 450

o
C without pre-annealing stage (green 

triangles), NiO sintered at 450
o
C with pre-annealing stage (blue rhombus). 

Figure 4.32 IV curves corresponding to OSC assembled with NiO as HTL without a pre-annealing stage 

(black squares) and with pre-annealing step (red circles) 

Figure 4.33 XRD spectra of NiO thin film sintered at different temperatures; at 350
o
C (bottom) at 450

o
C 

(medium) and 550 
o
C (top) 

Figure 4.34 SEM images (top view) of NiO samples sintered at different temperatures: A) 350
o
C, B) 

450
o
C, C) 550

o
C 

Figure 4.35 A) IV-Curves of OSCs with NiO as HTL sintered at different temperatures: 350
o
C (black 

squares), 450
o
C (red circles) and 550

o
C (green triangles) ). B) IPCE analysis of the OSCs with NiO as HTL 

sintered at different temperatures; 350 
o
C (black squares), 450

o
C (red circles), 550

o
C (green triangles).  

Figure 4.36 SEM image of lateral profile of NiO OSC device with the structure (glass/FTO/NiO/P3HT: 

PCBM/ZnO/Ag) 

Figure 4.37 IV-curve of OSCs devices with different thicknesses of NiO layer as HTL. The NiO was sintered 

at 350 
o
C.   

Figure 4.38 Photovoltaic responses of the OSCs with different NiO layer thicknesses. The NiO was 

deposited by spin coating at speeds of 2500, 3500, 4000 and 4500 rpm, and sintered at 350 
o
C for 1 h 

with a pre-annealing at 160
o
C for 3 h 

Figure 4.39 XPS analysis of NiO layers sintered at different temperatures: 350
o
C (black squares), 450

o
C 

(red circles) and 550
o
C (green triangles). a) XPS of the NiO 2p

3/2 
state, b) XPS of the O 1s

 
state.  

Figure 4.40 Normalized XPS of of NiO layers sintered at different temperatures: 350
o
C (black squares), 

450
o
C (red circles) and 550

o
C (green triangles). A) NiO 2p region, B)O 1s region 

Figure 4.41 Ni content in the NiO thin films sintered at different temperatures. 

Figure 4.42 UPS analysis of NiO films sintered at different temperatures: 350
o
C (black squares), 450

o
C 

(red circles) and 550
o
C (green triangles). A) WF region, B) VB region. 

Figure 4.43 UV-vis Transmittance and direct band gap of NiO films sintered at different temperatures: 

350
o
C (black squares), 450

o
C (red circles), 550

o
C (green triangles). 

Figure 4.44 Energy level alignment for NiO films sintered at different temperatures 

Figure 4.45 Electronic structure of an interface metal semiconductor/organic semiconductor, where Ev is 

the vacuum energy, CB the conduction band, VB the valence band, EA the electron affinity, IE the 

ionization energy, Ef the Fermi energy Level, Φ the Work function, and ΦBn the electron injection barrier 

and ΦBp the hole injection barrier. 

 

 



List of Figures and Tables 

 

7 

 

 

Figure 4.46 Model of the Fermi energy level alienation at the interface of NiO/P3HT. 

Figure 4.47 IV-Curve & IPCE of OSC Optimized with NiO film (Tsintering=350
o
C, thickness=50 nm) as HTL 

(FTO/NiO/P3HT: PCBM/ZnO/Ag 

Figure 4.48 AFM measurements of NiO layer over FTO substrate. 

Figure 4.49 Kelvin probe measurement of NiO film at atm and room temperature conditions. 

Figure 4.50 A) IV-Curve; B) IPCE & C) Normalized IPCE representing the activation of the OSC by light 

irradiation.  

Figure 4.51 De-activation process of OSC (after irradiation), at dark conditions 

Figure 4.52 De-activation process of OSC (after irradiation) A) dark IV-curve monitoring, B) IPCE tracking  

Figure 4.53 Dark Curve after irradiation (black squares) and 10 hrs after irradiation (red circles) of an 

OSC sealed.  

Figure 4.54 Monitoring the IPCE quantum efficiency at heating and cooling of the organic solar cell; A) 

Heating from 18-62 
o
C, B)Normalized heating effect, C)Cooling from 52-19

o
C, D)Normalized cooling 

effect 

Figure 5.1 Inverted structure OSC (FTO/ZnO/P3HT: PCBM/ V2O5/Ag) 

Figure 5.2 Stability of inverted OSC (FTO/TiO2/P3HT:PCBM/V2O5.0.5H2O/Ag at dark conditions (ISOS-D-1 

Shelf). 

Figure 5.3 Effect of UV filter on the stability of inverted OSCs applying the V2O5.0.5H2O as HTL. A) First 25 

h and B) 120 h. 

Figure 5.4 IPCE in situ (N2) monitoring to an inverted OSC (FTO/TiO2/P3HT:PCBM/V2O5.0.5H2O/Ag; EQE 

(left) and Normalized EQE (right) 

Figure 5.5 OSC outdoor testing at normal irradiance day (irradiance getting to 1000 W/m
2
) (A) and at 
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2
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Figure 5.6 Inverted & Normal configuration OSC applying V2O5 as the hole transport layer. 

Figure 5.7 Outdoor Stability Test of inverted (A) and normal (B) OSC using V2O50.5H2O as HTL 
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PCBM/ZnO/Ag) B) Normalized IPCE. 

Figure 5.17 Outdoor Long-term stability test on a normal OSC with NiO as HTL (FTO/NiO/P3HT: 

PCBM/ZnO/Ag) A) Tested at 1200 hrs B) Tested at 1200 hrs with UV-filter 

Figure 5.18 PCE degradation trend comparison between a normal OSC with and without UV-filter 
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Chapter 1  

1. Introduction 

Solar light is the most important source of renewable energy, and represents an inexhaustible energy 

source. The annual energy input of solar irradiation on Earth (5% UV, 43% visible, 54% IR) exceeds the 

world’s yearly energy consumption by several thousand times [1]. For the conversion of solar energy, 

fundamentally new developments are important. One of the most promising tools to make use of solar 

energy is the conversion of sunlight into electrical energy through photovoltaic cells. The first solar cell 

was presented by Bell Telephone Labs in 1954  with an efficiency of 6 %, the  it was first commercialized 

around 1960s for aerospace use. Since a  rapid advance on the efficiency and reliability of these solar 

cells, along with a substantial decrease in their fabrication costs, has been observed. As a result, the 

photovoltaic industry has been growing rapidly in the last ears.  

Up to 1990 the solar cells were created on the base of single crystals, poly-crystal and amorphous Si. 

Right now, solar cells comprising an inorganic semiconductor such as mono-and multi-crystalline silicon 

have found the market in small scale devices such as solar panels, water pumps, among others. These 

conventional solar cells can harvest up to 25% [2] of the incoming solar energy which is already close to 

the theoretically upper limit predicted at 30% [3]. Nevertheless, the Si-based solar cells have not 

experimented an evolution on their properties if compared to other emerging technologies, like solar 

cells based on CdTe, CIGS or GaAs III-V Compounds such as gallium arsenide (GaAs), indium phosphide 

(InP) and gallium antimonide (GaSb), have been used for multi-junction devices reaching efficiencies 

close to the 40% (Figure 1.1). The disadvantage of using III-V compounds in photovoltaics devices is the 

very high cost of producing device quality substrates or epitaxial layers of these compounds. Crystal 

imperfections, including unwanted impurities, severely reduce device efficiencies and alternative lower 

cost deposition method cannot be used. These materials are also easily cleaved and are significantly 

weaker, mechanically, than Si [4]. 
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Figure 1.1 Twenty years of progress: Highest confirmed efficiencies for >1 cm
2
 area cells fabricated using 

the different technologies (left); Highest confirmed module results for modules sizes >800 cm2 except 

for OPV where the module sizes range from 200-400 cm
2
 (right)[2]. (With print permission of Wiley 

Online Library) 
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Figure 1.2 Highest power conversion efficiency values for the different solar cell technologies [2]. 

Updated (Nov 2012). 

Third generation solar cells such as Dye sensitized or Organic solar cells are emerging technologies 

characterized by their low cost fabrication. Although their power conversion efficiency must be 

improved in order to compete with state-of-the-art technologies (Figure 1.1) their evolution in the last 

year has been impressive observing an exponential growth in PCE in only the past 3 years (from 6 to 12% 

increase in efficiency). One of the most successful cells are the Dye sensitized solar cells, commonly 
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referred as Gratzel cells [5], with PCEs of 12% at laboratory scale [6], and 10% on a sub module [7]; 

although such cells are in principle cheap to produce it is not yet clear where and how well they will 

compete with conventional cell technologies. In the case of OSCs, Mitsubishi or Heliatek have reported 

efficiencies around 11% (refs). Interest in organic solar cells stems primarily from the promise of ease of 

fabrication by the application of printing techniques. Since the science of polymers processing is well-

developed, it is hoped that one day conventional processing steps, such as roll to roll and doctor blade 

can be employed to make large area, inexpensive organic solar cells (OSC) on flexible substrates. 

Considerably less effort and production energy is necessary if organic semiconductors are used because 

of simpler processing at much lower temperatures (20-200 
o
C) that the required for inorganic materials 

employed in, for example, DSSCs. Also, the advantage of polymeric photovoltaic cells when compared to 

electro-chemical cells (DSSC) is predominantly the absence of a liquid electrolyte, which generates 

problems with sealing against air, but also the prospect of even cheaper production using large area 

devices and the use of flexible substrates. Possible applications may range from small disposable solar 

cells to power smart plastic (credit, debit, phone, other) cards which can display for example, the 

remaining amount, to photo-detectors in large area scanners or medical imaging and solar power 

applications on uneven surfaces [8].  

In the last 30 years, a strong effort has been invested on the development of the third generation solar 

cells [1, 9-14]. The initial research in the area initiated with the application of small organic molecules 

(pigments) [1, 10], followed by the development of semiconducting polymers [15-18] for Organic Solar 

Cells (OSCs). The materials incorporated in organic solar cells resulted in remarkable improvement 

within a few years [11, 19, 20]. Back in 1970´s it was discovered that certain conjugated polymers like 

poly(sulphur nitride) and polyacetylene could be made highly conductive in the presence of certain 

dopants [21]. In the 1980´s the first complete devices applying conducting organic polymers appeared, 

resulting in low power conversion efficiencies and low voltages (0.4 V range) [22, 23]. By 1990´s research 

was focused around the poly (p-phenylenevinylene) (PPV) and its derivatives as the most investigated 

polymer in PV cells [24-27]. At the beginning of 2000, polymer-based devices where assembled using 

MEH PPV. Sariciftci et al. reports studies on the photophysics of mixtures of conjugated polymers with 

fullerenes [28] when the initial bilayer donor-acceptor (D/A) devices were fabricated. This research work 

was followed by the development of what is known as the “bulk-heterojunction” concept, where 

interpenetrating phases of the Donor and the Acceptor is made as an ideal heterojunction for organic 

photovoltaic devices [29].  In the past few years, a constant growth in the research and development of 

new organic materials with enhanced power conversion efficiencies has been observed [30-34]. These 

materials have also garnered great interest due to their amenability for synthetic scale-up and to their 

solubility in green solvents. The stability and reliability of OPVs made with stable organic compounds are 

also determined at the interfaces between the distinct material layers (e.g. donor-acceptor, metal-

organic, inorganic-organic, etc.), as most power generation processes occur here. Similarly to the 

historic gains in efficiency, progress in lifetime has been stepwise, occurring with the development of 

better interface or buffer layers. Initially, low-work function metals, or organic compounds with metallic 

properties, were used. These were subsequently replaced by wide band gap semiconductors, including 

transition metal oxides (e.g. ZnO, TiO2, V2O5, MoO3 and NiO). This led to substantial increases in device 

stability in air and light, from only a few hours to a few years. 
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1.1. Transition Metal Oxides (TMOs) in OSCs 

Transition metal oxides (TMOs) have been investigated for decades, but their introduction in the field of 

organic electronics (Figure 1.3) dates back to the late 1990’s when Tokito et al. reported a significant 

increase in the hole-injection properties when using thin films of vanadium, molybdenum and 

ruthenium oxides as interlayers between the anode and the organic material in organic light emitting 

diodes (OLED) [35]. This initial work was followed by a series of reports on the use of such compounds in 

OLEDs and organic photovoltaic (OPV) devices, as hole-injection and hole-extraction interlayers, and in 

charge generation and charge recombination layers [36-41]. Interest in TMO films stemmed 

predominantly from their reported high work function, their semiconducting properties and their good 

transparency, characteristics that are all very important for electrodes or for charge 

generation/recombination materials [42]. 
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Figure 1.3 Evolution of number of scientific documents related to TMOs on organic photovoltaic 

applications (Source: Scopus) 

The first applications of TMOs on OSCs was on bilayer hybrid solar cells, taking part generally as electron 

acceptor material, and most of the cases, working with TiO2 and ZnO. 

1.1.1. Hybrid Solar Cells 

Hybrid solar cells (HSC) based bulk heterojunctions are flourishing in the field of solar cells. These types 

of devices are the synergy of organic and inorganic materials combining the unique properties of one or 

more kinds of inorganic materials with the properties of polymers. The nanostructure of the inorganic 

counterpart can be in many different forms, nanoparticle, nanorods, nanowires, etc. The inorganic 

semiconductor may have high adsorption coefficients with good tunability of its optical band gap. The 

possibility to prepare organic-inorganic hybrid materials applying different semiconducting polymers has 

opened the door to the construction of a new class of devices, where both components can be 
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photoactive. Most of the polymers can be processed from solution at room temperature, enabling the 

manufacture of large area, flexible, and lightweight devices. Essentially, a HSC is identified by the 

organic-inorganic phase interaction, where the generation-separation of the exciton takes place.  

Currently, inorganic semiconductors can be manufactured as processable nanoparticles or colloids, by 

varying the size of the nanoparticles their band gap can be tuned and their absorption/emission spectra 

can be tailored [43]. An effective strategy for hybrid solar cell fabrication is the use of blends of 

nanocrystals with semi conductive polymers as BHJ [44-47]. Exciton created upon photoexcitation are 

separated into free charges carriers very efficiently at interfaces between the organic and the inorganic 

semiconductors in hybrid composite thin film. The solubility of the n-type and p-type components in the 

same solvent is an important problem. Organic semiconductors are commonly dissolved in organic 

solvents, whereas the inorganic semiconducting nanoparticles are commonly dissolved in aqueous 

solvents. By using ligand exchange, the nanoparticles can be made soluble in common organic solvents.  

The utilization of semiconductors nanoparticles embedded into semiconducting polymer blends are 

promising for several reasons [45]: 

(1) Inorganic semiconductor nanoparticles can have high absorption coefficients and higher 

photoconductivity as compared to many organic semiconductor materials. 

(2) The n- or p- type character of the nanocrystals can be varied by synthetic routes. 

(3) Band gap of inorganic nanoparticles as a function of nanoparticles size. If the nanoparticles 

become smaller than the size of the excitation in the bulk semiconductor (≈10 nm), the 

electronic structure of such small particles is more like those of giant molecules than an 

extended solid. The electronic and optical properties of such small particles depend not only on 

the material of which they are composed, but also on their size [48-53]. 

A general design rule for donor polymers in single junction hybrid solar cells is to reduce its band gap to 

an optimal 1.5-1.6 eV and keep its LUMO level above the inorganic acceptor conduction band; so TiO2 

despite of the large band gap (3-3.3 eV) is one of the most extensively studied material.  

TMOs offer high physical and chemical stability, and thus have been widely studied as a material for 

polymer photovoltaic conversion [54-56]. For the conjugated polymer and the titanium dioxide HSC, two 

main approaches have been developed: filling thin films of nanostructured TiO2 with conjugated 

polymers to produce photovoltaic cells [57, 58] or randomly mixing the polymer and the TiO2 

nanocrystal to fabricate polymer hybrid solar cells [59, 60]. Among semiconductor materials, TMOs have 

been applied in HSCs with great success due to the possibility to overcome polymer charge-transfer 

limitations by the high electron-injection properties observed from the oxide. According to this concept, 

different approaches to create hybrid polymer solar cells have been explored using inorganic 

semiconductors like TiO2, ZnO, CdSe, CdS, Nb2O5, among others [57, 61-66]. However, among those 

inorganic semiconductor, TMOs like TiO2 and ZnO are at the core of intense research efforts concerning 

photovoltaic energy conversion because of  their special qualities such as easy of fabrication, non-

toxicity and relatively low cost. Thus we can find a long list of reviews [67-69], including metal 

oxide/polymer solar cells [70-73]. The combination of polymers and TiO2 or ZnO nanoparticles where 

the polymers acts as the electron donor and hole conducting material, is a well-known system [58, 72, 
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74-79]. The efficiency of such devices depends in great extent on the charge transfer complexes, and the 

rate of these transfer processes are closely connected to the energy level alignment between the 

materials at the interface. Therefore, there is a general need to understand the basic nature of the 

materials and interfaces at a molecular level, and extensive research work has been carried out with this 

purpose, for example, the understanding of the interface between metals and organic materials. An 

interface dipole may be formed between the materials if there is a charge transfer from the molecule to 

the substrate [80-85]. 

Although photo induced electron transfer in conjugated polymer is possible (semiconductor oxide 

nanocomposites has been demonstrated) [86, 87], little work has been done to directly study the 

mechanisms of electron transfer between conjugated polymer and oxide semiconductors. For example, 

the dye/TiO2 system presents a photoinduced electron transfer across the dye semiconductor interface, 

this effect is governed by electronic coupling between the chromophore and the semiconductor states 

[88]. Strong electronic coupling has been demonstrated for electron donating dyes that bind to the TiO2 

surface and have lowest unoccupied molecular orbital (LUMO) levels matching the conduction band of 

TiO2. The dye-TiO2 interaction gives rise to an additional red shifted absorption band in the UV visible 

region, which has been shown to represent a direct optical transition from the dye highest occupied 

molecular orbital (HOMO) to an interfacial electron-hole pair or CT (charge transfer) state. The 

formation of such an absorption band is characteristic for ground state charge transfer complexes (CTC) 

[88, 89]. CTCs have also been detected in conjugated polymer:PCBM BHJ solar cells by using several 

sensitive techniques such as photothermal deflection spectroscopy [90, 91] photoluminescence 

spectroscopy[92] and Fourier transform photocurrent spectroscopy [93, 94]. The observed CTCs are 

believed to be centrally involved in the separation of excited states into free charge carriers [95] and the 

CT emission also suggests a role in charge carrier recombination processes [96, 97]. 

 In a basic configuration, the oxide semiconductor works like electron transport material (ETM) and the 

organic semiconductor as the hole transport material (HTM), where their power conversion efficiencies 

(PCE) have reached more than 2% [73, 74]. The interaction between semiconductor oxides and 

conjugated polymer can be brought about by the formation of bi-layers or as blends of oxide and 

polymer, in the latter case resembling the well-known bulk heterojunction solar cell. 

 

 

1.1.2. Interface ETL/sulphur polymers  

Excitons in organic films can typically travel less than 20 nm before recombining [98, 99]; the electron 

acceptor must be intermixed at the nanometer length scale with the organic semiconductor in order to 

obtain a high charge separation yield. The adsorption of molecules on oxides surfaces is a key process in 

the fabrication of electronic devices, catalysis, photoelectrolysis, corrosion, sensor development, etc. 

These oxides adopt a vast number of structural geometries and at an electronic level they can exhibit 

metallic character or behave as semiconductors or insulators [100]. On highly ionic oxides, the binding 
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on an adsorbate is frequently due to pure electrostatic interactions with the oxide substrates [101, 102] 

The presence of O vacancies induces electronic states within the oxide band gap that make possible 

bonding interactions with the orbitals of adsorbates. In the case of MgO (100), the excess electronic 

charge is highly localized on the O vacancy sites [103]; and a large fraction of it can be transferred to 

adsorbates [104] In a much less ionic oxide like TiO2, the degree of charge localization on the O vacancy 

sites is less pronounced an part of the excess electronic charge is distributed on the neighbouring  

cations [105, 106]. We can think that the predominant interaction between a semiconductor oxide like 

the TiO2 and a polymer like the MEH PPV will be through electrostatic forces, Van der Waals, hydrogen 

bridges, etc because of the MeO groups in the lateral branches of the polymer; but in the case of P3HT 

or any other polymer with S atom, that most of the new polymers developed are in that way, could it be 

moderately different. In general, the interaction of sulphur with oxide surfaces is well researched and a 

few studies have appeared examining in detail the bonding of sulphur to well defined oxide 

surfaces[107]; the adsorption of sulphur on TiO2 surfaces have been investigated [108]; results of 

tunnelling microscopy (STM) indicate that at room temperature S adsorbs on the titanium rows of TiO2  

(Figure 1.4) [109].  

 

Figure 1.4 Atomic models of (A)the bulk TiO2 (110) Surface; (B) S Adsorbed at RT; (C) S Adsorbed at 300 
o
C; (D) S adsorbed at 400 

o
C [108]. (With print permission of Wiley Online Library) 

 

The interaction oxide semiconductor-sulphur becomes important, since the research of polymers with 

sulphur compound in the structure, are the major interested since that them present better adhesion. 

The strength, by consequence, depends mostly on the interface chemistry and the atomic scale 

morphology. The adhesion of organic-inorganic compounds in this boundary interlayer, can be a result 

of a combination of different interactions, all of them with different strong, like covalent, electrostatic 

and dispersive. At the end, the contribution of each interaction, will affect the final properties of the 

device [58, 110]. Therefore, efficient dissociation of excitons demands optimized nanoscale morphology 

where the interconnected TiO2 nanoparticles form a uniformly distributed network in the blend that 

minimizes the effective exciton-interface distance. Among many others, a critical issue concerns the 

adhesion of its organic and inorganic components, critically affecting the resulting mechanical, thermal 

and optoelectronic properties. When considering a polymer/oxide hybrid, the covalent bonds are not 
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expected to be the mayor contribution to adhesion since; in general, the polymer does not form 

covalent bonds with the inorganic material; however electrostatic interactions occur between the ions 

of the surface and the partially charged atoms in the polymers due to the iconicity of the metal oxide 

[111]. Actually, we know that intense electrostatic interactions occur between the ions of the surface of 

the semiconductor oxide and the partially charged atoms in the polymers due to the iconicity of the 

metal oxide. This is the case of poly (3-hexilthiophene) (P3HT), for which large atomic partial charges are 

found [29, 59, 62, 111]; accordingly, comparatively strong adhesion between P3HT and TiO2 is expected. 

Besides the inorganic substrate, it is also crucial to consider the morphology of the polymer; the chains 

can be distorted as a result of the interactions with the oxide surface. A reasonable expectation is that 

the adhesion is a result of the formation of the larger number of electrostatic interactions, minimizing 

the effect caused by the distortions. By consequence, strong link of the polymer to the inorganic 

substrate is necessary to give rise to an efficient photo-conversion. One way to improve the energy 

exchange between oxide semiconductor and polymer is to enhance the interaction between both; 

According to these, recent studies, have demonstrated  the important role that oxygen vacancies play in 

the adsorption process: the presence of O vacancies induces electronic states within the oxide band gap 

that make possible bonding interactions with the orbital’s of the adsorbates [101]. In the case of TiO2 

the electronic charge in the O vacancies site is no pronounced, and redistributed to the neighbouring 

cations [100]. Thus, is well known that in the chemisorptions the electrostatic forces are the prominent 

interaction between the polymer and the titanium, however, the covalent bond can it be present, and 

this kind of interaction, even in short quantity, can affect directly the performance of a device. We can 

understand this kind of interaction, like a way to share electrons from the polymer donor to the oxide 

acceptor, using the covalent bond like a bridge; could it be seen like a push-pull composite that can 

enhance the performance. 

1.2. Organic Solar Cells (OSC).  

1.2.1 Transition Metal Oxides as Electrons Transport Layers 

In general a solar cell is defined by the material(s) where the absorption and separation of electrons 

takes place, namely active area. In DSSC and HSC, the active area is composed by a blend of organic-

inorganic materials, commonly a semiconductor oxide and a dye (organometallic structure) in DSSC, or a 

polymer in HSC. In a pure OSC, the blend is made by organic materials, where commonly we will find 

inorganic materials in the structure, like electron transport layer, hole transport layer, or transparent 

conductor oxide (TCO), commonly ITO or FTO.  

Nowadays, a common structure of OSC, is composed by 5 different layers (Figure 1.5); these design, 

came as a result of intense research in the last decade. In general, a nanoscale interpenetrating network 

is obtained by blending a donor (polymer) and an acceptor, where actually that place is occupied by 

fullerene structures. Most commonly, charge extraction is achieved using TCO, which has a high work 

function. In a regular structure, the TCO acts like´s a hole extracting material through a hole transport 

layer (commonly poly (3,4-ethylenedioxythiophene) poly(styrene sulfonate):PEDOT:PSS), and the 
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electrons are extracted from the low work function metal (like Aluminum). In an inverted structure, the 

TCO extracts the electrons trough an electron transport layer (commonly a transition metal oxide with 

low Work Function like TiO2 or ZnO) and the holes are extracted from the metal electrode (commonly 

silver). Actually, the inverted structure has received more attention, as a result of the high oxidation that 

can suffer a metal of low work function [112]; this affect directly the stability of the inverted device 

under ambient conditions [113]. 

 

Figure 1.5 Common stacking of an inverted structure OSC 

 

1.2.2 Active Polymer Blend 

 

1.2.2.1 Low band gap polymers as a donor material 

During the last decade, significant progress has been made in the development of new low band gap 

electron donor polymers (Table 1.1) with absorption spectra extending to larger wavelengths of the 

solar spectrum. Their HOMO and LUMO levels have been engineered for a better spectra match than 

those of P3HT when blending with PCBM for a higher Voc. The Voc is directly linked to the respective 

energy levels of the donor and acceptor materials, so that fine tuning these parameters will be linked to 

material paring and tuning of the absorption and may influence the exciton dissociation energy [114]. 

According to Scharber´s rule, the decrease in the optical gap should be done by lowering the energy of 

the donor material´s LUMO and if possible maintaining or reducing as much as possible the HOMO to 

promote high values of Voc [115]; however, precautions must be taken, so that the HOMO is maintained 

at a relatively lower energy level than the oxidation threshold of oxygen (around -5.3 eV) to obtain 

stable materials [116]. 

The band gap (Eg) of a polymer, is the difference between the HOMO (highest occupied molecular 

orbital) and the LUMO (lowest unoccupied molecular orbital), and the common units reported are 

electrovolt (Ev); can be measured by UV-vis spectroscopy and cyclic voltammetry. To say that a polymer 
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present a low band gap character, this have to be less than 2 eV. Actually, is believed that low band gap 

polymers can enhance the efficiency of photovoltaic devices [117-119]. Few examples of low band gap 

polymers have been described in the literature (Table 4). There are different factors, which affect the 

band gap that should be taken into account when designing new polymers with low band gap, like intra-

chain charge transfer, substituent’s effect, π-conjugation length, etc [20]. 

There exist different ways to decrease the band gap of a polymer, and the effect of the different 

changes, can affect the morphological, mechanical and physical properties of the material. 

 The fused ring system. Is applied in a copolymer system as an electron acceptor unit coupled 

with an electron donor unit. The stability is attributed due to the stable quinoid structure 

formed in the resonance forms of the polymer [20, 120]. 

 The substituents on the donor and acceptor units can affect the band gap. The energy level of 

the HOMO of the donor can be increased by attaching electron donating groups (EDG), such as 

thiophene and pyrrole. Similarly, the energy level of the LUMO of the acceptor is lowered, 

when electron withdrawing groups (EWG), such as nitrile, thiadiazole and pyrazine, are 

attached. This will result in improved donor and acceptor units, and hence, the band gap of 

the polymer is decreased [121]. 

 The side groups also have another effect. It has been shown that the electronic band structure 

can be tuned without tuning the band gap by addition of EWG and EDG and this can be of 

great importance when the energy level alignment in a OPV device is taken into account [122-

125]. 

 In the donor/acceptor copolymer the intra-chain charge transfer is shown by the electron 

affinity; thus the electron affinity is higher at the acceptor unit compared with the donor unit 

[126-129]. 

 The intermolecular interactions also affect the band gap; i.e. the polymer P3HT orders in solid 

phase causes a red shift in the whole absorption spectrum, and as a result, a lower band gap is 

achieved [130]. 

 The π-conjugation length is of great importance since a torsion in the polymer back bone 

causes a decrease in the conjugation length and the band gap increases, thus a high π-

conjugation length results in a low band gap polymer [131]. 

The HOMO/LUMO energy levels need to be optimized to achieve an efficient charge transfer. 

Specifically, the donor polymer LUMO levels need to be close to acceptor LUMO or CB (conduction 

band) edge to minimize energy loss during electron transfer from donor to acceptor, but still higher by 

about exciton binding energy to provide enough energy offset for exciton dissociation. The donor 

polymer HOMO should be as low as possible to maximize the Voc (voltage open current). 

Additionally, the polymers need to have a high degree of planarity and be able to self assemble into an 

organized structure with enhanced packing and charge transport via treatment such as thermal and 

solvent annealing. Other important aspects to consider, like the high hole mobility in the donor polymer 

(up to 0.2 cm
2
/Vs in P3HT)[132], also a band gap between 1.5-1.6 eV should be optimal. Recent 
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researches on minimizing the band gap to values in the range of 1 eV [133-135], have shown poor cell 

efficiencies. The authors attributed these low efficiencies to a low hole mobility, and low LUMO offset; 

this indicates that the design of ultralow band gaps needs to be combined with high carrier mobility and 

optimized energy levels. 

More recently, PCDTBT has been designed, and possess low band gap (1.7 eV) and low HOMO level 

[136]. Also, a new class of polymers has been obtained [137, 138], and shows clearly advantages like: 

(1) The incorporation of fluorine thieno[3,4-b]-thiophene results in a lower HOMO level 

and increased Voc 

(2) The polymer backbone quinoidal structure can be stabilized and the planarity is 

improved by the thieno[3,4-b]-thiophene moiety, leading to a high hole mobility, 

(3) The polymer forms an effective morphology with fullerene derivatives 

 

Table 1.1 Recent designs of low band gap polymers 

Polymer HOMO (eV) LUMO (eV) Eg(eV) Ref. 
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1.2.2.2 Acceptor Materials 

The Fullerene C60 have unique chemical and physical properties, because it’s highly efficient electron 

acceptor character and electronic absorption throughout the UV-vis spectral region; these special 

properties are directly related to the very high symmetry of the C60 molecule, in which 60 equivalent 

carbon atoms are at the vertices of a regular truncated icosahedrons: each carbon site on C60 is 

trigonally bounded to other carbon atoms. Absorbs strongly in the UV range and much more weakly in 

the visible region for the symmetry reasons[150]. For construction of optoelectronic devices, the charge 

separation originating from photoinduced electron-transfer is of utmost importance. To optimize this 

process the contact between the fullerene end the electron-donor material must be very close. 

The main process of the OSC to convert sunlight into electricity is as follows: The light absorbing 

material with a band gap in the visible region (that can be excited for photons with energy situated in 

the visible region) absorbs photons that excite the electron from the ground state to the excited state, 

and bound electron-hole pairs (excitons) are created. The excitons diffuse to the donor acceptor 

interface where excitons dissociate into free charge carriers after overcoming the binding energies. The 

free charge carriers transport to the respective electrodes under the internal electric fields, resulting in 

the generation of photocurrent (Figure 1.6). 

 

Figure 1.6 Diagram of electron and hole movement in a photovoltaic device 

Comparatively with the research on donor low band gap polymers, fewer studies have been dedicated 

to acceptor optimization, being the best advance with the PC70BM, due to its asymmetrical 

structure.[147, 151, 152]. Also, some variations have been achieved to the C60, by tuning to a high LUMO 

level of the molecule, achieving higher Voc [153]; which means that an optimization could it be possible 

tuning the band gap of the acceptor. 

 

 

 

 

 

CATAN
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1.2.3 Transition Metal Oxides as Hole Transport Layer (HTL) 

Transition metals are elements with partially filled d orbitals, with one to nine electrons in the outer 

shell. In a solid, this d orbital’s form relatively narrow d bands. The 2p orbitals, which originate from the 

oxygen anion, are completely filled and form the valence band of the material. The partially filled 3d 

band for the TMO’s (transition metal oxides), form the conduction band, and will be therefore 

responsible for the electronic and electromagnetic properties of the materials, and will varying 

depending among others, of the un paired electrons, the overlapping with the 4s band, the 

bonding/anti-bonding splitting effects, etc. 

The electronic properties of TMO’s have been studied extensively, and used either as an insulators[154] 

or conductors[155]. The electronic structure of TMO’s will be an important issue to consider those 

materials at optoelectronic applications, being important their nature as n-type or p-type 

semiconductors, at the assembling of the entire electronic device.  

The work function of the TMO’s acquire an important sense while it value remarks the possible junction 

that will appear at the organic/oxide interface, regarding multiple hypothesis of interaction at the 

interface between these materials[156-164]. Actually, we know how can varying the energy levels at the 

junctions of an organic/semiconductor oxide interface[165-167], so the band bending trough the Fermi 

energy level with the main energy levels of organics (HOMO-LUMO) acquire sense and give support to 

the theoretical theories. 

TMO’s can posses a wide range of work functions, spanning from extreme low of 3.5 eV for defective 

ZrO2 to the extreme high of 7.0 eV for stoichiometric V2O5 [168]. High work function metal oxides are 

often used as hole-injecting buffer layers for anodes[169], including MoO3 [170-174], WO3 [175, 176], 

NiO [177-182], CuO [183, 184], RuO2 [35], V2O5 [185-187], Fe3O4 [188] and Ag2O [189]. The low work 

function TMO’s such as TiO2 [190], ZnO [191, 192] and ZrO2 [193, 194] are used as electron injection 

buffer layers for cathodes. 

In order to ensure high efficiency and low operating voltages in organic electronics, it is crucial to reduce 

energy barriers for charge carrier injection, extraction or transport over device interfaces. Energetic 

mismatches at organic semiconductor/ electrode interfaces often leads to bottlenecks in transport, 

which requires higher operating voltages to overcome charge injection or extraction barriers. Many 

different hole transport layers have been introduced to resolve this issue by providing a bridge, or 

energy ladder, between the energy levels of different materials. The most widely used is the PEDOT:PSS. 

Poly (3, 4-ethylenedioxythiophene) or PEDOT (Figure 1.7) is an electrochemically stable conjugated 

polymer which can be oxidized (doped) to a state of high electrical conductivity, while maintaining 

moderate transparency. Oxidized PEDOT with poly (4-styrenesulfonate) or PPS, is used in thin films as 

hole transport layer in proto-type polymer based, light emitting devices and OSC. The PEDOT: PSS work 

function is on the order of 5.0 to 5.3 eV and leads to a built-in voltage of o.7 to 1.0 V, depending on 

which metal are combined. 
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Figure 1.7 Poly (3, 4-ethylenedioxithiophene): poly (styrene sulfonate): (PEDOT: PSS) Structure 

However, the PEDOT PSS has a low work function, so that the hole injection could be a limiting factor in 

device performance. For example: the HOMO level of poly (9,9-dioctylfluorene)(PFO) has been 

estimated to be ≈5.9 eV, so that , the hole injection energy barrier between PEDOT:PSS and PFO can be 

as large as 0.7-0.9 eV. Therefore, it is necessary to develop hole injecting materials whose the work 

function is close to or even below the HOMO level of semiconducting polymers which are located next 

to the hole injection layer [195].  Also, the acidity of the PEDOT:PSS with a PH ranging from 1.5 to 2.5, is 

suspected to dissolve ITO layer in regular structure devices, which can migrate from the anode into the 

buffer layer, and even into the active layer; and recently, it has be demonstrated that the hydrophilic 

character of the PEDOT:PSS, can affect the performance of the devices [196, 197]. 

 

1.2.3.1 TMO/Organic Interfaces 

Electrode/organic interfaces appear to fall into three main classifications: 

1. Chemically reactive/strongly interacting interfaces 

2. Moderately interacting interfaces 

3. Nonreactive/weakly interacting interfaces. 

Many metal/oxide interfaces are weakly interacting interfaces [198]. The common diagram to show the 

energy level alignment is showed in Figure 1.8. The image shows that the hole injection barrier and the 

electron injection barrier both depends on the electrode’s work function 
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Figure 1.8 Schematic energy level diagram of an organic/electrode interface 

If the electrode’s work function exceeds a certain threshold value (a valued that depends of the organic 

molecule) then the HOMO level become’s pinned to the Fermi energy level of the electrode; conversely, 

if an electrode’s work function is lower than the threshold value, the Fermi level become’s pinned to the 

LUMO level. 

 

The pinning effect is believed to occur as a result of molecular ionization at the interface of the 

organic/electrode interface [163, 198-200]. 

The threshold values that govern the onset of pinning depend on the characteristics of the organic 

molecule. Tengstedt et al. showed that the threshold to pinning occurs when the electrode’s work 

function is greater that the polymer’s positive polaronic level and less than its negative polaronic level 

[163].  The models based on polaron formation assume that a localized carrier interacts strongly with 

molecular vibrations of the host and neighbouring molecules, so significant relaxation of the local 

molecular structure occurs around the carrier. The carrier can move to an adjacent molecule only by 

carrying that relaxation along with it. Clearly, the relaxation or stabilization lowers the energy of the 

negative carrier below the LUMO level and the energy of the positive carrier above the HOMO level 

[201].  For other side, Greiner et al. found that the threshold to pinning occurs when the electrode’s 

work function exceeds the organic molecules ionization energy and electron affinity [199]. 

 



Introduction 

 

26 

 

 

Figure 1.9 Proposed hole injection and hole extraction mechanism on TMO/organic interface 

Figure 1.9 summarizes the energy level alignment and band bending determined for a TMO/organic 

interface, along with the mechanism of charge injection and extraction taking place at the interface. 

Once a time that the band bending occurs, the exchange of charge at the interface could it is related to 

the 2 distinct scenarios: the hole injection can proceed via an electron transfer from the HOMO of the 

organic to the conduction band of the TMO (and then further collection by the electrode), this junction 

is commonly observed at OLEDs. The reverse process, the hole extraction from the organic film by 

electron transfer from the TMO, would be used primarily in the case of an OPV device where the TMO 

layer is used for hole-collection from the donor material of the active layer. The photo-generated hole 

recombines with an electron at the interface between TMO and the organic layer [42]. 
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1.3 Stability / Degradation of OSCs 

State-of-the-art OSCs have a huge potential to significantly contribute to a clean electricity supply for 

the future. Two of the indispensable elements for their development, high efficiency and low-cost 

fabrication, have already been achieved. However, their current lifetime is the main hurdle for a 

successful and large scale market introduction of OPVs. First reports indicate that the required lifetime 

of more than 20 years can be achieved. However, overall progress is too slow, first because the 

application of degradation standards and protocols are needed in order to compare lifetime results from 

different sources. Secondly because there is an increase need for the understanding of the involved 

complex and hierarchical degradation paths that can only be acquired through the application of several 

different characterization techniques.  

Accelerated aging analyses on state-of-the-art OPVs predict 5-7 year device stability cells with rigid 

encapsulation. Flexible and mobile power generation applications demand 5-10 years of stable 

operation and a minimum of 20 years is a must for building integrated applications. Outdoor stability 

studies, still scarce at present stage, seem to validate these initial estimations. For example, small 

molecules devices produced by Heliatek are estimated to last up to 20 years with rigid encapsulation; 

however, achieving similar results on flexible substrates is a challenge, yet making OPV on flexible 

substrates is the eventual goal.  

 

 

The evolution of stable OSCs has been dictated by the discovery of state-of-the-art materials, and the 

most recent analysis demonstrates that it follows a cyclic trend. The first cycle was initiated back in the 

1990s and belongs to polyphenylenevinylene polymers, like MEH-PPV. It was followed by more stable 

polymers based on polythiophenes, like the P3HT. We are right now in the third cycle which corresponds 

to low band gap polymers whose most representative examples are the benzothiadiazoles, like PCPDTBT 

or PCDTBT. Although many more polymers have been discovered, these cycles are determined by those 

materials, or family of materials, with the prospective to shape a practical OSC device. This is materials 

that result in good photovoltaic performance, are highly processable, and have the potential to generate 

OSCs with relatively long lifetimes. More recently, inorganic materials have demonstrated to enhance 

OSC efficiency and stability. These are transition metal oxides (TMOs), like ZnO, TiO2, V2O5, MoO3, NiO 

(among others), used as optical spacers or as barrier layers. The discovery of novel materials has evolved 

hand-by-hand with the increase in degradation paths.  

 

On the other hand, strong efforts have been made at European and international level in order to find 

general measurement practices and to develop accepted degradation procedures and protocols (c.a. the 

ISOS standards), where data could be more easily understood and compared among laboratories. Round 

robins and inter-laboratory studies, where several laboratories analyze the same solar cells in a 

sequential manner, are fast and powerful methods that enables the validation of performance 

parameters and the establishment of their spread. Thus, increasing efforts have been invested into the 
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study of the degradation/stability of OSCs. The need for standard international procedures for lifetime 

measurements has also been the subject of several international summits on OSC stability, and recent 

inter-laboratory collaborations are carried out at different locations in the world. The first international 

summit on organic photovoltaics (ISOS-1) took place in USA in 2008, followed by ISOS-2 in The 

Netherlands, ISOS-3 in Denmark, ISOS-4 in USA and the last ISOS-5 again in The Netherlands in 

December 2012. The next ISOS-6 will take place in France in 2013. In paralel, the organization of round 

robins and interlaboratory studies have been taking place throuh these years and have demonstrated to 

be powerful tools to analyze and chracterizae OSCs stability. These are also a good approach in order to 

demonstrate and gain credibility of the technology. The first interlaboratory study on the stability of 

OSCs (a simple round robin) took place in 2009, and involved 18 laboratories. In 2011 a second round 

robin was conducted, in this case taking into acount 25 laboratories from around the globe. All these 

collaborative efforts have led to a basic understanding of the primary causes of OSCs degradation. 

Although the critical stress factors are clearly identified, their role in the performance loss remains 

elusive.  

 

The continuous improvement in the organic photovoltaic field in the last years, is reflected in the higher 

number of research documents available (Figure 1.10), where the continuous publication of reviews [11, 

20, 31, 73, 202-210] and special issues [205, 211-213] are not enough to consolidate the knowledge 

generated at this last decade related to this field. While most of the improvements points to the 

enhancement of efficiency, there is however at least two other important factors to consider: stability 

and processing. As we can see from the Figure 1.10, the number of research works related to stability 

and degradation issues on OSCs, is quite lower that the total amount of work related to the OSCs. 

Considering the data, at the 2012 we obtain around 1% of the total documents related to the stability of 

the OSCs. 
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Figure 1.10 Increase of research documents related with OSCs (line graph), to stability research works 

(bars graph) and to the principal research centres that publish stability research works (pie graph) 

(Source: Scopus) 

According to Krebs, F.C., et al. the success of OSCs is summarized as the unification challenge; that 

implies that research in any of the three areas of process, stability and power conversion efficiency will 

not necessarily lead to a useful technology as all three parameters are to some extent needed for this to 

be achieved [214]. Especially, the rather poor device stability of organic solar cells has been given little 

attention. Inorganic silicon-based solar cells may last on the order of 25 years; so in this respect, organic 

devices must be improved tremendously to become technologically interesting. 

Organic materials are more susceptible to chemical degradation from oxygen and water than inorganic; 

nowadays after a number of different studies carried out about the degradation of the organic devices, 

we know that the degradation follows complicated and not fully understood mechanisms, and certainly 

not all have been identified. Known degradation mechanisms involve[215]: 

 

 Diffusion of molecular oxygen and water into the device 

 Degradation of interfaces 

 Degradation of the active material 

 Interlayer and electrode diffusion 

 Electrode reaction with the organic materials 

 Morphological changes 

 Macroscopic changes such as: delaminating, particles formation, cracking, bubbling. 
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Some of these degradation mechanisms are interrelated and take place at the same time, some during 

operation of the solar cell, and some during storage. Some degradation mechanisms are fast, and other 

slow; so is a challenging task to identify the mechanisms, and to quantify the contribution of each of 

that to the whole degradation of the device. 

The complexity of developing testing procedures to evaluate stability stems from the fact that unlike 

inorganic technologies, organic photovoltaics is a highly diverse technology with cells that can be 

prepared  with different architectures, using many different materials and combinations thereof, 

processed by many different methods. All these variables enter as parameter that influences the overall 

stability performance of the final device. 

For this reason, a set of guidelines have been developed, which aim at being able to compare data and 

claims obtained by different laboratories. The complexity of developing testing procedures to evaluate 

stability stems from the fact that unlike inorganic technologies, organic photovoltaics is a highly diverse 

technology with cells that can be prepared with different architectures, using many different materials 

and combinations thereof, processed by many different methods. All these variables enter as 

parameters that influence the overall stability performance of the final device.  

A very rigorous set of recommendations might be optimal for ensuring the maximum of information that 

could be extracted from the tests and allowing others to duplicate and compare results. 

In general, 3 levels of procedures are recommended, for each of the main types of testing regimes: 

 Level 1 (basic) 

 Level 2(Intermediate) 

 Level 3(Advanced) 

That will depend of the degree of sophistication, facilities, technologies, accuracy, etc. 

As a result, the OPV community have published distinct and specific protocols with the aim to can 

compare results from different laboratories, different geometries, materials, etc. The overview is 

showed in the Table 1.2. 
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Table 1.2 Overview of the ISOS-3 Protocols for stability testing measurements. 
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1.4. General objective  

The aim of the present work, is to develop low temperature solution processing transition metal oxides 

(TMOs) to work as electron and hole transport layers in organic solar cells. The TMOs selected to work 

are, as the electron transport layers, TiO2 and ZnO, and as the hole transport layers, V2O5 and NiO. Since 

the development of ETLs like TiO2 and ZnO is well described in the literature [216-218] this work gives 

special attention to the development of new V2O5 and NiO materials.  

 

1.4.1 Specific Objectives 

1. Synthesis of low temperature solution processing HTL and ETL made of TMOs, among them TiO2, ZnO, 

V2O5 and NiO. 

Synthesis of low temperature “inks” compatible with solution processing methods like Roll to roll.  

The synthesis methodology should permit the fabrication of inks processable at temperatures, below 

150 C. At the same time, we aim to eliminate the use of toxic and expensive solvents with a 

preference of water or alcohols as the ink media. 

2. Characterization of the TMOs. 

Thin films of the TMOs inks are characterized by basic analytical methods such as XPS, UPS, 

conductivity, etc. More detailed optical characterization of the TMOs as thin films is made by 

techniques like XPS or UPS with the aim of understanding the optical quality of the materials and to 

be able to predict and study the final interaction of the thin film with the components of the OSCs. 

3. Fabrication of complete OSCs devices. 

OSCs applying TMOs as electron and hole transport layers are fabricated in applying, if possible, both 

normal and inverted configurations. The development of OSCs completely by solution processable 

methods also requires the use of back metal electrodes that are stable and well developed for 

printing processes. The most known electrode with these properties is metallic Ag. Thus in this work 

the only back metal electrode to be employed is Ag. The evaluation of this metal electrode in normal 

configuration OSCs (where Aluminium electrodes is usually employed) is also part of the work. 

3. Degradation and Stability analyses of the Organic Solar Cells following the ISOS-protocols. 

Stability analyses of OSCs following the ISOS protocols. Solar cells with one or both configurations are 

analysed under different conditions: indoor or outdoor. Indoor analyses are carried out under inert 

and ambient atmospheres with or without temperature control. For outdoor studies the samples are 

sealed in glass and analysed for more than 1000 h under the monitoring of temperature, humidity 

and light irradiation. Comparison of the OSCs performance depending on the components of the 

solar cells is also considered. 
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Chapter 2 
 

2. Experimental Section 
  

2.1 Materials  

 

All were commercial materials used without further purification: 

 

TiO2 thin film precursor: titanium isopropoxide [Ti (OCH (CH3)2)4]  (99.99%) from Aldrich., 

ZnO nanoparticles solution precursor: Zinc acetate dehydrate (99% Riedel-de Haën), potassium 

hydroxide (KOH, Na<0.002% Fluka),  

NiO thin film precursor: Nickel acetate tertahydrate (Ni(CH3COO)2.4H2O),  

V2O5 thin film precursor: Sodium metavanadate (NaVO3) from Sigma Aldrich, DOWEX 2x-100 (Cationic 

Exchange resin) from Sigma. 

 

Polymers: 98% rr poly(3-hexylthiophene-2,5-diyl) (P3HT) from Merk, the PCBM ([6,6]-Phenyl-C61-butyric 

acid methyl ester,99.5%) from Solenne, the MEH-PPV poly[2-méthoxy-5-(2-ethyl-hexyloxy)-1,4-

phenylene-vinylene] from Riso DTU, PEDOT:PSS (poly(3,4-ethylenedioxythiophene) 

poly(styrenesulfonate)) EL-P 5010 from Orgacon. 

 

The solvents: ethanol (99.5% Panreac), chlorobenzene (99.9% Sigma-Aldrich), acetyl acetone (99% Sigma-

Aldrich) Methanol (99.8% Aldrich),propanol or isopropanol (99.5% Sigma-Aldrich), acetone (99.5% 

Panreac). The 2-(2-methoxyethoxy) acetic acid (MEAA) (technical grade Aldrich), and the 2-[2-(2-

Methoxyethoxy)ethoxy]acetic acid (MEEAA)(technical grade from Aldrich), Triton X-100 from Sigma 

Aldrich. All aqueous solutions were prepared, using double distilled and ion-exchange water. 

 

The FTO substrates were bought from Solems, model ASAHI 100 by CVD of 1.1 mm thickness,( 70-100 

ohm resistance, thickness of FTO layer 800 Å.) were cleaned with soap water, mili-Q water, ethanol 

(99.5%) for 20 min before use . The flexible ITO substrate from Sigma Aldrich (surface resistivity 45 Ω/sq) 

The substrates were dried under N2 flux and finally cleaned for 20 min in a UV-surface decontamination 

system (Novascan,PSD-UV) connected to an O2 gas source. Synthetic air (premier quality), O2 (BIP quality) 

and N2 (BIP quality<0.02% O2). 

For the etching of the FTO substrates: Zn powder (≥99%, Aldrich), and clorhidric acid (HCl)  (ACS reagent 

37% from Sigma Aldrich) 
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2.2 Preparation of semiconductor oxides solutions 

2.2.1 TiO2 sol-gel 

Preparation of TiO2 sol-gel[1]: briefly, 3.5 ml of acetyl acetone were added slowly, drop wise, with 

constant stirring to a 5 ml of titanium iso-propoxide [Ti(OiPr)4]. After mixing, 25.5 ml of ethanol (99.5%) 

were added and the solution was stabilized for 24 h. The final [Ti(OiPr)4] concentration is 0.51 M. The 

color of the solution was orange-yellow, being stable for several weeks at room temperature. 

 

2.2.2 ZnO nano-particles solution 

 

The ZnO-precursor was prepared similar to the by Krebs et al. described procedure[2]  Usually 5.94 g 

Zn(OAc)2·2H2O were dissolved in 250 ml MeOH ad heated up to 60 °C. At this temperature 3.02 g KOH 

were added and the solution was refluxed for 3 h at 65 °C. The precipitated particles were then allowed to 

settle for 12 h. The mixture was cautiously decanted; the precipitate was dissolved in 100 ml MeOH and 

after re-suspending the particles was allowed to settle for another 12 h.  

 

2.2.2.1 ZnO nanoparticles suspension on CLB and IPA 

 

Following the previous synthesis mentioned, the MeOH was removed and the particles were dissolved in 

40 ml of Chlorobenzene or Iso-propanol. The concentration of the ZnO was determined and then the 

dilutions on CBO or IPA proceed to get to 40 mg/ml (CBO) or 25 mg/ml (IPA). The 2-(2-methoxyethoxy) 

acetic acid (MEAA) at 2% w/w or the 2-[2-(2-Methoxyethoxy)ethoxy]acetic acid MEEAA at 4% w/w with 

respect to the weight of ZnO was added as stabilizer.  

 

2.2.3 V2O5 sol-gel 

 

Synthesis of the V2O5·H2O xerogel was carried out by the cationic exchange method. [3]Briefly, 4.5 g of 

sodium metavanadate (NaVO3; Sigma) were dissolved in water at 80 °C. Once cold, the solution was 

passed through a cationic exchange DOWEX50 WX2 50-100 (Sigma). The initial colourless solution 

changed to yellow-orange corresponding to the formation of the metavanadic acid. The final sol-gel is 

concentrated until 9-10 mg/ml and could be kept at RT for several months. 

 

2.2.4 NiO sol-gel 

The Nickel oxide sol-gel has been synthesized following the way proposed by Raut et al[4]; 3 gr. of Nickel 

acetate (Ni(CH3COO)2.4H2O was added to 40 ml of methanol and stirred vigorously at 60
o
C for 3 hrs, 

leading to the formation of a light green solution.  
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2.3 Solar Cell fabrication  

 

2.3.1 Bilayer Organic Solar Cells (FTO/TiO2/polymer/Ag) 

 

The TiO2 sol gel (2.2.1) was spin coated on the FTO substrate after cleaning process, at 3000 rpm and 

sintered at 450 
o
C per 2 h with a heating ramp of 3 C /min.  

The polymer (10 mg/ml: chlorobenzene) was spin coated on top of the oxide layer at 3000 rpm. Finally a 

layer of 90 nm of Ag was evaporated on top of the polymer in a BOC EDWARDS AUTO 306 thermal 

evaporator (10
-7

 pa). After device fabrication, the devices were annealed at 120 
o
C for 10 min at air 

conditions. 

 

2.3.2 Bulk heterojunction Organic Solar Cells (FTO/ZnO or TiO2/P3HT: PCBM/PEDOT:PSS/Ag) 

 

2.3.2.1 Solar Cell fabrication with TiO2 film as ETL 

 

The TiO2 sol gel (2.2.1) was spin coated on the FTO substrate after cleaning process, at 3000 rpm and 

sintered at 450 
o
C per 2 h with a heating ramp of 3 C /min. The P3HT:PCBM solution (30 mg/ml in 

Chlorobenzene) was spin-coated on top of the oxide layer at 1000 rpm, and then, a solution of 

PEDOT:PSS:IPA(2:1) was spin coated at 1000 rpm and annealed at 140 
o
C for 10 min in a hot plate at 

ambient conditions. Finally a layer of 100 nm of the Ag metal was evaporated on top of the PEDOT: PSS 

layer in a BOC EDWARDS AUTO 306 thermal evaporator. 

After device fabrication, the devices were annealed at 120 
o
C for 10 min at air conditions before electrical 

characterization. 

2.3.2.2 Solar Cell fabrication with ZnO film as ETL 

 

The ZnO-CLB (40 mg/ml) or ZnO-IPA (25 mg/ml) (2.2.2.1) was spin-coated at 1000 rpm over the FTO 

surface. The samples with the ZnO-CLB ink were dried at 140
o
C for 5hrs at air atmosphere conditions. The 

samples of ZnO-IPA were dried at 120 C for 30 min, and treated at UV-light per 10 min. 

The P3HT:PCBM solution (30 mg/ml in Chlorobenzene) was spin-coated on top of the oxide layer at 1000 

rpm, and then, a solution of PEDOT:PSS:IPA(2:1) was spin coated at 1000 rpm and annealed at 140 
o
C for 

10 min in a hot plate at ambient conditions. Finally a layer of 100 nm of the Ag metal was evaporated on 

top of the PEDOT: PSS layer in a BOC EDWARDS AUTO 306 thermal evaporator. 

After device fabrication, the devices were annealed at 120 
o
C for 10 min at air conditions before electrical 

characterization.  
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2.3.2.3 Inverted Solar Cell fabrication on flexible PET substrate 

The ZnO-precursor (2.2.2.1) was spin-coated at 1000 rpm on top of flexible ITO previously cleaned. For 

obtaining the ZnO-layer the samples were dried in the oven for 5 hours at 130 °C and additional 12 hours 

at room temperature. 

The P3HT:PC60BM solution (30 mg/ml in Chlorobenzene) was spin-coated on top of the oxide layer at 1000 

rpm, and then, a solution of PEDOT:PSS:IPA(2:1) was spin coated at 1000 rpm and annealed at 140 
o
C for 

10 min in a hot plate at ambient conditions. Finally a layer of 100 nm of the Ag metal was evaporated on 

top of the polymer in a BOC EDWARDS AUTO 306 thermal evaporator. 

After devices fabrication, thermal annealing was carried out at 120
o
C before the characteristic IV Curve. 

 

2.3.3 Bulk heterojunction inverted and normal structure OSC with V2O50.5H2O as HTL 

 

2.3.3.1 Inverted solar cell fabrication with V2O50.5H2O as HTL 

 

The P3HT:PC60BM solution (30 mg/ml in Chlorobenzene) was spin-coated on top of the oxide layer (2.2.1 

& 2.2.2) at 1000 rpm, and then, a solution of V2O5 sol-gel (2.2.3):Iso-propanol (1:1) was spin-coated at 

1000 rpm and annealed at 120 
O
C for 5-10 min in a hot plate at air conditions. Finally a layer of 100 nm of 

the Ag metal was evaporated on top of the polymer in a BOC EDWARDS AUTO 306 thermal evaporator.  

After devices fabrication, thermal annealing was carried out at 120
o
C 

2.3.3.2 Normal solar cell fabrication with V2O50.5H2O as HTL 

The solution of V2O50.5H2O sol-gel (2.2.3) pure was spin coated on top of the TCO transparent electrode 

previously cleaned and annealed for 10 min at 120
0
C. Then a P3HT:PC60BM solution (30 mg/ml in 

Chlorobenzene) was spin-coated on top of the V2O50.5H2O layer at 1000 rpm, and sequentially  a solution 

of ZnO nanoparticles re-suspended in IPA (2.2.2.1 )was deposited at 3000 rpm, and annealed at 120
o
C for 

10 min. Finally a layer of 100 nm of the Ag metal was evaporated on top of the polymer in a BOC 

EDWARDS AUTO 306 thermal evaporator 

2.3.4 Bulk heterojunction rnormal structure OSC with NiO as HTL 

The NiO sol-gel (2.3.4) was spin-coated at different speeds (3000-4500) rpm to achieve different 

thicknesses, on FTO previously cleaned substrate. Finally, a sintering at different temperatures (350-550 
o
C) was carried out to achieve different grain size at the NiO thin-film. The sintering was done following 

the next ramping steps: RT-160
o
C (5

o
C/min) 3hrs + Tsintering(350-550

o
C) (10

o
C/min) 1 hr. 

After the sintering of the FTO/NiO films, a P3HT:PC60BM solution (30 mg/ml in Chlorobenzene) was spin-

coated on top of the NiO layer at 1000 rpm, and sequentially  a solution of ZnO nanoparticles (2.2.2.1) re-

suspended in Isopropanol was deposited at 3000 rpm, and annealed at 120
o
C for 10 min. Finally a layer of 

100 nm of the Ag metal was evaporated on top of the polymer in a UNIVEX 350G thermal evaporator 

from Oerlikon. 
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2.4 Characterization 

 

The solar simulation was carried out with a Steuernagel Solarkonstant KHS1200. Light Intensity was 

adjusted at 1000 W/m
2
 with a bolometric Zipp & Konen CM-4 pyranometer. Calibration of the sun 

simulator was made by several means, with a calibrated S1227-1010BQ photodiode from Hamamatsu and 

a minispectrophotometer from Ava-Spec 4200. The AM1.5G reference spectrum was according to an 

ASTM G173 standard. Solar decay and IV-curves were measured using Keithley 2601 multimeter 

connected to a computer and software. 

The IPCE analyses were carried out with a QE/IPCE measurement System from Oriel at 10 nm intervals 

between 300 and 700 nm. The calibration was carried out using a Hamamatsu S1227-101030 diode. The 

results were not corrected for intensity losses due to light absorption and reflection by the glass support.  

The thicknesses of the layers were measured at Nanopics 2100 from Nanopics profilometer 

The UV-visible analysis of solutions and thin films were made in a Shimadzu 1800 spectrophotometer.  

X-ray powder diffraction (XRD) analyses between 5 and 120 degrees in a RIGAKU Rotaflex RU200 B 

instrument, using CuKα1 radiation.  

Scanning electron microscopy (SEM, QUANTA FEI 200 FEG-ESEM, equipped with EDS detector Oxford 

INCA) 

Transmission electron microscopy (TEM, 120 KV- JEOL 1210 equipped with EDS analyzer LINK QX 2000 X 

and 200 kV JEM 2011 equipped with EDS detector Oxford Linca).  

The XPS was done with the Alκα (1486.6 eV). All the spectra were adjusted according to the value of C 1s 

peak at (284.8+/-0.1)eV. The fitting was done using a Gaussian model on Origin software and on CASA 

application software 

The UPS analyses were obtained using a He lamp (He 1 21.2 eV) with experimental resolution of 0.15 eV. 

The samples were forward biased at 3 and 5 V.  Both analyses (XPS/UPS) were done on an equipment 

from SPECS with an energy analyzer PHOIBOS 150. 

 

The TOF SIMS analyses were performed using TOF-SIMS IV (ION-TOF GmbH, Munster, Germany). 25 ns 

pulses of 25 KeV Bi
+ 

(primary ions) were bunched to form ion packets with a nominal temporal extent of 

<0.9 ns at a repetition rate of 10 kHz, yielding a target current of 0.7 pA. 

 

The angle resolved XPS was carried out using a Phi ESCA 5500 (Perkin Elmer). 

 

The conductivity was measured by a 4 points probe home-developed set with a Keithley 2601 multimeter 

 

TGA & DSC analyses in a Netzsch STA 449 F1 Jupier. 

 

Contact Angle analyses were carried out in a DSA 100 from KRUSS. 

 

Hall Measurements were carried out in a Physical Property Measurement System (PPMS) by Quantum 

Designs, on AC mode, at constant current (5μA) from -9T to 9T of magnetic field, in inert atmosphere (He) 
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AFM measurements were performed using the microscope: Agilent 5500 AFM/SPM microscope, formerly 

Molecular Imaging PicoPlus AFM, from Agilent Technologies. The measurements were carried out with 

the large scanner. Additionally, Agilent 5500 is equipped with an X-Y nanopositioning stage designed to 

integrate with Agilent’s 5500 microscope (NPXY100E from nPoint, USA) that utilizes closed-loop capacitive 

feedback to ensure scanning linearity and position accuracy. 

The IPCE in situ measurements were carried out in a home-made solar cell holder as described in 

reference [5, 6] .The solar cell holder is a two-piece glass reactor with a cooling jacket for temperature 

control, with a home-designed o-ring sealed cap. It has ports for thermocouple, inlet and outlets for low 

pressure gas flow, quartz window (5 cm diameter) and cable connections (see Error! Reference source 

not found.). The holder can analyze up to two 1 cm by 2.5 cm solar cells, but larger reactors, with 15 cm 

diameter quartz window, can hold larger solar cells[6]. The temperature of the experiments was 

monitored with a digital thermo hygrometer (HD2301/01, Afora).  To control and varying the temperature 

we have used a thermofluid of Siloil P20.275.50 from Huber, and a CCK6 bath thermostat from Huber.  

 

Figure 2.1 Home made holder for IPCE in situ measurements: a) angle view, b) top view 

 

*The formulas, calculus and techniques for the procurement of the direct band gap, work function, Ef-

Valence band gap, and XPS fitting analysis are founded at the Appendix 1.  

The long term stability analysis (IV-curve) and the IPCE at long time with atmosphere and temperature 

controlled were carried out using the cell holder previously described (Figure 2.1) 

The UV-filter used for in laboratory analyses was a glass UV-filter (>400 nm) from THORLABS INC., and the 

UV-filter used for the outside testing was an adhesive UV-filter sample supplied by Dr Frederick C. Krebs 

from the Technical University of Denmark (DTU)  

The Outside stability tests were carried out at the Outside-Suntracker-Station, located at the roof of the 

ICN2 building, at the UAB campus, Bcn, Spain; with geological coordinates (Latitude 41.50129 N, 

Longitude 2.11166 O) consist on a sun tracker platform  (SM44M1V3P) by SAT-CONTROL , following the 

sun trajectory calibrated  automatically using the HELIOS application internet (Figure 2.2 & 2.3).  
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Figure 2.2 Outside-Suntracker-Station, at ICN2 building (Barcelona, Spain) 

 

Figure 2.3 Screen print of Measurement system interface application of the Outside-Suntracker-Station 
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Chapter 3 

3. Transition Metal Oxides as the electron transport layer (ETL): TiO2 and ZnO 

Back in 1990s, research on TiO2 acquire high importance due to its appealing properties leading to diverse 

applications, like heterogeneous catalysis, solar cells, solar fuel production (hydrogen), gas sensor, white 

pigment, corrosion-protective and optical coatings, in ceramics, electric devices such as varistors, among 

many others [1]. The possibility of exploiting this material by its low cost, high stability at ambient 

conditions and its easy and environmentally friendly manipulation, have created a long research and 

developments around the TiO2.  Almost at the same time, another important TMO, ZnO, emerged as a 

promising option for its use in electronic applications. In both cases, these semiconductor oxide materials 

are characterized for their large band gap (>3 eV) and their n-type conductivity. Their Fermi energy level  

(E f) is close to the conduction band, resulting in electron conduction through the jumping of electrons 

from the Ef to the conduction band. Their conductivity is known to be the result of a stoichiometric excess 

of metal ions (oxygen vacancies) which occupy interstitial locations in the crystal structure. These 

properties make TiO2 and ZnO ideal candidates to be applied as electron transport layers(ETL) in Dye 

sensitized solar cells (DSSCs), hybrid solar cells (HSC) or organic solar cells (OSC). For example, a general 

design rule for donor polymers used in single junction hybrid solar cells, is to reduce their band gap to an 

optimal 1.5-1.6 eV and to keep their LUMO level above the inorganic acceptor conduction band. Since 

TiO2and ZnO show large band gap (3-3.3 eV), these TMOs are the most extensively studied materials for 

this purpose. Other properties that make TiO2 and ZnO highly attractive for these applications are their 

ease of fabrication, non-toxicity and relatively low cost [2-4] of high relevance in metal oxide/polymer 

solar cells [5-8] and organic solar cells [9-13]. 

The interface between the transition metal oxide and the organic semiconductor, in our case the 

conducting polymer, is an aspect of Organic and Hybrid solar cells that has been under study for long time. 

Several researches have reported on the interfacial energy alignment between TMOs and organic polymer 

through the development of different models such as the interfacial pinning parameter [14-16], the 

concept of induced density of interface states [17, 18], the push-back/pillow effect [19], the effect of polar 

self assembled monolayers [20] or the integer charge transfer model [21, 22]. When we have organic 

molecules with different dipolar moment, and depending of the functionality, we can observe an 

organic/metal interaction at the interface as a type of dipole. A traditional simple approach to estimate 

the hole injection barrier is to take the difference between the metal work function and the highest 

occupied molecular orbital, HOMO of the conjugated material. However numerous experimental studies 

have demonstrated that an interface dipole can appear and affect the charge injection barrier [23-25]. An 

interface dipole with is negative pole pointing toward the organic layer and its positive pole toward the 

metal electrode, increases the metal work function lowering the Fermi energy, and increases the HOMO 

energy of the organic layer by adding an electrostatic energy. As a result,  the hole injection barrier is 

reduced as represented schematically in Figure 3.1 [26]. Accordingly, the reverse direction of the interface 
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dipole reduces the electron injection barrier. Thus, a decrease in the work function is associated with an 

improvement of electron injection. Lowering the work function will decrease the Fermi energy level of the 

TMO and, as a result, the LUMO level of the organic material will be effectively aligned. 

 

 

 

Figure 3.1 Reduction of the electron injection barrier by dipole interaction 

 

 

 

One of the effects that the dipole interaction causes is the change in the open circuit voltage, and on the 

current density. The improvement of electrons exchange is supported by the lowering of the electron 

injection barrier. For the change in the Voc, we can assume that the change in the Fermi energy level 

(lowering) of the oxide semiconductor, will result in an alignment of the energy levels at the organic/metal 

semiconductor interface at lower energy values as can be seen at the Figure3.2. The resulting Voc, is 

determined by the HOMO-LUMO levels of the polymer donor, but also of the energy levels of the 

electrons acceptor, the TiO2. The resulting Voc when the TiO2 Fermi energy level is far from the LUMO 

position of the polymer donor, is lower, that when the Fermi energy level is closer to the LUMO. 

 

Figure 3.2 Band bending of energy levels at TiO2/polymer interface (P3HT left, MEH PPV right) 

 

The Voc resulting by an interfacial dipole interaction can be modified depending of the dipole moments of 

the organic molecules. The P3HT and MEH PPV molecules have different organic elements, while in the 

P3HT molecule we can find the thiophene ring, with an aliphatic chain, in the MEH PPV polymer we will 
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find C-O-C functional groups that will allow the dipolar interaction with the TiO2 surface (Figure 3.3). This 

dipolar interaction will be enlarged by O-O interactions, and by O-H interactions from the oxide group of 

the polymer with the oxygen of the oxide semiconductor. 

 

 

Figure 3.3 TiO2/MEH PPV dipole interactions 

 

 

In this chapter, we synthesize, optimize and apply solution processed electron transport semiconductor 

oxides like TiO2 and ZnO, and their application in hybrid and organic solar cells. We will start the discussion 

with the TiO2 fabrication by sol-gel methods and its application in bi-layer Hybrid solar cells and inverted 

organic solar cells with the aim to characterize the chemical interaction that exists at the TiO2/polymer 

interface. Our results describe the interfacial interaction between the TiO2 and the P3HT layers, and the 

formation of a Ti-S bond. The Ti-S interaction was characterized mainly by XPS, among other techniques. 

This chapter also includes the assembling and optimization process of organic solar cells applying ZnO thin 

films fabricated by the sol-gel method and applied as ETL in inverted solar cells. The aim of the utilization 

of ZnO is the fabrication of OSCs on flexible substrates. 

 

3.1. Solution-processing TiO2 

The properties of most TMOs depend on the chemical synthesis method employ for its fabrication. Thus, 

the final material can present different optical properties that can be tuned to cope with the final 

application. Among these properties are the cristallinity, the electron mobility, the conductivity, the band 

gap, the particle size, and in some cases their high transmittance. Titanium oxide exists in several phases, 

being the most common the anatase phase (tetragonal 3,894 g/cm
3
), followed by the rutile phase 

(tetragonal 4.25 g/cm
3
) and the brookite phase (orthorhombic 4.12 g/cm

3
). The brookite phase is stable 

only at low temperatures [27]. The rutile phase can be obtained only at high sintering temperatures [28]. 

The anatase form is widely used by its higher photocalatytic activity [29]. Its high electron affinity and 

electron mobility (ranging from 20 to 10
-6

 cm
2
V

-1
s

-1
) depend on its crystalline structure. The preparation of 

TiO2 coatings can be made by various methods, like pulsed laser deposition (PLD) [30], chemical vapour 

deposition (CVD) [31], UV radiation [32], etc. For practical applications, the sol-gel method has acquired 

importance due to the ease to obtain high-quality and homogeneous nanostructured coatings at low-
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temperatures [33].  The homogeneity of the gels depends on the solubility of reagents in the solvent, the 

sequence of addition of reactants, the temperature and the ph. The precursors used for the synthesis and 

doping of nanoparticles, are organic alkoxides, acetates or acetylacetonates [34]. 

 

3.1.1. TiO2Synthesis and Characterization 

 

We have synthesized TiO2 films from an isopropoxide precursor, following the experimental conditions 

explained under experimental section. Briefly, 3.5 ml of acetyl acetone were added slowly, drop wise, with 

constant stirring to a 5 ml of titanium iso-propoxide [Ti(OiPr)4]. After mixing, 25.5 ml of ethanol (99.5%) 

were added and the solution was stabilized for 24 h. The final [Ti(OiPr)4] concentration is 0.51 M. The 

colour of the solution is orange-yellow, and it is stable for several weeks at room temperature. The thin 

film was deposited on top of a FTO surface by spin-coating, and was characterized by various 

spectroscopic techniques, including XRD, SEM, XPS, UPS, UV-Vis (absorbance-transmittance), and DC-

conductivity. 
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Figure 3.4 XRD diffractogram of a TiO2thin film on FTO. 

 

Figure 3.4 shows the XRD analyses carried out to a TiO2 thin film on a FTO substrate. The diffractogram 

shows 3 peaks at 26
o
, 37.8

 o
, and 54.7

 o 
corresponding to the (101), (004) and (211) respectively, 

characteristic of the TiO2 in its Rutile form. A preferential orientation is observed over the (101) plane. 

From the SEM image (Figure 3.5) is possible to observe a homogeneous and nanostructured surface with 

crystal sizes around ~20 nm. 
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Figure 3.5 SEM image from top view of FTO/TiO2 thin film 

 

Figure 3.6 Shows the XPS analyses carried out to the FTO/TiO2 sample in thin film form. A peak at 464.2 eV 

corresponds to the Ti-O 2p½ [35] and at 458.33 eV to the 2p3/2 excitation of TiO2 [36] (Figure 3.6A). The 

Figure 3.6B shows a peak at 529.6 eV corresponding to the O 1s excitation [37, 38]of the TiO2. The Figure 

3.6C denotes the peak corresponding to C at 284.8 eV, shown as a reference. 
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Figure 3.6 XPS measurement of FTO/TiO2 thin film; (3A) titanium region, (3B) oxygen region, (3C) carbon 

region 
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Figure 3.7 UPS measurements of FTO/TiO2 thin film: A) work function, B) valence band. 
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Figure 3.7 corresponds to the UPS measurements, with the cut off region for the secondary electrons at 

12.3eV (Figure 3.7A) and taking into account a 5 V applied bias. Considering the reference lamp (He I= 

21.2eV) and following the method applied to calculate the work function (WF) (as described in Chapter 2, 

Experimental) form the UPS analysis, a value of 3.9 eV is obtained for the TiO2 thin film. Figure 3.7B shows 

the intersection between the trajectory of the lowest excitation energy and the x axis, this value is the 

energy gap between the valence band and the Fermi energy level (Ef), resulting in 3.55eV. 
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Figure 3.8 UV-vis adsorption spectra (black squares) and transmittance (red circles) of a FTO/TiO2 thin 

film. 

 

Figure 3.8 shows the UV-vis analysis of a 100 nm thick TiO2 thin film. The transmittance (red curve) 

indicates high transparency (about 90%) and an adsorption peak located at the UV-Vis region. The band 

gap of the film was calculated applying the Tauc’s formula (as described in Chapter 2, Experimental), and 

the results are shown at the Figure 3.9. The intersection with the X axes takes place at 3.65 eV. 
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Figure 3.9 Direct band gap of TiO2 thin film.  
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All these data are used to establish the Ef and the VB positions, as well as the WF and the band gap 

required to construct the energy band diagram shown in Figure 3.10. 

 

 
Figure 3.10 Energy band diagram corresponding to the TiO2 thin film. 

 

 

The TiO2 band gap value obtained is around 3.65 eV, in good agreement with literature reports values 

between 3.5-3.7 eV [39, 40]. These values depends on the thickness of the sample under analyses (100-

200 nm) obtained by sol-gel methods. For the work function, our results show a 3.9 eV, very close to the 

reported values between 4.0-4.2 eV [41-43]. A smaller value could indicate the presence of small amounts 

of contaminants, of the effect of the surface roughness. 

Finally, the DC conductivity of the TiO2 films with a thickness of  100 nm was measured by the 4-point 

probe method, obtaining an average value of 1.4x10
-6 

S/cm in agreement with the literature reports [44]. 

 

From the Figure 3.10 we can resume that the TiO2 thin layer in this work: 

 

 Has a wide band-gap of 3.65 eV. 

 Is an n-type semiconductor. 

 Poses a small gap between the Fermi energy level and the conduction band (0.1 eV). 

 The position of the conduction band and the Ef can be matched with the LUMO energy level of 

several organic materials that absorbs in the visible wavelength range, resulting in high rate of 

electrons exchanged. 

 

 

3.1.2. Study of bi-layer solar cells: FTO/TiO2/Polymer/Metal  

 

We apply the TiO2 thin film as the ETL in a bi-layer Hybrid polymer/oxide solar cell. The solar cell was 

analysed under different atmosphere conditions in order to study the effect of oxygen on the 

semiconductor oxide. This study has two purposes: a) to understand the behaviour of these solar cells 

under sealed conditions and b) to study interface mixing between the layers. Both analyses are considered 

to be highly important for the stability of complete Organic solar cells where oxide semiconductors are 

part of the barrier layers. 
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Figure 3.11 shows a schematic representation of the bi-layer HSC under study. A TiO2 thin film acts as the 

ETL, and two different commercial and well-studied organic polymers (P3HT or MEH-PPV) are used as the 

hole transport layers (HTL). An assembled device presents the following thicknesses distribution for each 

layer: FTO ~90 nm, TiO2~100 nm, Polymer ~100 nm, back metal ~70 nm (all measured by profilometry). 

 

 

Figure 3.11 Schematic representation of a polymer/oxide bi-layer HSC with the configuration 

glass/TCO/TiO2/Polymer/Ag (a), the polymer donor molecules used in this work P3HT (b) and MEH-PPV 

(c).  

 

Figure 3.12 Energy level alignment diagram of a bi-layer HSC of the type FTO/TiO2/Polymer/Metal, where 

the polymer is P3HT (left) and MEH PPV (right). 

 

From the energy level alignment diagram shown in Figure 3.12, the conduction band of the TiO2 [45], is 

lower than the LUMO level of the P3HT [46], and of the MEH PPV [47], as required for the correct 

transport of the electrons from this level across the TiO2 until reaching the TCO. The electrons will have 

disposition to move to lower energy sites, like the conduction band of the TiO2 thanks to the higher 

electronegativity of the oxide. On the other side, holes can move more easily from the HOMO position of 

the polymer donor to the metal anode electrode. 
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3.1.2.1. Effect of the back metal electrode: Au, Ag, Cu, Ni and Co. 

Different high work function metals were applied: Au, Ag, Cu, Ni, Co. Table 3.1 shows the photovoltaic 

performance of the solar cells. The Voc, for MEH PPV devices with different metal anodes show the highest 

voltages, between 0.54 and 1 V, and those applying the P3HT polymer results in lower voltage, between 

0.07V and 0.5V. With respect to the metal electrode and the polymer MEH-PPV, the HSCs applying the Ni 

and Co electrodes show the lower Voc and samples with Cu as the metal electrode showed Voc as high as 1 

V. 

Table 3.1 Data IV Curves FTO/TiO2-Polymer/Metal. 

 

MEH PPV Ag Au Cu Co Ni 

Voc (V) 0.72 0.790 1.00 0.61 0.54 

Jsc (mA/cm
2
) -0.26 -0.22 -0.18 -0.06 -0.13 

FF(%) 44.87 42.19 47.64 45.90 32.47 

PCE(%) 0.085 0.075 0.08 0.019 0.023 

 

P3HT Ag Au Cu Co Ni 

Voc (V) 0.4319 0.6918 0.1978 0.0698 0.36596 

Jsc (mA/cm
2
) -0.287 -0.2775 -0.1675 -0.1504 -0.2941 

FF (%) 41.47 50.29 27.05 29.05 29.55 

PCE (%) 0.0512 0.0949 0.0089 0.0027 0.0318 

 

 

The higher Voltage for devices assembled with the MEH-PPV polymer .Mobility is higher for P3HT (~10
-4 

cm
2
/Vs)[48] in comparison with for MEH PPV (~10

-7 
cm

2
/Vs)[49], the final current density should be larger 

for devices applying the P3HT polymer, as effectively observed (Table 3.1). 

 

3.1.2.2. Effect of the post-annealing treatment 

A post-annealing treatment [50, 51] is required on organic solar cells to improve photovoltaic 

performance. A re-arrangement and re-crystallization of the polymer can take place during this process. 

Other phenomena can also be observed depending on the type of polymer analysed, for example thermo 

cleavable polymers based on DTBT have shown a decrease in the thickness of the polymer layer after 

annealing [52]. Post-annealing can also improve the performance of the device by the densification of the 

polymer layer after treatment, decreasing the sites available for charge recombination [53-55]. In our 

devices, the post-annealing process was made under ambient atmosphere, at 140 °C for15 min for 

samples applying the MEH-PPV polymer and the P3HT and the five different back metal electrodes [56]. 

The obtained IV curves before and after annealing are shown in Figure 3.13 and the detailed photovoltaic 

parameters are described in Table 3.2. 
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Figure 3.13 IV curves of the Polymer/Oxide HSCs applying different polymers, MEH-PPV and P3HT, and 

different back metal electrodes: Ag, Au, Cu, Co, Ni.  
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From the IV curves of Figure 3.13, we can observe different response depending on the materials 

employed to fabricate the device. Inflection points (or S-shape curves) were observed for HSCs made 

with the MEH-PPV polymer and the metal electrodes Cu (Figure 3.13E), Ni (Figure 3.13G) and Co (Figure 

3.13I).  

This behaviour has been previously attributed to internal interfacial barriers of the cell that prevent 

effective conduction of charges [57, 58]. There are many reports on the appearing of “S” shape at the IV-

curves of organic solar cells; however the origin of this behaviour is still a matter of discussion. Glatthaar 

et al., used impedance spectroscopy to investigate organic solar cells and proposed that poor extraction 

exchange of carriers leads to “S” shape [58]. Further studies investigated the relationship between the 

“S” shape and space charge limited currents, exciton blocking layer thickness, transport layer doping, or 

charge mobility [59-61]. Steim et al. showed the presence of a S-shape curve on inverted OSCs with TiOx 

interlayer between the cathode and the active polymer. Initial I-V characteristics demonstrated an “S” 

shape disappearing upon light soaking under UV-light radiation in air [62]. Ecker et al., demonstrate a 

strong “S” shape which disappears upon light soaking under TiOx ETL assembled devices (under inert 

atmosphere). They attributed this effect to the reduction of the resistance of the TiOx interlayer due to  

irradiation with UV light [63].  

In general, the devices applying the MEH PPV polymer showed a decrease on the photovoltaic 

performance after the annealing process (carried out in air), while better response is observed for 

devices applying the P3HT polymer after the post-annealing process. This behaviour is attributed to the 

higher stability of the P3HT polymer to ambient atmospheres (oxygen). In MEH-PPV, the rupture of the 

polymer chains at the annealing temperature results in the degradation of the polymer[64].For P3HT, 

the annealing process has a direct effect on the increase of the crystalline order. Accordingly to 

ZhenanBao et al.[51], there is an irreversible process that occurs during annealing: an improvement of 

the alkyl chains order leads to a more extended conformation of the alkyl chains and larger layer spacing 

after annealing. Annealing above the P3HT melting transition and subsequent cooling, allows for the 

film-substrate system to achieve a lower free-energy state, resulting in an orientation of the P3HT 

lamellae and the π-π stacking direction parallel to the substrate [65]. 

Table 3.2 Values obtained from IV for each configuration before-annealing-after 24 hrs. 

MEH-PPV 1st meas. Annealing at 140 °C After 24 hrs 

PCE (%) V 

(V) 

J 

(mA/cm
2
) 

FF 

(%) 

PCE (%) V 

(V) 

J 

(mA/cm
2
) 

FF 

(%) 

PCE (%) V 

(V) 

J 

 (mA/cm
2
) 

FF 

(%) 

Ag 0.09 0.72 -0.27 44.88 0.10 0.80 -0.24 49.63 0.04 0.78 -0.16 32.72 

Au 0.08 0.78 -0.23 42.19 0.06 0.68 -0.21 43.98 0.17 0.58 -0.57 50.17 

Cu 0.09 1.00 -0.19 47.13 0.09 1.07 -0.20 42.61 0.03 0.90 -0.08 41.84 

Co 0.02 0.60 -0.07 45.90 0.00 0.04 -0.03 26.57 0.00 0.10 -0.10 24.81 

Ni 0,02 0,54 -0,14 32,47 0,00 0,08 -0,08 27,39 0,00 0,06 -0,06 30,39 
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P3HT 1st meas. Annealing at 140 °C After 24 hrs 

PCE 

(%) 

V  

(V) 

J  

(mA/cm
2
) 

FF 

(%) 

PCE 

(%) 

V  

(V) 

J 

(mA/cm
2
) 

FF 

(%) 

PCE 

(%) 

V 

(V) 

J 

(mA/cm
2
) 

FF 

(%) 

Ag 0.03 0.36 -0.24 34.39 0.05 0.42 -0.27 40.06 0.05 0.43 -0.29 41.47 

Au 0.09 0.68 -0.28 50.30 0.10 0.56 -0.34 51.25 0.17 0.58 -0.57 50.17 

Cu 0.01 0.20 -0.17 27.05 0.01 0.18 -0.17 25.93 0.06 0.58 -0.30 35.36 

Co 0.00 0.06 -0.15 29.06 0.01 0.12 -0.21 26.85 0.00 0.10 -0.10 24.81 

Ni 0.03 0.37 -0.29 29.56 0.03 0.34 -0.30 33.85 0.06 0.40 -0.42 36.28 

 

 

An Ohmic response on the HSC is observed when the semiconductor oxide is highly conductive (see for 

example the IV curve of Figure 3.13F after annealing). High conductivity in ETL oxides like TiO2 can be 

obtained after doping or after the oxide is reduced (oxygen deficient). A highly conductive oxide will 

narrow the depletion region at the polymer/oxide interface and allow electrons to flow easily in both 

directions at any given potential by tunnelling through the barrier layer. 

 

 

3.1.2.3. Interlayer mixing: Ti-S interface interaction and Ag migration 

Hybrid Solar cells comprise of TMOs like TiO2 or ZnO, in direct contact with an organic conjugated 

polymer. Interaction of incident photons with the polymer generates electron-hole pairs, which 

dissociate due to a difference in the energy levels of the two components [66]. By this reason, a critical 

issue of hybrid systems concerns the interaction of its organic and inorganic components, critically 

affecting the resulting optoelectronic properties. The strength, by consequence, depends mostly on the 

interface chemistry and the atomic scale morphology. The adhesion of organic-inorganic compounds in 

the interlayer between these two materials, can be a result of a combination of different interactions, all 

of them with different strong, like covalent, electrostatic and dispersive. At the end, the contribution of 

each interaction, will affect the final properties of the device [67, 68]. When considering a 

polymer/oxide hybrid, the covalent bonds are not expected to be the mayor contribution to adhesion 

since; in general, the polymer does not form covalent bonds with the inorganic material; however, 

electrostatic interactions occur between the ions of the surface and the partially charged atoms in the 

polymers due to the iconicity of the metal oxide [69]. 

 

A bi-layer polymer/oxide HSC was used in this section in order to study in detail the ohmic response 

described in the section above. Figure 3.14 shows the IV curves and the IPCE spectras measured to a 

single HSC device after different stages of preparation/treatments: 1) As prepared right after thermal 
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evaporation of the Ag metal electrode, 2) after 24 h in ambient atmosphere, 3) after annealing in air at 

120 
o
C and 4) after 1 week in ambient atmosphere conditions.  

The ohmic response observed for the HSC right after the thermal evaporation of the metal electrode 

(graph 1) was already studied and reported by our group [70, 71] .It is related to the release of oxygen 

from the TiO2 structure during the deposition of the Ag metal electrode under high vacuum conditions 

[72-75] As a result, a highly conductive TiO2-x (oxygen deficient TiO2) is obtained whose photovoltaic 

response, as active material in the polymer/oxide HSC, is low in its reduced and conductive form. If the 

HSC is exposed to ambient atmosphere (air), oxygen is restored in the oxide structure recovering its 

semiconductor properties with time. This provokes the recovery of the photovoltaic properties of the 

device, as observed in Figure 3.14B graph 2, in agreement with our previous reported results[70, 71]. 

However, an un-expected response was observed after annealing the sample at 120 
o
C/10 min (graph 

3). In general, thermal post-annealing in a polymer-based solar cell is made in order to improve its 

photovoltaic response. The process responds to a mechanism of re-crystallization, and the 

accommodation of the chains to a smooth polymer matrix, allowing a better movement of the electrons 

[56]. In our polymer/oxide HSC, however, the device loses its photovoltaic activity showing an ohmic 

response (graph 3). Comparison with the corresponding IPCE spectra gives a clue on the causes behind 

the response. Figure 3.14A show the corresponding IPCEs spectra of the different samples, the first 

measurement made after Ag evaporation in high vacuum, shows the peak of TiO2 at 319 nm, and the 

peak corresponding to the polymer at around 550 nm (graph 1). After 1 day under ambient atmosphere 

(graph 2) the TiO2 peak shifts towards larger wavelengths from 318 nm to 329 nm, an indication of the 

re-oxidation of the TiO2-x [76]. After thermal annealing (graph 3), the IPCE spectrum shows an intense 

peak for the TiO2 and a very low adsorption in the polymer region around 550 nm. After several days in 

air the polymer adsorption is recovered as observed by the intensity increase (graph 4). Although two IV 

curves show an ohmic (Figure 3.14 B, graphs 1 and 3), their corresponding IPCE spectra (Figure 3.14A, 

graph 1 and 3) are completely different. The oxide/polymer peak ratio is large for the sample after 

thermal annealing (graph 3) and almost 1 for the sample after thermal evaporation (graph 1). An 

indication that there are two different processes leading to the ohmic response observed on the IV 

curves. Since the post-annealing is carried out under ambient atmosphere conditions where oxygen is 

always present during annealing, oxygen release from the TiO2 cannot be the cause of the deterioration 

of the device (as described before for the graph 1). Moreover, since the photovoltaic response is 

restored (graph 4) after several days in air the response can be related to a process that can short the 

device but that at the same time, can be eliminated under oxygen exposure. 
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Figure 3.14 IPCE (A), and IV-curve (B) of hybrid solar cell (FTO/TiO2-P3HT/Ag) monitored for 7 days after 

the vacuum metal evaporation (with pre-vacuum at 10
-7

 bar of 48 hrs).  

The cause of the response observed for the ohmic behaviour of graph 3, can be probably related to the 

metal migration of Ag provoked by thermal annealing, and enhanced by the well-known attraction of S-

atom (from the polymer) to Ag. If metallic Ag migrates through the polymer and reaches the TiO2 layer, 

a short circuit can occur. The restoration of the device response will then take place if the Ag is oxidized 

to AgOx under ambient atmosphere, which is a well-known p-type semiconductor oxide. The different 

steps observed on the polymer/oxide HSC can be detailed as follows:  

 

1) Oxygen extraction from the TiO2 during thermal annealing 

2) Oxide re-oxidation in ambient air 

3) Silver migration through the polymer, reaching he TiO2 causing short circuit 

4) Oxidation of Ag to AgOx, acting as a p-type conductor 

 

In order to demonstrate that these processes are taking place in our HSC, we carried out a series of 

studies, from XPS, UPS, Tof-SIMS analyses, etc., as will be described as follows: 

 

Ag Metal migration. The migration of silver is driven by its propensity to undergo an oxidation reaction 

in the presence of moisture and an electric field [77]. When standing electrical uni-polar potential and 

atmospheric moisture are present, the silver may migrate [78]. A more recent phenomenon of concern 

in regards to silver and electronics is the mechanism of sulfidation; the corrosion of elemental metal in 

the presence of sulphur compounds. The migration of silver over the structure of the solar cell can 

promote a short circuit, but also can reduced again interacting with the species around, causing an Ag 

doping over the active area, like one possible choice. To determine this possibility, a bilayer 
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polymer/oxide HSCs were assembled and tested by IV-Curve, IPCE, and ToF-SIMS and grazing angle XPS, 

the different layers of the cell. 

The ToF-SIMS analyses carried out to a HSC before and after annealing are shown in Figure 3.15. In the 

Figure 3.15A (not annealed sample), is possible to identify each layer, and the low interfacial mixing 

observed by the signal of each element. The Ag/P3HT interface is well delimited, and Ag species are not 

found within the polymer matrix. In Figure 3.15B (annealed sample), we can appreciate the silver 

species within the polymer layer and reaching (in very low amount) the TMO surface; the final effect can 

be seen as well at the zoom images correspondent (Figures 3.15C and 3.15D) This cell received an 

annealing process for over 15 min at air conditions; the migration of the silver over the cell, increase 

with an increment on the temperature, and responds to a well known effect.  
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Figure 3.15 ToF-SIMS study showing the silver migration behaviour depending of the annealing process: 

sample not annealed (A), annealed at 120 C in air for 10 min (B), Zoom sample not annealed (C), zoom 

sample annealed (D). 

 

Metal migration into organic semiconductors, especially polythiophene, is a well-known process [79-81]. 

In the case of Ag, it can migrate when standing at electrical unipolar potential, and atmospheric 
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moisture are present. Silver migration may be defined as a process by which the metallic silver, when in 

contact with an insulating materials under electrical potential, is removed ionically from its initial 

location and re-deposited as metal at some other location. Metal migration is an electrochemical 

process that requires chemical interaction between the surroundings and the metal (generating metal 

ions), a polar transport electrolyte in aqueous conditions through which ionic migration occurs under an 

electric field [82]. When a potential is applied across the electrodes, a chemical reaction takes place at 

the positively biased electrode (anode) where positive metal ions are formed (Ag à Ag
+
 + e

-
). These ions 

migrate, through ionic conduction, towards the negatively charged electrode (cathode), where over 

time; they accumulate to form metallic dendrites (Ag
+
 + e

-
     Ag). As the dendrite growth increases, a 

reduction of electrical spacing occurs. Eventually, the silver growth reaches the anode and creates a 

metallic bridge between the electrodes, resulting in an electrical short circuit [83, 84]. 

According with these last lines, and regarding the effect that promote the annealing in the cells (ohmic 

behaviour Fig 3.14B), it is possible that the annealing process accelerates the migration of Ag, promoting 

the formation of the dendrites, and subsequently the bridge between the electrodes. These effect can 

be present only when the polymer is in an amorphous phase, allowing the migration of the silver from 

the back metal electrode, until reaching the titanium oxide. Thereafter, under ambient air the solar cell 

recover the physical and mechanical properties when the Ag oxidizes to AgOx, and the metallic bridge 

made by the metallic Ag is lost. As a result, AgOx nanoparticles are disseminated in all the HSC structure.  

 

The TiO2/P3HT interaction and the formation of AgOx.  

XPS depth-profiling was applied to the different HSC layer in order to study the interlayer mixing in the 

device. Four samples were prepared and measured after different treatments and described in Table 

3.3. The schematic representation of the layers is shown in Figure 3.16.  

Table 3.3. Samples used for depth-profiling XPS. 

Sample Structure 

A – Reference FTO/TiO2 submitted to high vacuum 

B FTO/TiO2 after removal of the P3HT/Ag layers 

C - Reference FTO/TiO2/P3HT submitted to high vacuum 

D FTO/TiO2/P3HT after removal of the Ag layer 
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Figure 3.16 Schematic representation of the four samples studied in this section: (A) FTO/TiO2 submitted 

to high vacuum, (B) FTO/TiO2 after removal of the P3HT/Ag layers, (C) FTO/TiO2/P3HT submitted to high 

vacuum, and (D) FTO/TiO2/P3HT after removal of the Ag electrode. 
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Figure 3.17 Sample A. TiO2 Signals (A), Oxygen Signals (B). 

The XPS results of the reference sample A (Figure 3.17A) show peak signals at 461.7eV corresponding to 

the Ti2O3 (Ti 2p
½
)

 
related to a high oxidation state at the surface of the titanium specie; while we travel 

to the depth, we can see the formation and growing of the peak at 456 nm (Ti 2p
3/2

) corresponding to a 

TiO species [85, 86]. At the Figure 3.17B we can see only one peak at 533.5 nm, corresponding to O (O1s 

OH) or (O1s H2O), water can be absorbed by TiO2 to form Ti-OH [87]. 
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Figure 3.18 Sample B:Ti signal (A), S signal (B), O signal (C), Ag signal (D).  

 

For the sample B (Figure 3.18A) a sample to which the polymer and the silver were retired, we can see 

2peaks at 458.3eV (2p
3/2

) and at 464 eV (2p
1/2

) corresponding to Ti-O interactions, in agreement with the 

literature [87]. This doublet corresponds to Ti(IV) [86]. An important point is that at the surface we see a 

narrow peak (assigned to Ti IV) which wideness when in-depth analyses are made. This is related to all 

others oxidation states of TiO2 (II, III) that converge and get overlapped. In the Figure 3.18B a peak at 

163.5 eV could be related to an unbound sulphur compound [88], or to a Ti-O-S binding energy (2p
1/2

) 

[89]. Between 500-550 eV (Figure 3.18C) we notice 2 peaks at the surface, one at 529.5 eV, that 

corresponds to TiO2 (O1s)[86], and a small shoulder at 531.5eV, that match with some silver oxidized 

entity like Ag2SO4 (1s), AgO(O)CC6H5 (1s) or AgO(O)CCH3 (1s) [89, 90]. These peaks are in agreement with 

the signals observed for Ag, and shown in Figure 3.18D. Two peaks are observed at the surface, one at 

367.5 eV, corresponding to the binding energy of the AgO (3d
5/2

), and a second one at 373.7 eV, 

corresponding to Ag2O (3d
3/2

) [89]. The Ag peaks were only observed at the surface, indicating that the 

silver oxide is only on the surface of the TiO2. 
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Figure 3.19 Sample C: Ti Signal (A); O Signal (B); S Signal (C); S Signal back view (D). 

 

Figure 3.19 shows the XPS results for the sample C, FTO/TiO2/P3HT submitted to high vacuum 

conditions. At the surface (Figure 3.19A) it is possible to notice the absence of signals corresponding to 

the TiO2, this is due to the presence of the polymer layer. At the 3
rd

 strip off, start to appear the signals, 

and just until the 5
th

 strip off, we can appreciate a well defined signal at 458.7 eV, that corresponds to  

Ti-O-S (2p
3/2

) binding energy, and a peak at 464.7 eV, that corresponds to a Ti-O-S (2p
1/2

) binding energy 

[89, 91, 92]. 

The O signals, Figure 3.19B, reveal an initial small shoulder at 533.2 eV corresponding to organic 

oxidized specie. In depth analyses reveals a peak at 530.5 eV, that corresponds to O1s (Ti2O3) [86]. The 

most interesting  of this sample, its observed in the Figure 3.19C, were we can see a peak at 164 eV, that 
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corresponds to a organic-sulphur binding energy, specifically, for the unbound thiol species [93]. 

However, after the 2
nd

 strip off, we can see a change in the shape, that is better appreciated on the 

Figure 3.19D (back view). This peak shifts to the right (towards larger wavelengths) as the analyses 

advances in depth, this shifts is observed between 161-163 eV, associated to the presence of 

amorphous titanium oxysulfide, where S atoms bond to Ti, with a peak around 160-163 eV [94]. 

Hebenstreit et al. also reported that S2p peak appeared at 162 eV when S atoms replaced O atoms on 

the TiO2 (110) surface [95]. These previous studies indicate the formation of Ti-S bonds in TiO2.
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Figure 3.20 Samples D: Ti Signal (A); O Signal(B); S Signal (C); Ag Signal (D). 

XPS analyses for sample D, a sample where the silver electrode was removed, are shown in Figure 

3.20A. A small doublet at 458.9 eV (2p
3/2

) and at  464.5 eV (2p
1/2

) is observed at the surface, 

corresponding to a Ti-O-S binding energy [89]. The small intensity of the peak is in good correspondence 

with the presence of the polymer. Going to deeper analyses, the 3
rd

 strip off, a doublet appears at 458.3 

(2p
3/2

) and at 463.8 eV (2p
1/2

), corresponding to the Ti(IV). In the bulk of the sample we can find the 

contributions from Ti (III) and Ti (IV) [86]. Figure 3.20B shows the I signal, with a peak at 532.4 eV, that 
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can be related to an oxidized organic specie, and possibly, this specie has interaction with silver in the 

form of (Ag/(-CH2CH2OC(O)C6H4C(O)O-) (1s). In the bulk, the signal at 530.5 eV, corresponds to the TiO2 

(1s) binding energy. In Figure 3.20C, we can see a peak at 164 eV with a small shoulder between 164-

166 eV characteristic of P3HTpolymer [96]. As the analyses continue, we observed a shift of the peak  

towards 160-163 eV, according to the Ti-S binding energy (S2p). Finally Figure 3.20D, related to the 

silver signal, we can see 2 peaks, one at 368.3 eV, that can correspond with two possible species, the 

Ag2O, or an oxidize organic-silver interaction (AgO(O)(C6H5), (both on 3d
5/2

), and a second one at 374, 

related to an Ag2O specie (3d
3/2

)[89]. These results demonstrate the interaction of Ah with the organic 

semiconductor and the presence of Ag in its oxidized form. 

Table 3.4 Summary of the Binding Energy Signals at the XPS depth-profiling study 

Sample Structure Ti2p3/2 

(eV) 

Ti2p1/2 

(eV) 

S2p 3/2 

(eV) 

S2p ½ 

 (eV) 

Ag3d 

5/2 (eV) 

Ag3d 

3/2 (eV) 

Interaction 

A FTO/TiO2 submitted 

at high vacuum 
457.8 

 

463.7     Ti-O 

Ti-OH 

B FTO/TiO2 after 

removal off P3HT and 

Ag 

458.2 464  163.5   Ti-O 

Ti-O-S 

C FTO/TiO2/P3HT 
submitted at high 

vacuum 

458.2  164 162.2,163.5   Ti-O-S 

Ti-S 

D FTO/TiO2/P3HT 
After removal off Ag 

458.2  164 162,161.5 368.3 374 Ti-O 

AgO 

 

 

3.1.2.4. Proposed mechanism: From bi-layer TiO2:P3HT to inverted bulk heterojunctionTiO2/P3HT:AgOx 

solar cell 

Our results demonstrate the a series of process taking place in the polymer/oxide HSC due to the 

different treatments and annealing steps followed through its fabrication. We can summarize these 

steps as follows: 

 The TiO2 surface presents an oxidized surface (Ti2O3) resulting from the sintering at atmospheric 

conditions. 

 According to the grazing angle-XPS results, we have found two ways of interactions between the 

TiO2 and the P3HT; the interaction across the Oxygen compounds like a bridge between Ti and S 

(Ti-O-S) , and the Ti-S interaction, present in lower intensity. 

 The Ag is founded on oxidize phase, and could it be present as an organic silver oxide 

compound, and preferentially as a AgO or Ag2O3. The silver oxide species are founded dispersed 

on all over the polymer layer, inclusive at the TiO2 surface. 

 There´s no chemical interaction between the TiO2 and the Ag species. 
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In Figure 3.21, we propose a mechanism that shows step by step, the way that follow the composition 

of the cell in all the structure, according with the different processes; beginning with the top electrode 

evaporation, where we found the silver particles closely to the matrix, and after the annealing adding 

the environmental conditions like moisture, light and irradiance, the formation of the dendrites, giving 

place to the contact of the Ag to the TiO2 surface, ending with the breaking of the dendrites, and the 

spreading of the silver, following the oxidation forming the silver oxide in all over the structure, inclusive 

until the TiO2 surface. 

 

Figure 3.21 Steps diagram of the changes that experiment the cell with the annealing process at air 

conditions.  

 

In the hybrid structure FTO/TiO2-P3HT/Ag, we have observed special behaviours at the IPCE and IV 

Curve studies; after a depth analysis including spectroscopic techniques, we have related cause-effects, 

over the different mechanisms that occur inside of the solar cell, that affect the performance of the 

device. 

The effect of the ohmic behaviour after the annealing process could be a result of the migration of silver 

species over the cell structure, giving way to the dendrites formation arriving to the TiO2 surface. Also, 

the interaction between the silver with the P3HT, it’s very weak, implying a weaker chemical interaction 

at the molecular level [97]. This effect is temporal and could be related to the re-crystallization of the 

polymer that allows the migration of the silver across the active area. When the device is left in the 

open air atmosphere, the metallic silver oxidizes to silver oxide and the metal-bridge formed by the 

dendritic Ag is destroyed. The formation of AgOx improves the photovoltaic performance of the device 

since this oxide can act as hole-transport layer in the HSC. The exchange of O atoms per S atoms, only 

takes place at the surface of TiO2, but can affect the resistance of the circuit, regarding to the formal 

bond than it forms between the P3HT and the TiO2.This chemical interaction enhances the movement of 
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the current, but decreases the voltage by the decreasing of the vertical resistance. After the analysis, we 

can consider 3 different interactions between the TiO2, and the P3HT; metal sulphide and metal oxide 

clusters, with frontier zones constituted by metal-oxygen-sulphur environment. There could be a 

relation between the amount of the interaction of each cluster, and the performance of the cell. Finally, 

the migration of silver over the structure, can enhance the conductivity, because offer direct pathways 

for electric conduction, and also, the low voltage could it be as a result of this enhancing of conductivity. 

We have described a general view of the interaction that takes place on the surface between the 

TiO2/P3HT interfaces. We have found that these interactions affect the performance of the devices, and, 

also that the chromophores presents on the organic structure of the polymers has a direct impact on the 

voltage and the current of the solar cell. We also have presented a probable way of degradation of the 

devices, by the migration of the metal electrode over the structure of the solar cell. While the HSC let us 

define what affects them, and the results obtained let us improve the performance, the true is that 

these devices present a low energy conversion values.  

Our results indicate that all these processes led to the transformation of a bi-layer FTO/TiO2:P3HT/Ag 

HSC into an inverted bulk heterojunction organic solar cell of the type FTO/TiO2/P3HT:AgOx/Ag solar cell, 

where the TiO2 acts as an electron extraction layer and the P3HT:AgOx is the active layer.  

 

3.1.3. Study of bulk heterojunction organic solar cells: FTO/TiO2/P3HT:PCBM/PEDOT:PSS/Ag 

I this section we present the application of the TiO2 thin film in a n inverted bulk heterojunction organic 

solar cells applying the P3HT:PCBM as the active layer. A layer of Poly (3,4-ethylenedioxythiophene) or 

PEDOT (Figure 3.22) is applied as the HTL.  

 

Figure3.22 Molecular structure of (3, 4-ethylenedioxithiophene): poly(styrene sulfonate): (PEDOT:PSS) 

used as the hole transport layer (HTL) in the inverted OPV fabricated in this work. 

 

3.1.3.1 Fabrication and Optimization 

Figure 3.23 shows a schematic representation and the energy level diagram of the inverted OPV 

fabricated and analysed in this work applying the TiO2 ETL. The alignment of the HOMO level of the 

P3HT with the work function of the PEDOT:PSS allows the free movement of hole through the PEDOT: 
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PSS. This minimizes the barrier effect and allows a contact with the active layer with large ohmic 

character.  

 

Figure 3.23 Scheme of the inverted structure of an organic solar cell inserting PEDOT-PSS as HCL 

(glass/TCO/TiO2/P3HT: PCBM/PEDOT: PSS/Ag) (left);Energy Level diagram of inverted solar cell 

(FTO/TiO2/P3HT: PCBM/PEDOT: PSS/Ag)(right) 

 

Although the PEDOT:PSS layer presents an hydrophilic character, and the active polymer an hydrophobic 

character, its processability is possible thanks to the aid of surfactants [98], interlayer coatings [99], or 

the mixing with alcohols. Nevertheless, recent publications demonstrate that low adhesion energy exist 

between the active layer materials and the PEDOT:PSS [100]. Figure 3.24 and Table 3.5 show the 

photovoltaic response of an inverted OPV with and without the PEDOT:PSS layer. It is clearly observed 

the improvement of the device response when the PEDOT:PSS layer is used. 
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Figure 3.24 Comparison between organic solar cell assembled with (circles) and without (squares) 

PEDOT: PSS (IV curves left, IPCE right).  
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According to the results shown in Table3.5, the improvement of the efficiency of the solar cell, with the 

incorporation of a HTL is almost 2 times higher. Being the main effect the growing of fill factor from 30% 

to almost 50%. A clear effect that the PEDOT:PSS is doing on the performance is to make selective the 

movements of hole over the metal anode, stopping the movement of electrons trough this sense. The 

energy level diagram, could it be arranged as well (Figure 3.23). 

 

Table 3.5 Operation Values of an inverted OSC with and without PEDOT: PSS as HTL 

Structure V 

(V) 

J 

(mA/cm
2
) 

FF 

(%) 

PCE 

(%) 

QEmax 

(%) 

FTO/TiO2/P3HT:PCBM/Ag 0.54 8.96 30.7 1.45 ~45 

FTO/TiO2/P3HT:PCBM/PEDOT:PSS/Ag 0.57 10.25 48.3 2.80 ~60 

 

 

To explore the degradation mechanism that exist at the normal usable life of an OSC, a series of distinct 

techniques like ToF-SIMS, Fluorescence, IPCE under different atmospheres, and accelerated full sun 

simulation were used over 7 different OPV devices (NREL,IMEC,HOLST,ISE,RISO,IAPP)in a collaboration 

with a total of 14 laboratories around the world. 

The results were summarized in 4 publications [101-104] as follows: 

 Dissolution of metal electrode at the interface of PEDOT:PSS/Metal possible catalyzed by water 

or acid from PEDOT:PSS 

 Partly dissolution of PEDOT:PSS in the active layer (P3HT:PCBM) for decreasing cell performance 

 Affection of the solar cell performance due to high sensitive to the moisture induced by the 

presence of PEDOT:PSS 

 Reversible water uptake of PEDOT:PSS that affects its conductivity properties 

 Oxidizing of cathode electrode (regular structure) 

 Has been related to the formation of pinholes and the catastrophic failure of current density 

observed in inverted OPVs analyzed in air, leading to the reduction of device lifetime 

 The formation of a chemical bond between the Ag and the PEDOT: PSS (inverted structure) is 

possible due to the attraction of the S-atom towards Ag. This chemical interaction could indicate 

the degradation at the electrode. 

 Devices that use PEDOT:PSS as hole extracting layer presented the worst cases of degradation 

For all of this conclusions, is important to find an alternative material that can play the hole conductor 

layer, without collaborate on the degradation speed of the whole electronic device. Our attempt to find 
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an alternative layer is founded on the next chapter, related to the TMOs as a hole conductor layer.  We 

also have studied an alternative material as ETL, the zinc oxide. This material present a very easy way to 

synthesize nanoparticles at low temperature, the experimental procedure is founded at the 

experimental section, and the results are showed below. 

 

3.2. Solution processing ZnO 

ZnO is the most used TMO like ETL, by the multiple advantages that present the production of 

nanoparticles solutions. The low cost of the precursors, the easier synthesis, the low temperature 

synthesis, the easier way to manipulate and stabilize in different organic solvents, and the well control 

of particle size; all of this facts convert this material in the best option to use for scalable processes. 

Furthermore, ZnO has successfully been applied as a low work function cathode in inverted solar cell 

structures [105-109], tandem solar cell devices [110], and even as acceptor material in polymer:ZnO bulk 

heterojunctions [111-113]. In the nanoparticles approach, ZnO nanoparticles (ZnO np’s) of 

approximately 5 nm in diameter were synthesized by hydrolysis and condensation of zinc acetate 

dehydrate by KOH in methanol, using the method of Pacholski, et al.[114]. 

In this section, we have synthesized, characterized and optimized inverted OSCs using ZnO nanoparticles 

as ETL, obtained by the Pacholski method. The work is focused on the alternative to re-suspend the 

nano-particles in solvent of different polarity, also the application of stabilizing, to develop stable inks 

for several days. 

3.2.1. Synthesis and characterization of the ZnO ink 

At low thicknesses, this material is transparent in the visible light spectrum, absorbing at the UV region. 

The most common synthesis performed by Harnack et al.[115], via hydroxylation of zinc acetate 

dehydrate (ZnAc
.
2H2O) by potassium hydroxide (KOH).The mechanism and the synthesis process is 

showed in Figures 3.25 and 3.26. 

 

Figure 3.25 ZnO synthesis by zinc acetate dehydrate precursor. 
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Figure 3.26 Process diagram of ZnO nanoparticles solution obtaining. 

Once a time that the ZnOnano-particles are settled, the methanol have to be separated, leaving the 

precipitate “almost” dry. At this point we can choose the solvent were we want to re-disperse our 

material. 

For our particular case, the choosing of solvent is an important issue, because the dielectric constant of 

the solvent, the concentration of the nanoparticles and the volume, will result in different coloration at 

the solution. We have re-dispersed our nanoparticles, on two different solvents, with different 

properties, like are the chlorobenzene (CLB), and the iso-propanol (IPA). Both solvents posse’s different 

polarities that make them suitable to work on different surfaces. Once a time the solutions were done, is 

appropriate to leave them under stirring for a period of 1 or 2 hrs depending of the concentration, 

before stabilize. We’ve notice, that waiting this time, results in less stabilizing volume needed.   

The solution will have a milky appearance after this period of stirring; at this moment we can start to 

stabilize. The most frequent materials to stabilize are the glycols, like the poly-ethylenglycol at different 

molecular weights, depending of the molecule to stabilize. Also we can find commercial surfactants. 

After testing with different materials, we have chosen MEEAA (2-[2-(2-Methoxyethoxy)ethoxy] acetic 

acid), and MEAA(2-(2-Methoxyethoxy)acetic acid) by their good performance(Figure 3.27). 

 

Figure 3.27 Molecule of stabilizing used: MEEAA and MEAA 

Both materials works as well, for both cases (CLB and IPA), the difference lies in the amount applied; 

normally using MEEAA will require higher quantities than MEAA always depending on the solvent, the 
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volume, and the concentration of ZnO nanoparticles. When we work with an inverted structure, the 

ZnO-chlorobenzene onto our TCO substrate will be the best option, and stabilizing with MEEAA if we will 

work at low temperatures (for flexible applications) this because the burning temperature of the MEEAA 

is 140
o
 C, That will be the temperature of the drying at the oven. At contrary, when we work with 

regular structure (Chapter 4) The ZnO solution (IPA) works better stabilizing with MEAA. The 

concentration re-suspended in CLB was typically in the range of 40-45 mg/ml. For the IPA solution, the 

concentration was in the range of 20-25 mg/ml. In chlorobenzene, the solution turns milky, and over 

continuous stirring, the solution turns colourless. At this point can it be used directly to coating. If we 

want to stabilize, the better performances were funded with MEAA at 2% w/w or with MEEAA at 4% 

w/w. For the case of IPA solution, the continuous stirring turns less milky, but not getting to the 

transparency like the CLB solution. The stabilizing acts with MEAA at 2% w/w, tuning transparent and 

long usable life (several weeks) The characterization of both solutions includes XRD, UV-vis 

absorption/transmittance, XPS-UPS, band gap, conductivity and particle size (SEM). According to the 

XRD image (Figure 3.28) we have founded peaks at 32
o
, 36.5

 o
, 48

o
 and 63.2

 o 
corresponding to the (100), 

(101),(102) and (103) crystal lattices of ZnO structure [116, 117]. 

10 20 30 40 50 60 70 80

In
te

n
s
it
y
 (

a
.u

.)

2

 

 
[1

0
2
]

[1
0
1
]

[1
0
3
]

[1
0
0
]

 

Figure 3.28 XRD patterns of ZnO nanoparticles 

The DC conductivity was measured by 4 points probe, showing an average value of 2,9 x10
-6

 S/cm. 
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Figure 3.29 XPS of ZnO-CLB and ZnO-IPA coatings 
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According to the XPS analysis, we can see at the Figure 3.29A, the peaks related to the ZnO (2p 3/2) at 

1021.5 eV [118] for CLB and 1021.2 eV [119] for IPA dissolution. The peaks at 1044.5eV in CLB and 

1044.2 eV in IPA corresponds to ZnO (2p1/2) [120]. At the Figure 3.29B, the peak at 530.2 eV for CLB  

corresponds to ZnO (1s) [118]; similarly for the peak at 529.9 eV [119] for the IPA sample. The wave that 

we can see at 530.5 eV for both samples (CLB and IPA) could it be attributed for ZnO (1s) according to 

Onyiriuka E. et al. [121], but also certainly could it be attributed to the chemical state of O 1s in the ZnO 

films. The O 1s state always contains three binding energy components, which are low binding energy 

peak (LP), middle energy peak (MP) and high binding energy peak (HP) centred nearly at 530.15 ± 0.15 

eV, 531.25 ± 0.2 eV, and 532.40 eV [122]. The component of the low binding energy side of the O 1s 

spectrum is attributed to O
2- 

ions of the wurtzite structure of hexagonal Zn
2+

 ion array, surrounded by Zn 

atoms with their full complement of nearest-neighbour O
2-

 ions [123]. The intensity associated to this 

component is a measure of the amount of oxygen atoms in a fully oxidized stoichiometric surrounding. 

For the two of our samples, both peaks are showed at the same intensity range. The medium peak 

energy, is associated with O
2- 

ions in the oxygen deficient regions within the matrix of ZnO [124]; by 

consequence, changes in the intensity of this component could it be associated to the variations in the 

concentration of oxygen vacancies . As this asseveration is correct, we can see higher oxygen vacancies 

(associated to the surface) at the ZnO-IPA sample. 

At the Figure 3.29C, we can see at the range of 290-300 eV, and at ZnO-IPA sample with high intensity, a 

short waves probably corresponding to our stabilizing, and solvent remnants. At this figure, we can 

notice higher purity at ZnO-CLB sample, as a result of the annealing process. 
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Figure 3.30 UPS analysis results: A) Cut off of the secondary electrons (WF), B) intersection between the 

trajectory of the lowest excitation energy and the x axe (VB).  

Figure 3.30 shows the UPS data collected of thin films of ZnO nanoparticles dispersed on chlorobenzene 

and isopropanol. The right panel (Figure 3.30A) displays the cut-off of the secondary electrons with the x 

axe zone, representing the work function of the materials. Is evident the difference existing where’s the 

cut-off appears, finding a higher value for the ZnO on CLB dispersion (3.9 eV). The literature cite the 

work function value of ZnO at 4.3eV [125, 126], finding it conduction band close to the 4.1 eV. The ZnO 
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film coated by the iso-propanol dispersion, shows a lower WF (3.5 eV), but also shows a small shoulder 

beside the cut-off of the secondary electrons, probably as a product of the organic materials 

(surfactants) that remain at the film; the work function is very sensitive to contaminants, as in this case 

the organics, and could it change the main value as a consequence. The cut-off at the trajectory of the 

lowest excited electrons and the X axe (Figure 3.30B) is founded at the same position for both samples 

(3.3 eV) that refers to the gap between the Ef and the valence band. 
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Figure 3.31 Transmittance of ZnO thin film samples.  

The optical transmittance spectra of the ZnO-CLB and ZnO-IPA samples are shown in Figure 3.31. The 

results revealed high transparency, with a transmittance around 90% in the visible light range. We can 

see a reduction of ~10% at the transmittance of ZnO-IPA sample from 600-750 nm. The optical 

absorption coefficient of a direct band gap semiconductor is given by: 

=1/t ln(100/T) 

Where  is the absorption coefficient, t the thickness, and T the transmittance. 

The band gap is determined from a standard plot of ( hν)
2
vs hν where hν is the energy in eV (Figure 

3.32). The band gap of both samples is founded in the same range, around 3.3 eV, in agreement with 

some other works [44, 120, 127]. 
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Figure 3.32 Direct Band gaps of ZnO samples. 

The band gaps (Figure 3.32) were founded around 3.3 eV for both samples, in well agreement with the 

literature [128-131]. The energy level diagrams of both samples are showed at Figure 3.33. 

 

Figure 3.33 Energy level diagram of ZnO-CLB and ZnO-IPA 

From the alignment of the levels, compared with the LUMO level of the PCBM, we notice a quite well 

alignment of the Ef of the ZnO-IPA sample, with the lowest unoccupied molecular orbital of the PCBM, 

contrary with the ZnO-CLB sample, that the difference of levels, results in band bending needing to 

allow the movement of electrons.  
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Figure 3.34 SEM images of ZnO-CBO (left) sample and ZnO, IPA sample (right) 

The SEM image (Figure 3.34) show us the size distribution for each film, coated onto FTO substrate 

(Table 3.6).We can see that the particle size is shorter for ZnO-CLB sample, also there’s more density of 

material that covering the FTO surface totally. As we remember, the density of each solutions, vary 

depending of the solvent to use, while the ZnO-CLB solution can get to 40 mg/ml, the ZnO-IPA solution, 

is close to the 25 mg/ml. The ZnO-IPA sample, shows a higher distribution size in agreement to other 

works [44]. The limit, to increase the concentration of ZnO nano-particles on IPA solvent, is the 

stabilizing quantity.In the way to achieve a low temperature, polar solution processing ZnO ink (IPA), we 

have to sacrifice the concentration of nanoparticles, to can coat this ink onto organic films (Chapter 4); 

nevertheless, the performance is comparable for both inks. 

 

Table 3.6 Average size of nanoparticles films 

Sample Average size (nm) 

ZnO-CLB 4.5 

ZnO-IPA 7.5 

 

 

 

 

 

 

 

 

 

 

The procesability at low temperatures is achieved; the temperature necessary to dry rounds the 100 
o
C. 

The purity is related to the stabilizing quantity needed, reflected in the XPS measurement (Figure 

3.29C). The stabilizing gives us a long usable life inks, rounds 2 months of good performance and stable 

solution. About the comparable performance, is on the following section. 

 

3.2.2 Fabrication and Optimization of solar cells  

Were fabricated inverted hybrid solar cells, with the following configuration: Glass/FTO/ZnO/P3HT: 

PCBM/PEDOT: PSS/Ag. The ZnO-CLB, and ZnO-IPA were both analysed and the performance compared 

(Figure 3.35). 



Transition Metal Oxides as Electron Conduction Layer 

 

84 

 

-0.2 0.0 0.2 0.4 0.6 0.8

-12

-10

-8

-6

-4

-2

0

2
J
 (

m
A

/c
m

2
)

Voltage (V)

 ZnO:CBO

 ZnO:IPA

 

 

 

300 400 500 600 700

0

10

20

30

40

50

60

70

80

Q
E

 (
%

)

Wavelenght (nm)

 CLB

 IPA

 

 

Figure 3.35 IV-curve (top) and IPCE (bottom) of comparative test of ZnO-CLB and ZnO-IPA inks at an 

inverted organic solar cell (FTO/ZnO/P3HT PCBM/PEDOT PSS/Ag) the IV-curves show us very similar 

performance of both inks. The difference appears at the current density, and more pronounced at the 

fill factor. 

 

The difference in current density, could it be attributed to the surface contact area at the ZnO/polymer 

interface. As the SEM images shows, the ZnO-CLB particles are well dispersed and homogeneously 

distributed over the FTO substrate, so the contact area is related to all over the surface. At the ZnO-IPA 

SEM image, like the surface is not well covered, we can have leakage or pinholes at those zones that the 

ZnO is not present. This effect can also be related to the difference in fill factor, being higher to the ZnO-

CLB sample. Like the particle size distribution is lower, the packing of the particles is more compact , 

more dense, so, the ZnO coat can avoid the movement of holes through the FTO electrode more 

efficiently, than in the ZnO-IPA sample, were the particles  presents higher dimension, so the packing 

not results as well. The average particle size depends of the interactions between the particles and the 

solvent. Is possible to improve the concentration of ZnO-nanoparticles in the ZnO-IPA solution, but that 

will bring also the needed of more stabilizing, and in the way to pursuit our objective, that reside in a 

clearness solution, to avoid extra treatments once a time that the material is coated, that is against our 

purposes. The IPA has a low interaction with the polymers at the active area, so the ink could it be used 

also in regular structure, giving us the possibility to use this ZnO ink on top of the active area, opening 

the choice to use it in regular structure too. Is clear that the best option for the fabrication of inverted 

structures is the ZnO-CLB solution, but in the way to find a good ETL that could it be coated on top of the 

active area, we have tested the ZnO-IPA ink, resulting in a well performance. The performing of this coat 

will be presented in the Chapter 4.   
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Table 3.7 Performance of ZnO inks dispersed on Chlorobenzene and Iso-propanol solvents. 

Material Voc (V) J (mA/cm
2
) FF (%) PCE (%) 

FTO/ZnO-CLB/P3HT PCBM/PEDOT PSS/Ag 0.54  ±  0,01 9.78 ± 0,82 46.94 ± 2,01 2.46 ± 0,24 

FTO/ZnO-IPA/P3HT PCBM/PEDOT PSS/Ag 0.53 ± 0,02 9.3 ± 0,57 42.65 ± 1,5 2.21 ± 0,16 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.2.3 Flexible solar cells 

In the way to assessment our knowledge, and pursuing the general objective of scaling this technology 

to a low cost industrial process, we have assembled flexible organic solar cells (Figure 3.36), directed for 

roll to roll applications [132]. 
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Figure 3.36 Performance comparisons between hybrid organic solar cells assembled onto glass (black 

squares) and PET (red circles) substrates. 

 

Table 3.8 Performance comparisons between hybrid organic solar cells assembled onto glass and PET 

substrates.  

Material Voc (V) J (mA/cm
2
) FF (%) PCE (%) 

Glass/ITO/ZnO/P3HT PCBM/PEDOT PSS/Ag 0.543 ± 0.013 10.07 ± 0.37 45.06 ± 1.16 2.64 ± 0.12 

PET/ITO/ZnO/P3HT PCBM/PEDOT PSS/Ag 0.548 ± 0.013 9.85 ± 0.88 46.50 ± 2.50 2.51 ± 0.17 

 

 

 

 

 

 

 

 

 

Our average performance of a flexible device is in the range of a rigid substrate. The performance of all 

the inks fabricated in our laboratory, behaves in a normal way compared with the performances 

founded at other laboratories. All the inks have been fabricated at air conditions, also the coating of the 

different inks. Just the silver evaporate electrode has been under inert atm.  

The flexible substrate, not represent a high challenge once a time the rigid substrate has been 

developed. The main difference when we translate form the rigid to the flexible substrate lies on the 

manipulation. The silver coat, once a time deposited, tends to cracking, and the measurement with 
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crocodiles tweezes results in damaging the coating materials. Also these details, the migration to flexible 

substrates is given with softness. 

 

3.3. Conclusions 

In this chapter we synthesized and applied electron transport materials of TiO2 and ZnO and applied in 

polymer/oxide hybrid solar cells and in inverted bulk heterojunction organic solar cells. Our findings can 

be summarized as follows: 

3.3.1 TiO2 as HTL 

 TiO2 thin film behaves as a very stable material, that could it reproduce it properties working at 

normal air conditions. 

 The final Voc is sensible to the electronic properties of the TiO2 as electron transport layer 

 The key properties of a HSC are really affected by the interaction between the TMO and the 

polymer donor. 

 The functional groups of the polymer donor could enhance the interaction and improve the 

exchange of carriers. 

 In a bilayer HSC, the TiO2-P3HT interface is dominated by electrostatic interactions 

 The XPS results, show the presence of TiO2-P3HT covalent bonding (Ti-S) 

 The Tof-SIMS results show the migration of the silver electrode trough the active area resulted 

from the annealing treatment. 

 From the XPS, the results show the presence of AgOx at the bulk of the cell, resulted from the 

migration of the silver electrode, followed by the oxidation of the metal. 

 The AgO dispersed on the active area, enhance the efficiency of the device 

 The presence of PEDOT:PSS enhance the efficiency of the device in OSC 

 

3.3.1 ZnO as HTL 

 ZnO nanoparticles solution shows itself  like a good option of ETL for OSCs, either glass or 

flexible substrate 

 The synthesis of ZnO by the Pacholski method, exhibit good electronic properties 

 The ZnO nanoparticles size depends either the synthesis timing, and  the solvent to produce the 

solution (suspension) 

 To enhance the usable life of the ZnO np’s solution is preferable the use of stabilizing 

 The ZnO tends to agglomerate in absence of stabilizing 

 ZnO solution in CLB or IPA shows equal properties 
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Chapter 4 

4. Transition Metal Oxides as the hole-transport layer in Organic Solar Cells: 

V2O5 and NiO 

4.1 Low-temperature, Solution-Processed, V2O5 

Over the last years, the use of TMOs with a large work function (WF) like NiO [1], MoO3 [2, 3], WO3 [4] 

or V2O5 [5], among others, have materialized as a viable option for their application as hole-transport 

layer for organic solar cells. Recently, many research groups have succeeded on the development of 

solution processing (sol-gel) TMO precursors. The resulting thin films of different transition metal 

oxides have shown properties comparable to those grown by vacuum-processed resulting on devices 

with comparable or enhanced power conversion efficiencies. Such is the case of NiO [6], MoO3 [7, 8], 

CuO [9] and V2O5 [10, 11] to cite some of them.  

V2O5 has been reported to be a good candidate to work as the hole transport layer in OSCs. Up to day, 

the most used synthesis methods employ multistep techniques for the preparation of this HTL, like the 

suspension of V2O5 nanoparticulates obtained from the hydrolysis of Vanadium (III) acetylacetate [12] 

or the fabrication of bronze V2O5 HTL from a suspension of the metal oxide obtained after the reaction 

between the metal powder and H2O2 [13]. One of the most widespread fabrication methods is the 

application of sol-gels made from Vanadium (V) oxitriisopropoxide (ViPr) [11, 14-17], a compound 

known for its toxicity and high cost. In this work we present the synthesis, optimization and application 

of water-based solution processable V2O5 as the HTL in OSC. This is, to our knowledge, the first report 

of the application of a pristine V2O5 HTL made of a water-based processable solution at low 

temperatures, without the need of any high temperature post-deposition treatments or multistep 

reactions. This water-based V2O5 gel is highly compatible with the fabrication of OSC by large-area, 

low-cost, fast processing and high-throughput printing fabrication [11, 16]. The V2O5 solution also 

permits the preparation of ZnO/V2O5 recombination layers required for tandem OSCs. The latter 

eliminates the need to neutralize the acid pH of the PEDOT:PSS layer, which is consider to degrade ZnO 

in a ZnO/PEDOT:PSS recombination interlayer currently being applied in tandem OSCs [18]. As we will 

demonstrate in this work, the application of low-temperature water-based V2O5 solution can be tuned 

in order to fabricate OSCs in an inverted or normal configuration, on glass (glass/ITO) or flexible 

(PET/ITO) substrates. But most important, we have been able to fabricate stable OSC applying Ag as 

the back metal electrode for both types of solar cell configuration, normal and inverted, with similar 

power conversion efficiencies and lifetimes (about 1000 h outdoor). The latter indicates that the OSCs 

applying the water-based V2O5 can be made completely by solution processing methods since the need 

of the Al electrode is no longer required [19], and the Ag metal electrode can be deposited by solution 

processing printing techniques as already reported [20]. Finally, the careful optimization of the V2O5 

sol-gel solution permits to eliminate the initial dynamic light activation in air, or the post-treatment of 

the metal oxide thin film in air or ozone before application in OSC [12]. 
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In resume, we have developed a water base and low temperature processing V2O5 ink, for use like a 

HTL on inverted & Normal organic solar cells, obtaining cell conversion efficiencies higher than 3% 

(inverted) using P3HT:PCBM as active material, and good stability properties [21], with the remarkable 

characteristic  of using Ag as back electrode in both geometries. 

4.1.1. Synthesis of the V2O5 

The sol-gel synthetic route has been done at room temperature, following the next order: the Na3VO4 

salt dissolved in water at 80 
o
C, can be easily ionizated forming reversible states, then an acidification 

is performed using the strong acid cation exchange resin as is follows:  

 

Where R is the resin. 

The resultant aqueous yellow solution is formed by vanadic acid, that starts to polymerize to form 

oligomers of vanadic acid, more precisely, decavanadic acid [H2V10O28]
4-

 and dioxovanadium cations, 

that are precursor of the vanadium oxide. Condensation then occurs spontaneously at acidic pH (~2) 

[22]. As the pH increases, the ionization of the water ligand takes place, resulting in the formation of 

hydroxide complexes that, after olation and oxolation processes, forms ribbon-type polymeric 

nanoparticles. Further aging of the solution results in a dark-red viscous gel (Figure 4.1). The aging 

takes place at room temperature, at darkness for at least 30 days. In this time the viscosity of the 

solution increase and the color turns dark red, forming the viscous gel. 

 

Figure 4.1 Scheme of the V2O5.H2O stacking 

A dark-red vanadium pentoxide V2O5.nH2O hydrate gel contains different amount of water molecules 

(n). The final properties of the V2O5 thin film depend in great extent on the amount of water 

molecules, or the final hydrolysis H2O:V ratio of the material. If a large amount of water is present in 

the alkoxide solution, all alkoxy groups are fully hydrolyzed and viscous V2O5.nH2O is formed [23-25]. 

These types of gels are considered amorphous inorganic polymers which local structure is similar to 

the crystalline oxide [23].   
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4.1.2 Characterization of the V2O5 

 

We have carried out an extended chemical, optical and electronic characterization of the V2O5 thin 

films with the aim of controlling and optimizing its properties for its application as ink in photovoltaic 

devices. The techniques used for this purpose are microscopy techniques like SEM, TEM and AFM, 

Spectroscopic techniques like UV-VIS, XPS and UPS, electrical measurements with IV-curves and IPCE 

analyses, as well as XRD, TGA, contact angle or Hall effect measurements. 

 

4.1.2.1. X-Ray Diffraction of the V2O5 

 

The X-Ray diffraction analyses of thin film samples depend on the sample preparation. Well defined 

peaks are observed in powder samples with high cristallinity, while smooth peaks are characterized of 

thin films made by sol-gel methods. 
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Figure 4.2 XRD pattern of V2O5.nH2O film deposited by spin coating on glass substrates. 

 

The XRD (Figure 4.2) shows the preferential orientation of the microcrystalline thin film at the C-axis, 

or perpendicular to the film plane. These peaks can be indexed as the V2O5.H2O monoclinic phase in 

well agreement with pattern (JCPDS 21-1432). The intensity of the (001) peak is assumed to be 

proportional to the fraction of quasi-ordered crystalline material in the sample, and normally, this peak 

increases as the annealing temperature is increased. The interlayer spacing d in the V2O5.nH2O 

structure was calculated from the (001) diffraction peak at 2θ = 8.24
o
, resulting in a 10.76 A

o
. This 

value corresponds to one monolayer of water molecules intercalated within the V2O5 slabs.  
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4.1.2.2. Surface morphology of the V2O5: AFM and SEM 

Analyses by AFM and SEM were carried out (Figure 4.3) to the surface of a V2O5 thin film coated on top 

of the FTO substrate. The roughness obtained is around 10 nm and it is affected by the roughness of 

the FTO substrate itself. The V2O5 layer thickness is about 35 nm (measured by profilometry). The  SEM 

top shows a smooth and planar surface with large islands that follows the FTO substrate morphology. 

 

Figure 4.3 AFM (left & center) and SEM top view (right) on V2O5.0.5H2O layer coated on FTO substrate

 

4.1.2.3. TGA of the V2O5 

There are 3 types of water present a V2O5.nH2O xerogel: 1) free water, reversibly adsorbed between 

the V2O5 layers; 2) more strongly bonded water localized into the layers cross-linking the V2O5 fiber-

structure through hydrogen bonds; and 3) a very small amount of water chemically bonded to 

vanadium [26]. The number of water molecules (n) is variable and can usually be find among 1.6 to 0.1 

in the temperature range between 120 and 320 
o
C [27]. Nevertheless, up to 2.2 molecules of water per 

V2O5 can be found at room temperature depending on humidity conditions. When dried under ambient 

conditions, the xerogels contains around 1.6-1.8 H2O per V2O5 molecules. Water can be removed upon 

heating, lowering the amount to n= 0.5 at temperatures around ~120 
o
C.  This type of water 

interaction is usually weak, similar to electrostatic interactions or to hydrogen-bonded water, and can 

be reabsorbed under ambient atmosphere conditions. A second kind of interaction can be observed at 

annealing temperatures between 210-270 
o
C, where n is reduced to 0.1 and amorphous V2O5 is 

obtained. The crystallization into orthorhombic V2O5 occurs at around 350 
o
C, when all the chemically 

bonded water is removed. These processes are summarized in the following scheme: 
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For the application of the V2O5 as HTL in OSC, the gel is deposited by spin coated on a desired 

substrate, this is, on top of an organic semiconductor layer (for the inverted structure OSC) or on the 

TCO substrate (for the Normal OSC structure). The variable water molecules in the V2O5 hydrate 

solution are partially eliminated when the V2O5.nH2O thin film is formed. The V2O5 film used in this 

work is treated at 120
o
C for several minutes after coating, thus the amount of water molecules present 

in the final film is about 0.5. This value can be related to the d interlayer spacing obtained by X-ray 

diffraction, being 11.3-11.5 A
o
 that corresponds to one monolayer of water molecules intercalated 

within the V2O5 slabs [28]. 
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Figure 4.4 A) TGA and B) DSC analyses of the V2O5.0.5H2O thin film. 

 

The TGA (Figure 4.4) of the V2O5.0.5H2O thin film shows the mass loss Vs temperature increase. The 

derivative of the TGA analysis (Figure 4.4A) permits to clearly identify the temperature at which weight 

loss takes place. The first loss is observed at around 120 
o
C corresponding to the weakly adsorbed 

water molecules. Nevertheless, the amount of water released is very small (2.5% of the total released, 

that represent 0.16 H2O molecules) since the thin film was analyzed right after annealing at 120 
o
C, 

leading 0.5 H2O mol/V2O5 mol. The second water loss is observed between 200 
o
C and 280 

o
C, 

corresponding to the elimination of the 2
nd

 type of water molecules representing 0.25 molecules of 

H2O, leading 0.25 H2O mol/V2O5 mol rate. The last weight loss is observed at 350 
o
C , where the 0.25 

molecules of remaining water was eliminated, which results in the final formation of the crystalline 

V2O5.   
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4.1.3. Application in Organic Solar Cells: the inverted configuration 

 

4.1.3.1. Effect of the concentration of the V2O5 and thin film thickness 

 

To optimize the V2O5 gel or ink for this application on OSCs, we have analyzed the oxide at different 

concentrations, between 2 mg/ml to 9 mg/ml (Figure 4.5). The optimization of the concentration of 

the V2O5 in the gel was carried out in order to know the best photovoltaic response and layer thickness 

of the film. Figure 4.5 shows the variation observed on the photovoltaic parameters when the 

concentration of the oxide increases. An improvement on the FF, Jsc and PCE values was clearly 

observed when increasing oxide concentration. 

Figure 4.5 Performance vs Concentration V2O5.0.5H2O as HTL Structue: FTO/TiO2/P3HT 

PCBM/V2O5.0.5H2O/Ag. 

Increasing the concentration of the vanadium oxide ink, results in thicker HTL layer, ranging from 60 

nm up to 125 nm as shown in Figures 4.6-4.8. The thickness of the HTL layer was followed by SEM, 

Figure 4.6 & 4.7, and by TEM (Figure 4.8). The power conversion efficiency, as well as FF, increase as 

the concentration of the V2O5 was raised up to 9 mg/ml. At this concentration the PCE stabilized at 

around 3% with the highest FF observed at 50%. As the FF increased the Jsc was observed to stabilize. 



Transition Metal  Oxides as Hole Transport Layer 

 

100 

 

 

 

At 9 mg/ml the thickness of the film was about 125 nm and the application of higher concentrations 

was not possible due to the limited solubility of the V2O5 in water. Thus, the concentration of 9 mg/ml 

was chosen as the optimal to prepare inverted OSCs.  

     

 

Figure 4.6 SEM images of 3 different OSC at different concentrations of V2O5 ink: A) 2 mg/ml, B) 6 

mg/ml, C) 9 mg/ml. V2O5. 
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Figure 4.7 Variation of the V2O5.0.5H2O thin film layer thickness with V2O5 concentration in solution. 

 

Figure 4.8 TEM image of the transversal view of an inverted OSC showing the thickness of the different 

layers. 
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Figure 4.9 shows the best photovoltaic response obtained for an inverted OSC applying the V2O5 thin 

film layer as the HTM. The best PCE, 3.46% was obtained with a Voc of 0.57 V, Jsc 10.64 mA/cm2 and 

FF 57%. For this sample the IPCE value observed was more than 60% (Figure 4.9). These results were 

all obtained applying the maximum concentration of V2O5 (9 mg/ml).  
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Figure 4.9 IV curve and IPCE obtained from an inverted OSC with the structure: 

glass/FTO/TiO2/P3HT:PCBM/V2O5.0.5H2O/Ag.  Voc 0.57 V, Jsc 10.64 mA/cm2, FF 57%, PCE 3.46%.  

 

4.1.3.2. Effect of the organic additives on photovoltaic performance 

The coating of the V2O5 gel on top of an organic layer (inverted structure), has to be assisted; this 

because the transition metal oxide solution is water base, resulting on a very high polarity, or a 

hydrophilic material. The polymer surface, with a hydrophobic character, avoids the adhesion of the 

TMO; the use of surfactants, or organic solvents to change the surface tension of the V2O5 gel allow 

the coating of the material, giving way to the stacking of the coats. We have test with both options, 

using Triton X-100 as commercial surfactant and 2-propanol (Iso-propanol, IPA) as organic solvent. The 

results are showed at the Figure 4.10 
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Figure 4.10 Contact Angle measured to different %Vol of V2O5: IPA dilutions (black squares), and V2O5: 

Triton X-100 (red circles) 

As we can see, when we improve the concentration of IPA and Triton X-100, the contact angle 

decreases, as the small images at the figure show it too. We have found the best coating behaviors, at 

contact angles lower than 60
o
, allowing smooth V2O5 films, and avoiding the shrinkage of the film at 

the annealing process at 120
o
C per 10 min. 

The V2O5: IPA solution has the advantage that the IPA does not interact with the polymer material, 

regarding the relatively high dielectric constant of the organic solvent. Due to the IPA has a boiling 

point of 82.5 
o
C, after the annealing process at 120

o
C is completely dried, leaving a pure V2O5.0.5H2O 

coat behind this process. On the other hand, using the Triton X-100 surfactant, we have a nice and 

easily coating, and even that the quantity of the surfactant is very low (0.1% vol/vol), the surfactant 

stills present after the annealing process. The degradation of the Triton surfactant display a low 

biodegradability, the photo-degradation by UV-light of organic compounds into CO2 and water is very 

low, and is more probably that with the temperature annealing, we are promoting the migration of the 

material to the surface, that could result in contamination at the interface between the TMO and the 

metal electrode. However, V2O5 is susceptible to photo-activation with wavelengths less than 443 

nm[29], and has been used as photo catalyst for the photo oxidation of cyclohexane in the liquid 

phase[30], so is possible that the V2O5 material is also collaborating for the degradation of the 

surfactant, when is exposed to the sun irradiation light. 

The final deposition of Ag like anode electrode, give us an inverted structure as is showed at the Figure 

4.11  
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Figure 4.11 Inverted Structure of OSC: glass/TCO/ETL/P3HT:PCBM/V2O5.0.5H2O/Ag 

The ink V2O5:IPA improves their viscosity and the processing properties with a continuous stirring, 

being the best performance a fresh solution with 6-12 hrs of stirring at room temperature. Is 

important to say that solutions older than this time, show an S-shape behavior at the IV-curves 

measuring, that is more pronounced depending of the aging (Figure 4.12A). The S-Shape could 

disappear with the constant irradiation, and sometimes is reversible. As it can see in Figure 4.12B, the 

effect can´t be followed by IPCE technique, where the normalized graph, just show an improvement in 

the intensity peaks corresponding to the P3HT: PCBM interaction, and not show any lateral movement 

of the peaks, that could it be a signal of different chemical interactions. The application of a fresh V2O5: 

IPA solution resulted in OSCs that not require a photo annealing, or any treatment in oxygen –

containing atmospheres, in order to reach maximum power output. Old solution (more than 12 hrs) 

shows an easy perceptible color change, from red to orange, and consecutively to the dark-green, on 

solutions older than 3 days; the color change rate also depends of the weather conditions, being 

slowly at lower temperatures. (Figure 4.13) 
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 Figure 4.12 A)S-Shape of old solutions (24 hrs).After continuous irradiation, the S effect disappears, 

leading a final curve (1 min between measurements: total 10 min continuous irradiation); 

B)Corresponding IPCE of the 1
st

 and last IV curve after activation. 
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Figure 4.13 Appearance of a fresh V2O5: IPA solution (left) and aged solution (48 hrs) (right) 

This kind of response has been observed in other OSCs applying different TMOs like ZnO, where photo 

annealing is required in order to eliminate the undesirable shunt and inflection points (S-Shape IV 

curve) and to achieve maximum power conversion efficiency [31, 32] .  

In the literature, there are many research works that studies the S-Shape in solar cells, however 

there´s not exist a single one origin that could it be attributed; Eisgruber et al. presented an early study 

on the appearance of S-Shape I-V characteristics in inorganic thin film solar cells [33]. Glatthaar et al. 

used impedance spectroscopy to investigate organic solar cells and proposed that poor extraction of 

charge carriers leads to S-Shaped I-V curves [34]. Further studies investigated the relationship between 

the S-Shape and space charge limited currents, exciton blocking layer thickness, transport layer 

doping, or charge carrier mobility [35-38]. Steim et al. demonstrated the presence of S-Shaped I-V 

characteristics in inverted organic solar cells with a TiOx interlayer between the cathode and the active 

blend [39]. Initial I-V characteristics demonstrated an S-Shape which disappeared upon light soaking 

under UV radiation [40]. Ecker et al. have introduced a TiOx layer between the cathode and the active 

layer and have characterized by impedance spectroscopy; they attribute the appearing and 

disappearing of the S-Shape by UV-light soaking to the reduction of the intern resistance of the TiOx 

interlayer by the light irradiation [41]. 

In our case, it can be seen that the S-Shape could it come by different sources, also from the TiO2 layer, 

that in normal conditions, a normal reduction of the oxidized state of the TiO2 to a TiO2-x could result in 

higher resistance like Ecker et al. have appointed. We know by our own experience, that after a high 

vacuum process, required for the vapor deposition of the Ag metal electrode, an ohmic behavior of an 

S-Shape could appear at measuring the IV curves, that we have attributed to the reduction of the TiO2 

to TiO2-x, and this effect could it be minimized almost at all by the light soaking, or working with a 

thicker layer of TiO2 (>70 nm).Also, maintaining the devices at air conditions (2-3 hrs) after the high 

vacuum process before the light exposure, the effect of the TiO2 reduction is reduced almost all over.    

Therefore, we attribute the S-Shape appearing as a consequence of the reduction of the V2O5 from V
5+

 

to V
4+

.Is known that the hydrated vanadium oxide could it be reduced in the presence of alcohols [42]. 

Perhaps, it can be perceptible a change of color to the green tone. This is a signal of the reduction of 

the V
V
 to V

IV
, and the oxidation of the alcohol to get to the carboxylic acid. Layered Vanadium (V) 

Oxides in their hydrated state have a tendency to accommodate foreign molecules in their interlayer 

region [23-25, 43]. Among many possible organic molecules that can be intercalated are alcohols [44]. 

Their intercalation takes place through the intercalation of the polar site of the V2O5 and the –OH 

group of the alcohol. This interaction is partially reversible and implies the exchange of the inherent 
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H2O molecules of the V2O5.0.5H2O hydrate by alcohol molecules, with the consequence reduction of 

the V2O5 (V
5+

) to V2O5 (V
4+

). The reduction of the V2O5 in the presence of organic molecules is a 

relatively fast process; a change in the color from the red to the green is representative of the 

reaction. 

 

4.1.3.3. Optical properties of the V2O5 by XPS, UPS and UV-vis 

The partial reduction from V
5+/

V
4+

, and the lower water content as a result of the exchange of H2O per 

–OH groups, will affect directly the conductivity of the material, and the movement of electronic 

entities across the film will be more difficult. 
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Figure 4.14 A) UV-vis study (Abs/Trans), B) Direct band gap calculated from α2
E

2
 vs E 

The UV-vis analysis shows a difference between the fresh and aged solutions, at the absorption and 

transmittance scans (Figure 4.14A); while the solution turns older, the absorption peaks is wider, and 

this is reflected in a lower transmittance. To calculate the direct band gap, we have plotted α2
E

2
 vs. E

2
, 

and according to the Braggs Law, the direct band gap will be represented as the cutoff of the curve 

with the C-axis (Figure 4.14B). The difference of 0.1 eV in the band gap, reflects the structural changes 

that has place in the solution when is aged. The improvement of the band gap, results in lower 

conductivity, but also could reflect the changes at the energy levels of the material. XPS and UPS 

studies were carried out in order to understand the changes observed (coloration, optical properties, 

band gap) when the thin film is prepared from a fresh an aged V2O5 solution. 
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Figure 4.15 XPS Study of A) Fresh V2O5 solution and B) Aged V2O5 solution. 

Table 4.1 Binding Energy Values (eV) of the main XPS peaks in the V2O5.0.5H2O thin film [45-48]. 

 

 Fresh 

(red) 

24 h Aged 

(green) 

Assignment 

V 2p3/2 516.20 516.20 V
+4

 

V 2p3/2 517.20 517.20 V
+5

 

V 2p1/2 524.75 524.70 V
+5

 

O 1s 529.95 529.90 O2
-
 

O 1s 533.20 - H2O 

 

 

Figure 4.15 shows the XPS spectra of the V2O5·0.5H2O thin films fabricated from the fresh (Figure 

4.15A) and 24h aged (Figure 4.15B) V2O5: IPA solutions. The binding energy (BE) values of the main 

peaks and their assignment are detailed in Table 4.1. XPS results are very similar for both samples, 

with the main peaks of V 2p3/2 and V 2p1/2 almost identical. The characteristic peaks of V2O5 can be 

observed at 517 eV and 524 eV corresponding to V
+5

, and the O 1s from the O2
-
 ions are observed from 

the BE at 529.9 eV. Fitting of the V
+5

 peak at 517 eV, reveals a shoulder at about 516 eV attributed to 

the presence of V
+4

 which is commonly observed in the hydrated form of the V2O5 [49], as well as in 

reduced films [50]. The peak of V
+4

 at 516 eV is not present in crystalline V2O5 thin films thermally 

evaporated or annealed at high temperatures, where the total amount of water is eliminated [49]. 

Nevertheless, the intercalation of alcohols within the V2O5 interlayer produces the reduction of the 

V2O5 from V
+5

 to V
+4

 [13, 49, 51], thus the film made from the aged solution in iso-propanol shows also 

the presence of the shoulder at 516 eV from the V
+4

. Similar peak was observed by Ziberberg et al. 

[11], on the XPS analyses of a V2O5 thin film (10 nm) obtained from vanadium (V)-oxitriisopropoxide 

(ViPr). In this work, the authors attribute the presence of the V
+4

 peak to air exposure but not to the 

possible organic residues from the ViPr reactant (also observed by them as residual carbon by XPS).  

The peak at 533 eV is attributed to the presence of H2O molecules that are part of the molecular 

composition of the as-prepared V2O5·0.5H2O films. This peak is not observed (or is very weak) in the 
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thin film made from the aged (green) solution in iso-propanol, an indication that H2O molecules have 

been replaced by the alcohol molecules in the film [52]. Thus, we can infer from these results that both 

thin films are partially reduced. 
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Figure 4.16 UPS Analysis of the Work Function for V2O5: IPA solutions; fresh (black squares) and aged 

(red circles) 

The full He I scan of the ultraviolet photoelectron spectroscopy (UPS) analyses of the films is shown in 

Figure 4.16. The graph shows the region where the secondary electrons cutoff around 11 eV (at 5V 

bias applied).The work function (WF) values obtained were -5.15 eV and -5.5 eV from fresh and aged 

films respectively. These values are in good agreement with WF values observed for samples exposed 

to air [11]. 
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Figure 4.17 UPS analysis: cutoff of the secondary’s band with the X axis from the A) fresh solution and 

B) aged solution  

From the Figure 4.17 that is a zoom of the region where the high kinetic energy cutoff, that is the 

Fermi level for metal conductors, and the gap between the Fermi energy level and the valence band 

for semi-conductors rounds 2.5 eV for both samples. From this data, we can build the complete energy 
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levels for our material, being the results for both solutions (fresh and aged) like are showed in Figure 

4.18. 

 

Figure 4.18 Energy levels of V2O5.0.5H2O at fresh solution (left), and aged solution (right) 

  

The band diagrams show an n-type material for the V2O5.0.5H2O thin film. However, serious 

controversy about V2O5 conductivity has been the subject of intense research since some research 

works reports on its n-type nature, but is also known as a p-type material supported by different 

density functional theory calculations[53]. To compare, we have characterize our sample by Hall Effect 

measurements. The film has to be thicker to can be measured (~1 μm). It is to be noted that fresh films 

yielded very high resistances, also that the resistance showed inconsistence. After at least 48 hrs, we 

could obtain some results, also that a period of stabilization on the inert atmosphere of the sample (12 

hrs). After this time, the resistance gets stable.  

 

4.1.3.4. Hole conductivity 

V2O5 gels exhibit electronic properties arising from electronic hopping between oxidation states of 

vanadium oxide (V
4+

 and V
5+

), as well as ionic conductivity properties arising from proton diffusion in 

aqueous phase [27]. Briefly, ionic conductivities increase as more water molecules are intercalated 

between V2O5 sheets. Room temperature conductivities range from 10
-6

 to 10
0 Ω-1

cm
-1

. We have 

measured the DC conductivity of our film (after annealing at 120
o
C ) by 4 points probe, obtaining an 

average value of 6.21x10
-4

 S/cm. Experimental values, depend on many parameters, like amount of 

reduction state (V
5+/

V
4+

), the amount of water present in the material (n) the atmospheric humidity, 

the age of the film, etc. [28].  The reversible character of the water content that happens at annealing 

temperatures lower than 120
o
C, and given that the V2O5 coats were done at air conditions 

atmosphere, our water content could have a continuous change during the assembling process. The 
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electrode deposition (Ag), made by PVD, could help to stabilize this exchange of water with the 

environmental, until that the cell is sealed; were we will decrease this water exchange rate to a 

minimal levels. 

The results shows always a  positive Hall Voltage (VH) (Figure 4.19) comparing the values obtained at 

the same magnetic field value, but contrary polarity, but this difference exist at the 10
-5

 magnitude 

order, means that the carrier density flow in both directions almost with the same intensity of carriers 

(Figure 4.20) 
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Figure 4.19 VH at different magnetic intensities and polarities field 
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Figure 4.20 Response of conductivity of V2O5.0.5H2O at different magnetic fields intensities and 

polarities. 

 As is showed in Figure 4.20, the conductivity response almost a t the same intensity without caring 

the polarity of the magnetic field, being just a bit higher for positive magnetic fields, but hardly 

announced as a p-type material, because the carrier densities, flow in both directions almost with the 

same intensity. 
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From the UPS studies, we have found an n-type material by the presence of the Fermi energy level 

close to the conduction band (0.1 eV), and from the Hall measurements, we can see that the charge 

carriers responds to both magnetic field polarities almost with the same intensity. 

These results support the theory that in the V2O5.0.5H2O coexists electrons conductivity by the 

electron hopping from the mixed valence bands, and an ionic conductivity from the proton diffusion 

across the water molecules. 

The processes taking place in these thin films are directly related to the V2O5 synthesis method. 

Serious controversy about its conductivity arises due to some research works reporting on its n-type 

nature [54] but it is generally known as a p-type material supported by different density functional 

theory calculations [54]. As for many other different TMOs inert atmosphere or air exposure also 

affects its conductivity [54] and the amount of oxygen vacancies have a direct influence on the 

electronic properties [55]. The latter is true for deposited V2O5 layers from vacuum [11]. For V2O5 in its 

hydrated form, a strong interaction between the oxide-water interface and the V2O5 gel occurs, 

behaving as a monophasic system. Its electrical properties depend on may parameters like the amount 

of V
+4

, the hydration state, the atmospheric humidity or the aging of the gel, etc., and is governed by 

electron hoping between the mixed valance of vanadium (V
+4

/V
+5

) [56]. Thus, in V2O5 hydrates, the 

electronic conduction also coexist with ionic conduction (proton diffusion), which depends greatly on 

the synthesis methodology applied for its preparation [57]. For V2O5.nH2O the ionic conductivity 

prevails for n>0.5 and can reach 1x10
-2

 cm
-1

, while electronic conductivity reigns for n<0.5, with 

hopping conductivity described by the small polaron model [57].  Our findings agree with the possible 

explanation that these layered oxide hydrates behave more like a liquid crystals which conductivity are 

the combination of mixed electronic (V
5+

/V
4+

) and ionic conduction.  

 

4.1.3.5. Energy level alignment 

According to the energy levels of fresh and aged solutions of V2O5 (Figure 4.18), the improvement of 

the band gap, locate the conduction band far from the Fermi energy level in the aged film. This 

improvement appears just after 24 hrs. The improvement on this energy gap is translated on less 

electrons hopping form the Fermi energy level to the conduction band. The presence of electrons at 

the conduction band, or that can jump easily from the Fermi energy level is very important, as we can 

see at the energy level diagrams, the conduction band, that is close to the Fermi energy level, will align 

to the HOMO level of the P3HT. The electrons in the conduction band will make possible a kind of 

oxide/reduction. Where the electron of the V2O5 present at the conduction band will reduce the P3HT 

oxidized by the exciton diffusion and delocalization of the charges. Once that the electron at the 

conduction band is shared to the P3HT, reducing it, the V2O5 acquire a quasi-oxidized state where the 

V
4+ 

state are improved. The reduction of the V2O5 gets forms the metal electrode, completing the 

electric system, of course, where there´s no energy lost. Is in this point where the electrons presence 

at the conduction band and the conductivity of the material get value. A high electron density at the 

conduction band supplied by a close Fermi energy level, represent high electron exchange with the 
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polymer donor; and high conductivity, represents the fast reduction of the V
4+

 to V
5+

 species at the 

V2O5.H2O. 

 

 

Figure 4.21 Energy alignment diagram for the inverted OSC with the structure: 

FTO/TiO2/P3HT PCBM/V2O5.0.5H2O/Ag[41-43] 

From the complete energy level diagram (Figure 4.21) we can make a relation between the  Voc of the 

solar cell, and the quality of the V2O5 solution; when the V2O5 as HTL in the structure is aged, the Voc is 

affected (Figure 4.12A), resulting in lower Voc, that with continuous irradiation, improves.  Quantitative 

design rules have been established to determine the Voc of an OSC based on the energies of the HOMO 

of the donor (E
D
 HOMO) and the LUMO of the acceptor (E

A
 LUMO) [58]. The later is valid only if ohmic 

contacts are present with the active layer [59]. In our OSCs is clear that the oxidation stage of the V2O5 

is (at least partially) responsible for the Voc of the OSC as observed experimentally in (Figure 4.12A). 

However, it was impossible to arrive to a clear conclusion with respect to the Voc value of the solar cell 

when applying the V2O5 thin film made from the aged (green) V2O5/IAP solution, since there is a wide 

range of possible reduction stages for the V2O5 that can be detected in IPA at different aging times. The 

experimental values of Voc obtained, directs our attention towards the TMOs layers as a possible actors 

in the changes of the Voc in the device, also the HOMO/LUMO levels of the donor and acceptor 

materials of the active P3HT: PCBM layer.  
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4.1.4. Inverted vs Normal configuration OPV 

 

The OSC applying the V2O5 thin film, were also fabricated in the normal configuration (Figure 4.22). It is 

well stablished that in the normal OSC configuration holes are extracted at the transparent conductin 

oxide (TCO) electrode, whale in the inverted structure, holes are extracted at the metal electrode [60-

62]. In the normal configuration the active layer is usually sandwiched between a ITO/PEDOT:PSS 

electrode and a low work function back electrodes (Ca,Ba, LiF, Al). In the inverted configuration, metal 

oxides like ZnO and TiO2 are used as the cathode where the electrons are injected, and metals, like Ag, 

Pt or Au, are used as the back electrode for the collection of holes [60-62]. 

 

 

Figure 4.22 Scheme strucuture of the Inverted (left) and Normal (right) organic solar cells 

In this work, OSC applying the layered V2O5 hydrate were prepared in normal and inverted OSC 

configurations where a metallic Ag layer was used as the back metal electrode in both 

configurations.The ZnO layer on top of the organic layer were coated by a nanoparticles solution 

suspended on iso-propanol stabilized with MEAA, detalis of the performance of this ink can be 

founded at the previous chapter. The thicknes of the V2O5 layer must be lower as possible, since the 

V2O5 film coated at air condittions, shows a yellow colorness that enhance while the film is thicker. 

According with Hancox I., et al., deposition in ambient condittions of V2Ox(sol) show to be unfavorable 

dut to a reducd band gap for V2Ox(sol). The yellow discolouration exhibited under ambient atmospheres 

does not occur when spin coating and thermally annealing the layers under N2 [63]. Nevertheless, we 

will keep working under ambient condittions, remaining the main purpouse to scale to roll to roll 

processes at air condittions. 

The absorption of the V2O5 Is showed in the Figure 4.23 where we can see that absorbs near the UV-

region, getting to lower energy wavelenghts, at the visible region. The reduced Jsc in Normal structure 

might also originate from increased reflection by V2O5 thin film. 
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Figure 4.23 Comparisson of IPCE results for inverted (blue circles), Normal (black squares), and 

Absorbance for ZnO thin film (green rhombus) and V2O5 thin film (red triangles) 

Also we can notice that the external quantum efficiency (QE) of the cell in Normal geometry decreases 

around 30% in comparisson with the inverted structure. Is well known that depending of the 

geometry, some key properties of the OSCs will varying the performance; for example, is is suggested 

that the inversion of elctron and hole selective contacts with respect to the organic layer produces 

differences in operation due to vertical phase segregation [64, 65] 

 The best performance was achieved with thickness films for V2O5 at ~35 nm measured by profilometry. 

The ZnO layer coated on top of the organic layer shows a thickness of ~50 nm, also by profilometry. 

Figure 4.24 shows schematic representation of the energy band diagram, the configuration of the OSC 

and the corresponding IV curves and IPCE analyses for both, the inverted and the Normal OSC. The 

photovoltaic response obtained fpr both types of OSC is shown in Figure 4.25 and detailed in Table 

4.2.  

According to our results, the cells assembled with the V2O5/ZnO system shows differences related to 

the Voc, the Jsc and the FF, being only the Jsc higher for the inverted structure like we have said before. 

The Voc and the FF shows  higher values for Normal structure, and we associate this to the free alcohol 

solution of V2O5 capable to be coated on top of the TCO (FTO) without need any surfanctant or alcohol 

to improve adhesion. This will result in much more stable V2O5.0.5H2O film were the optoelectronic 

properties will remain intact by the no need to mix it with IPA. 

 Reported OSC applying V2O5 as HTL [17, 66-73], apply of Ag metal electrode for the inverted 

configuration [11, 66, 74, 75], and Al or Ca electrodes for the normal configuration [17, 45, 63, 71]; 

ending on applying TMOs as the HTL and ETL and a Ag metal electrode. 
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Figure 4.24 Energy level Diagram for Inverted and Normal OSCs using V2O5.0.5H2O as HTL
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Figure 4.25 IV Curves and IPCE analysis of inverted (black squares) and Normal (red circles) 

Table 4.2 Photovoltaic parameters of OSCs with normal and inverted configurations using V2O5 as hole-

transport layer. 

Structure  PCE (%)  Voc (V)  Jsc (mA/cm2)  FF(%)  

Glass / FTO / TiO2 / P3HT-PCBM / V2O5 / Ag  3.09+/-0.18  0.563+/- 0.015 10.69 +/-  0.38  50.49 +/- 1.90  

Glass / FTO / ZnO / P3HT-PCBM / V2O5 / Ag  2.58+/-0.22  0.540+/-0.016  9.54+/-1.10  47.20+/-1.90  

Glass/FTO/V2O5/P3HT:PCBM/ZnO/Ag  2.10+/-0.20  0.565+/-0.010  7.65+/-0.30 48.35 +/- 2.30  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To determine the correct back metal electrode in OSCs has been the centre of extensive research, and 

up to now the OSCs under study are those where only one oxide semiconductor is used as the ETL 

(usually TiO2, TiOx or ZnO) and PEDOT:PSS as the HTL [60, 62]. Since the applicationof TMOs as both 

ETL and HTL is relative new, we have not found any other work where a high work function metal 

electrode and a TMO  (Ag/ZnO) were used for the normal configuration OSC.  

Greiner, et al, have recently reported on the effect that metal electrodes have on the work function 

and band structure of MoO3 in metal/metal oxide interfaces. The reduction of the oxide (from Mo
+6

 to 

Mo
+3

) in contact with the metal electrode results in lower work function of the oxide, and the 

maximum value is also dependable of the oxide layer thickness [76].   
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Lidzey, et al., have reported a study of different back electrodes on normal configuration OSC applying 

one TMO: MoO3 as the HTL [77]. In this work, OSC of the type ITO/MoO3/PCDTBT:PC70BM/metal 

electrode were fabricated (notice that no ETL was applied between the active layer and the metal 

electrode) and the termal evaporated metal electrodes were varied among Ag, Al, Ca, Ca/Ag, and 

Ca/Al. Both the MoO3 and the metal electrodes have thicknesses between 10-40 nm for the oxide and 

about 5 nm for the metals, respectively. The final photovoltaic performance of the solar cells was very 

similar in all cases, with slight differences between devices. Authors choose the Ca/Al back electrode 

as the best metal electrode due to the slightly better photovoltaic response. Altought this work applies 

only one TMO as the HTL (MoO3) and no ETL is used, it is the closest research work related to our 

findings and demostrates that the photovoltaic performance of normal configuration OSCs applying 

metal oxides as the HTL and/or ETLs is possible and probably independent on the back metal contact. 

Nevertheless, substantial studies must be carried out in order to clarify the role of the back electrode 

in this type of solar cells. Thus, the application of Ag as the metal electrode make our solar cells 

susceptible to be fabricated by processable printing techniques, since the Ag metal electrode can be 

printed from solution [66, 74]. 

The Ag electrode can also confer high stability to the OSC in the normal configuration since the highly 

reactive Ca or Al electrodes are no longer required. The latter have restricted the fabrication of normal 

configuration OSC by solution processable printing techniques [63, 66, 74], especially due to the 

lacking of a viable route  for prnting a stable Al electrode from solution [74]. Finally, in a solution 

processable fabrication of inverted tandem OSCs (with Ag back metal electrode) another issue arises 

during the preparation of the recombination layer, usually made by a sequence of TiOx or ZnO and the 

polymer PEDOT:PSS [74]. These electron transport layers (ETLs) require the PEDOT:PSS polymer to be 

deposited on top of the ZnO layer, thus a neutral-PEDOT form is needed in order to avoid the 

dissolution or dammage the ZnO nanoparticles layer. To circumvent this problem, the modification of 

the polarity of these layers, this is, the deposition of the ZnO on top of the PEDOT layer is required, 

yet, it implies the fabrication of normal configuration OSCs where no solution processed AL electrode 

is yet available. The application of our layered V2O5 hydrate could eliminate these problems, and could 

permit the fabrication of intermediate layers for tandem solar cells, as well as the use of Ag, as the 

active metal electrode. Extensive stability tests were done to our solar cells, and the result are showed 

and analized at the Chapter 5 of this thesis work. 

 

4.1.5. Flexible Organic Solar Cell : ITO/ZnO/P3HT PCBM/V2O5.0.5H2O/Ag 

In the aim to knows the behavior of the V2O5 film at flexible substrates, OSCs applying the V2O5 hydrate 

were fabricated (Figure 4.27) and compared with the most used HTL, PEDOT:PSS, fabricated on 

glass/FTO or on PET/ITO substrates. The substrate of the inverted OSC with configuration 

Substrate/TCO/Oxide Semiconductor/P3HT PCBM/HTL/Ag was modified from glass/FTO/TiO2 to 

PET/ITO/ZnO in order to fabricate flexible substrates. The HTL was made with the V2O5 layer, and for 

comparisson purposes, also with PEDOT:PSS. Figure 4.26 show the IV curves and the IPCE spectra 

obtained for the 4 devices, two on glass and two on flexible PET substrates.  
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Figure 4.26 IV curves and IPCE analysis of Inverted-OSC varying V2O5.0.5H2O and PEDOT: PSS like HTL 

on glass (glass/FTO) and flexible substrates (PET/ITO) 

 

Figure 4.27 Photo of a flexible OSC with V2O5.0.5H2O as hole-transport layer. 

Table 4.3 Photovoltaic parameters of inverted OSCs fabricated with water based solution processed 

V2O5 HTL on glass and flexible substrates. Values are the average of 6 samples. 

Structure  PCE (%)  Voc (V)  Jsc (mA/cm2)  FF(%)  

Glass / FTO / TiO2 / P3HT-PCBM / PEDOT:PSS / Ag  2.53+/-0.17  0.557+/- 0.015  9.84 +/- 0.43  45.43 +/-  2.74  

Glass / FTO / TiO2 / P3HT-PCBM / V2O5 / Ag  3.09+/-0.18  0.563+/- 0.015 10.69 +/-  0.38  50.49 +/- 1.90  

Glass / FTO / ZnO/ P3HT-PCBM / PEDOT:PSS / Ag  2.64+/-0.12  0.543+/-0.013  10.07+/-0.37  45.06+/-1.16  

Glass / FTO / ZnO / P3HT-PCBM / V2O5 / Ag  2.58+/-0.22  0.540+/-0.016  9.54+/-1.10  47.20+/-1.90  

PET / ITO / ZnO / P3HT-PCBM / PEDOT PSS / Ag  2.51+/-0.17  0.548+/- 0.013  9.85 +/- 0.88  46.50 +/- 2.50  

PET / ITO / ZnO / P3HT-PCBM / V2O5 / Ag  2.61+/-0.10  0.566+/- 0.007  9.73 +/- 0.93  47.40 +/-  4.10  
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4.2 Solution processing NiO  

 

NiO is a promising candidate for a large variety of scientific and technological applications due to its 

excellent properties like transparency, energy band structure, stability in air or the possibility of 

tailoring its properties depending of the deposition and processing process applied for its fabrication s 

thin film. NiO has been matter of extend research, for instance, NiO thin films are being explored as 

electrodes in electrochromic devices [78, 79], antiferromagnetic layers [80, 81], p-type conducting 

films[82] or functional layers for chemical sensors [83-85], among many others. 

In recent years, Nickel oxide (NiO) has been recognized as a strong candidate to act as a hole transport 

material in OLEDs [86-91], as a replacement of the PEDOT-PSS layer. Recently, pulsed-laser deposition 

(PLD), sputtering and other vacuum techniques have been used to deposit NiO layered structures for 

OSCs [92-95]. NiO thin films also have been deposited by sol-gel methods obtaining good 

performances in OSCs [96-99]. 

Nickel Oxide, generally contains cation vacancies and/or interstitial oxygen depending on the synthesis 

methods and annealing conditions. These defects could tailor the p-type character of the oxide, 

modifying its electronic properties. By creating cations or anions defects in the NiO lattice, the 

conductivity can be modified and the resistance can be tuned by the modification of its stoichiometry. 

In this work, the synthesis of NiO thin films was made from a Nickel acetate tetrahydrated precursor 

(Ni(CH3COO)2.4H2O) [100]. The thin films were tested as HTL in OSCs, investigating the chemical, 

optical and electronic properties of the resulting NiO films. The optimized thin films resulted in PCEs 

higher as 3% for Normal OSCs using Ag as back electrode. 

 

4.2.1 Synthesis and characterization of solution processed NiO thin film 

The NiO was synthesized from a Ni(OCOCH3)2.4H2O, (nickel acetate, NiOAc) solution following the 

procedure published by Raut B.T. et al., applying the sol-gel spin coating technique [101]. In a typical 

experiment: 3 g of Nickel acetate was added to 40 ml of methanol and stirred vigorously at 60
o
C for 3 

h, leading to the formation of light green colored solution. The as-prepared solution was cooled at 

room temperature, and was spin-coated on top of the TCO substrate at different conditions. The films 

were then subjected to a pre-annealing and a final sintering step. The pre-annealing was made at 

160
o
C for 3 h (ramp 5 

o
C/min), and a final annealing was made at different temperatures between 350 

o
C and 550

o
C for 1 h (ramp 10

o
C/min). Nevertheless, to produce high-quality NiO thin films, the 

sintering processes were optimized to achieve optimal electronic properties as will be described in the 

following sections. 
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4.2.2 Application in Normal Configuration OPV 

 

We have explored NiO layer as HTL in a normal configuration OSC, using the P3HT: PCBM polymer 

blend as active material, and a ZnO thin film as the ETL. The device applies an Ag layer as the back 

metal electrode. The NiO layer requires medium-high sintering temperatures to obtain good opto-

electronic properties, thus for its application in OSCs the Normal configuration is the only option to 

fabricate the chosen device, since high temperatures can damage the organic layers as required in the 

inverted configuration OSCs. In all cases, a ZnO thin film was maintained as the ETL applied by solution 

processing as described in Section 4.1.4 of this Chapter. 

Figure 4.28 shows a schematic representation of the normal configuration OSC used in this work. The 

NiO acts as the HTL and a ZnO thin film as the ETL. A blend of the P3HT/PCBM is applied as the active 

layer. These layers are sandwiched between a TCO and an Ag metal as electrodes. The ZnO thin film 

layer is made from a ZnO nanoparticles suspension on isopropanol solvent, developed previously for 

the manufacturing of Normal OSCs using TMOs as ETL (as described in Chapter 2). 

 

Figure 4.28 Schematic representation of the Normal OSC with NiO as HTL: FTO/NiO/P3HT: 

PCBM/ZnO/Ag. 
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Figure 4.29 IV Curve response of Normal OSC with NiO as HTL sintered at 1 single step (450
o
C, ramp 

5
o
C/min) 

The IV-Curve resulting from the 1
st

 attempt is shown in Figure 4.29. The NiO film was sintered at 1 

single step at 450
o
C, and ramping of 5

o
C/min, following the method of Raut, B.T. et al. [100]. 

The IV-curve displays a non-linear and rectifying behavior due to the existence of Schottky barrier via a 

Schottky contact at the interfaces. This weak rectifying behavior is close to ohmicity. The IV-curve 

takes the form of an anti-S shape. This type of behavior points to the existence of leakage currents that 

could be the result of the presence of a high insulating layer, contamination, pinholes, etc. This effect 

has not appeared before, with the ZnO as ETL, so it is ascribed to the NiO film.  

Due to the ohmic character of the FTO/NiO contact, is most probably that the rectifying behavior is 

observed on the asymmetry at the HOMO energy level of the polymer donor (P3HT), and the valence 

band of the p-type NiO thin film, where the charge exchange takes place, with the formation of the 

Schottky barrier. Investigate the nature and the way to eliminate this problem, will be the objective in 

the next 2 sections. 
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4.2.2.1. Ni(OH)2 precursor for NiO thin film synthesis 

The Nickel acetate, NiOAc, is used as a primary reactant for the formation of the final NiO thin film. In 

alcohol it reacts to form the nickel hydroxide precursor. The hydroxylation reaction follows the next 

order: 

 

The mechanism is similar to the ZnO synthesis (Chapter 3), the difference is that NiO is not obtained by 

condensation since the Ni (OH)2 is quite stable at low temperatures. The dehydration takes place at 

high temperatures to form the nickel oxide [102]. Two sub-products are obtained from the 

hydroxylation synthesis: methyl acetate and water. Both materials are present in the final film and can 

be eliminated during sintering at high temperatures. The desorption of the materials (degradation) at 

high speed evaporate leaving pores. These pores, or void space, can modify the cristallinity of the thin 

film, and by consequence, its optoelectronic properties like the conductivity, band gap or energy 

levels. 
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Figure 4.30 TGA Analysis of Ni (CH3COO)2.4H2O reactant. 

 

Figure 4.30 shows a TGA analysis carried out to the NiOAc, in order to know the degradation curve of 

the materials with temperature. A first inflection point is observed at 104
o
C corresponding to the loss 

of adsorbed water. A second inflection point is observed at 343 
o
C and 371

 o
C corresponding to the 

formation of nickel oxide [102].  
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Following the reaction: 

 

Mw                         248.7                  64                            92.7             148               72 

The 1
st

 pick of water lost :25% of the total weight at 100
0
C, that represents 78.2 g/mol is ascribed to 

the water release (72 g/mol)The 2
nd

 pick wick reaches 45% of the total weight  at 340
o
C   representing 

94 mg/mol is ascribed to the organic compounds releasing.The las pick at 370
o
C represents the NiO 

formation and the releasing of the sup-products.    

       

4.2.2.2. Effect of the pre-annealing  

The pre-annealing affects the crystallization of the NiO, and this parameter is quite important for the 

final electronic properties of the thin film. To consider the effect that the temperature has on the thin 

film, we have followed the evolution of its optical properties by UV-vis spectroscopy. To carry out this, 

2 different samples of NiO precursor were coated on FTO substrates. One of them was pre-annealed at 

160
o
C and the 2

nd
 was sintered at 1 single step at 450

o
C. We monitored the UV-vis absorbance in each 

stage for both samples, and the results are showed in Figure 4.31. 
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Figure 4.31 UV-vis analyses of thin films made of NiAcO precursor (black squares), NiAcO after pre-

annealing at 160
o
C for 3 h (red circles), NiO sintered at 450

o
C without pre-annealing stage (green 

triangles), NiO sintered at 450
o
C with pre-annealing stage (blue rhombus).  

 

As we can appreciate in the Figure 4.31, the precursor thin film shows an adsorption peak at 600 nm. 

The Ni(OH)2 system shows a small but significant absorbance in the 600-700 nm region typical of Ni
2+

 in 
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the octahedral coordinated configuration [103, 104]. In the case of Ni(II) octahedral complexes, the 

lowest electronic transition corresponds to 
3
T2g(F)→3

A2g and falls in the near infrared region. The 

second higher transition corresponding to 3T1g (F) →3A2g lies in the red region. For octahedral Ni(II) 

complexes the transitions would be 
3
T2g →

3
A2g [105]. 

 

The absorption spectra of the film precursor after the pre-annealing shows an adsorption band at 600 

nm that we have attributed to the presence of Ni complexes. The single wide adsorption band 

between 400-500 nm is attributed to the nickel aqua ion [106].  The importance of the pre-annealing 

step is observed on the difference between the two adsorption bands of the NiO film. The one at 330 

nm corresponds to the pre-annealed NiO sample, while the NiO film without pre-annealing shows a 

absorption peak at 350 nm, attributed to the non-ordered geometry that results in higher crystal size 

of the NiO matrix. 

Normal OSCs were assembled with the 2 NiO samples characterized by UV-vis, with the structure 

(FTO/NiO/P3HT:PCBM/ZnO/Ag) and the result is showed at the Figure 4.32 
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Figure 4.32 IV curves corresponding to OSC assembled with NiO as HTL without a pre-annealing stage 

(black squares) and with pre-annealing step (red circles) 

 

The pre-annealing, is a crucial stage to the well function of the NiO layer in a OSC; the water and the 

organic residues, must be eliminated, to promote the compacting and well ordering of the NiO 

precursor film, to ensure the well arrangement of the precursor, improving it cristallinity that is an 

important factor that determine the electronic properties of the material. 
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4.2.2.3. Effect of the sintering temperature 

 

The results observed in Figure 4.32 indicate that a critical factor to obtain optimal photovoltaic 

response is the sintering process at 2 stages, including a pre-annealing treatment. Optimization of the 

final sintering temperature was carried out in the range between 350-550
o
C, on pre-annealed NiO 

precursor films. 
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Figure 4.33 XRD spectra of NiO thin film sintered at different temperatures of 350
o
C (bottom), 450

o
C 

(medium) and 550 
o
C (top). 

The XRD diffractograms of the different NiO thin films are shown in Figure 4.33. Results demonstrate 

good crystallinity of the NiO with a preferential orientation of the crystals in the {111} and {200} 

direction. Low intensity peaks at {220}, {311} and {222} reveal a face-centered cubic structure (fcc), 

(JCPDS-No.: 04-0835) [107]. The Braggs equation was used to calculate the d-spacing between the 

grains at the different lattice parameters, details are shown in Table 4.4. 

Table 4.4 XRD parameters of NiO thin film.  

Θ (theta)  d-Spacing  lattice  

37
o 

 2.4A
o
  {111}  

43
o
  2.1A

o
  {200}  

62.8
o
  1.48A

o
  {220}  

75.6
o
  1.25A

o
  {311}  

79.7
o
  1.2A

o
  {222}  
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Is perceptible that at higher sintering temperature, the intensity of the peaks improves, signal of a high 

crystalline phase, and the wave peaks get lower, and that results in high crystallite size. We can 

calculate the crystallite size following the Scherrer equation; results in Table 4.5. 

Table 4.5 The crystalline size of NiO samples sintered at different temperatures (Scherrer equation). 

Temperature 

(
o
C) 

Grain size [220] lattice 

(nm) 

350 6.9 

450 21.0 

550 33.1 

 

 

 

 

 

 

 

 

 

 

 

 

 

The increase in particle size depending of the sintering temperature is clearly evident, and can be 

verified by SEM analyses (Figure 4.34). The particle size is obtain by calculating the average size a 

random number of particles, showing equivalent results than the Scherrer equation calculation, this is, 

10 nm, 25 nm, 30 nm for 350 
o
C, 450 

o
C and 550 

o
C respectively. 

 

Figure 4.34 SEM images (top view) of NiO samples sintered at different temperatures: A) 350
o
C, B) 

450
o
C, C) 550

o
C. 

 

SEM images, Figure 4.34, of the NiO thin films show the variation of the surface morphology as the 

sintering temperature increases. A drastic change in the crystallite size and surface roughness is clearly 

observed. The different NiO thin films were analyzed as HTL in OSCs in order to study and understand 

the effect of the thin film surface roughnesses, crystal size, and electronic properties on the final 

photovoltaic performance. The results are shown in Figure 4.35 and the main properties are 

summarized in Table 4.6. 

All of our measurements had been done on films of NiO with thickness around 80-90 nm (Figure 4.36). 

From the SEM image, is important to notice that the active area looks thin (100 nm) that for this kind 

of devices around 150-200 is expected. We believe that there´s no significant changes in the final 

thickness of the NiO film, by the pre-annealing treatment carried out to the films last 3h at 160
o
C. This 

pre-treatment promote the compacting of the layer, resulting on not significative changes at the final 

thickness of the film. 
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Figure 4.35 A) IV-curves of OSCs with NiO as HTL sintered at different temperatures: 350
o
C (black 

squares), 450
o
C (red circles) and 550

o
C (green triangles). B) IPCE analysis of the OSCs with NiO as HTL 

sintered at different temperatures; 350 
o
C (black squares), 450

o
C (red circles), 550

o
C (green triangles).  

 

As we can appreciate at the Figure 4.35A, The Increasing of Current density is joining the higher 

sintering temperature, regarding the better crystallization rates at higher temperatures, allowing the 

exchange of charge carrier trough the crystal network easily. At the Figure 4.35B corresponding to the 

IPCE analysis, an improvement of the QE (%) is observed; is well known that the EQE could it be 

correlated with the Jsc. This improvement appears even that the total PCE decreases when the 

sintering temperature is improved; this effect could it be related also to the improvement of 

photocurrent generated by the improvement of surface contact area, regarding the crystal size trend. 

 

Table 4.6 Photovoltaic response of OSCs applying NiO as the HTL sintered at different temperatures. 

Average NiO layer thickness in all cases 80-90 nm.(Profilometry) 

Temp 

(
o
C) 

Voltage  

(V) 

J 

(mA/cm
2
) 

FF 

(%) 

PCE 

(%) 

350 0.56+/-0.010 8.0 +/-0.24 54.0+/-1.3 2.42+/-0.14 

450 0.54 +/-0.016 9.1 +/-0.13 44.5+/-0.8 2.20 +/-0.09 

550 0.55 +/-0.02 10.1 +/-0.15 40.0+/-2.1 2.25 +/-0.11 

 

 

 

 

 

 

 

 

 

 

 

 

As we can see in Table 4.6, there are different key parameters that changes, depending of the 

sintering temperature. As the temperature increases, the Voc shortly decreases and the Jsc improves.  

The FF is observed to decrease when the sintering temperature increase. Since the only modification 

to the OSCs corresponds to the NiO thin film, we have performed XPS and UPS measurements to the 

NiO electrodes in order to understand this behavior. 
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Figure 4.36 SEM image of lateral profile of NiO OSC device with the structure (glass/FTO/NiO/P3HT: 

PCBM/ZnO/Ag) 

4.2.2.4. Effect of the NiO layer thickness and nanostructure (at 350 
o
C). 

Taking into account the best photovoltaic response observed for the OSC as described in Table 4.6, we 

have chosen to work with the NiO layer after sintering at 350 
o
C. The NiO thin film layered thickness 

was optimized by the modification of the spin coating speed during the deposition on the FTO 

substrate. The spin coating velocity applied for the samples were: 3500rpm, 4000 rpm and 4500 rpm. 

Analyses of the final NiO thin films by profilometry revealed thin film thicknesses of 50 nm, 40 nm and 

25 nm respectively.  

The NiO thin films were analyzed as HTL in OSCs. The resulting IV-curves are shown in Figure 4.37 and 

the photovoltaic parameters obtained are summarized in Figure 4.38 and Table 4.7. 
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Figure 4.37 IV-curve of OSCs devices with different thicknesses of NiO layer as HTL. The NiO was 

sintered at 350 
o
C.   

Our NiO layers poses different roughness that can be well perceptible at the top view SEM images 

(Figure 4.34), where the crystal size improves with the temperature, resulting in higher roughness 

area, that could result in higher Jsc.  
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Table 4.7 key parameters of OSC devices assembled with different thicknesses of NiO sintered at 350 
o
C as HTL layer.  

Thickness  (nm) Spin coating 

speed (rpm) 

Voltage (V) J(mA/cm
2
) FF (%) PCE (%) 

80 2500 0.56+/-0.010 8.0 +/-0.24 54.0+/-1.3 2.42+/-0.14 

50 3500 0.580+/-0.02 8.6+/-0.10 58+/-0.90 2.9+/-0.08 

40 4000 0.565+/-0.02 9.3+/-0.23 51.8+/-1.1 2.69+/-0.11 

25 4500 0.545+/-0.017 10.08+/-0.18 44+/-2.4 2.40+/-0.28 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

According with the photovoltaic performance of the devices, the best response is achieved with NiO 

layer thickness of 50 nm, resulting thicknesses above or below this value, results in worse photovoltaic 

properties as observed in Figure 4.38. As observed for the PCE, the FF decreases, from 58 % to 44 %, 

when the NiO thickness decreases below the 50 nm threshold value. Recombination process are more 

likely to proceed when thinner layers are used, resulting in lower fill factors, as a result of not well 

covered FTO surface, or to the FTO roughness preserved on a very thin layer of NiO. Comparison of the 

IV-curves Figure 4.37, we can conclude that higher leakage currents and lower shunt resistances, Rsh 

are present for the OSC with the thinnest NiO layer of 25 nm.   
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Figure 4.38. Photovoltaic response of the OSCs with different NiO layer thicknesses. The NiO was 

deposited by spin coating at speeds of 2500, 3500, 4000 and 4500 rpm, and sintered at 350 
o
C for 1 h 

with a pre-annealing at 160
o
C for 3 h 

 

 

 



Transition Metal  Oxides as Hole Transport Layer 

 

128 

 

 

 

 

4.2.2.5.  XPS and the electronic properties of NiO: Nickel vacancies 

 

The XPS were carried out on NiO thin films deposited on FTO glass. Due to the nature of NiO, satellite 

peaks can be observed in the XPS spectrum. This is because when the core (valence) electron is 

excited, a charge transfer process from the ligand to the metal ion is induced. Also, an energy shift 

between the main peaks and the satellite peaks can be observed due to a change in the ionic charge 

and the oxygen coordination induced by defective NiO (cation vacancies) [108]. In a XPS spectrum of a 

defective NiO, and aside the main photoelectron peaks, peaks called shake-up satellites can also 

appear. These are not satellite peaks, these refers to the effect that the sudden creation of the core 

hole has on the other electrons in the atom.  This shaking-up of the atom can excite plasmons, discrete 

outer levels, or electrons in the conduction band in metals [109].  

 

Figure 4.39 shows the XPS spectrum of the NiO for the Ni 2p 3/2 state (Figure 4.39A), that can be 

separated into three peaks and some satellite peaks, and the spectrum of the 1 Os state (Figure 

4.39B), characterized by two main peaks. The XPS of the NiO 2 p
3/2 

state reveals several peaks. The 

binding energy peak at 853.6 eV is related to Ni
2+

 in the standard Ni-O octahedral bonding 

configuration in cubic rocksalt NiO [99, 110]. The peak at 855.7 eV ascribed to Ni
2+  

vacancy-induced 

Ni
3+

 ion, or nickel hydroxides and oxyhydroxides [99]. It has also been related to the presence of non-

pared electrons at the valence band. A multiple splitting effect is observed at binding energies above 

860 eV. The peak at 860.8 eV observed in Figure 4.40a is well-known as a satellite peak due to the 

shake-up process caused by the interaction between the electron move and the neighbors valence 

electrons [111]. The peaks at 872 and 879 eV are related to the NiO 2 p
1/2 

[112] binding energies.  
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Figure 4.39 XPS analysis of NiO layers sintered at different temperatures: 350
o
C (black squares), 450

o
C 

(red circles) and 550
o
C (green triangles). a) XPS of the NiO 2p

3/2 
state, b) XPS of the O 1s

 
state.  
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Figure 4.39B shows the XPS spectrum of the O 1s 
 
state with two main peaks. The peak at 529 eV 

ascribed to the O 1s energy level of NiO [113], and a peak at 530.8 eV, related to NiO [110], to some 

NiOH compounds at the surface [112], or even to the possibility of the presence of Ni2O3.H2O [110]. 

The effect that the sintering temperature has on the properties of the NiO thin film is observed on the 

shift of the O 1s signal that is displaced towards high binding energies. The effect is clearly observed on 

the normalized XPS spectra’s of the different samples shown in Figure 4.40. A  shift to higher binding 

energies is observed for the peaks at 853.6 eV and 855.7 eV for the NiO 2p
3/2 

state, and in both peaks 

for the 1 Os state when the sintering temperature is increased from 350 ºC to 550 ºC. 
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Figure 4.40 Normalized XPS of of NiO layers sintered at different temperatures: 350
o
C (black squares), 

450
o
C (red circles) and 550

o
C (green triangles). A) NiO 2p region, B)O 1s region 

Kim et al. observed a similar effect through a study of the chemical behavior of the NiO thin film 

surface during the aging process. The effect was related to the oxygen content of the NiO samples 

[114, 115]. To verify this asseveration, we have calculated the atom ratios obtained from the XPS 

results, by the integration of the peak areas according to a Gaussian-Lorentz (70% - 30%) fitting model 

using Casa XPS software (for details see Experimental Section). 
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Figure 4.41 Ni content in the NiO thin films sintered at different temperatures.  



Transition Metal  Oxides as Hole Transport Layer 

 

130 

 

 

 

Table 4.8 Ni:O ratio in NiO films sintered at different temperatures 

Temperature (
o
C)  Ni content  O content  

350  0.9685 1.0315 

450  0.9570 1.043 

550  0.9490 1.051 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

According to our results shown in Figure 4.41 and Table 4.8, a decrease in the Ni content is observed 

when increasing the sintering temperature during film preparation of the samples. These results 

indicate an increase on the Ni vacancies content with temperature.  

4.2.2.5a. Relation between Ni vacancies, Rsh and thin film nanostructure. 

Nickel oxide is a typically metal-deficient semiconductor oxide. Nickel vacancies are formed at nickel 

cations sites in NiO due to excess oxygen atoms. The nickel vacancies created at cation sites can be 

ionized to create Ni
3+

[115]. Verwet et al. have shown that the conduction mechanism of NiO is related 

to the charge transfer process between Ni
2+

 and Ni
3+

[116]. Ni
3+

 ions on Ni
2+

 lattice sites originate from 

monovalent impurities or excess oxygen, which attract electrons from neighboring Ni
2+

. The Ni
3+

 act as 

a hole transporter through the NiO lattice [114, 117]. Surface versus bulk conduction in pure 

stoichiometric NiO crystals has been discussed in detail [118]. The main conclusion is the existence of a 

less stoichiometric and highly conductive surface layer, of about 50 atomic layers in thickness, which 

reveals a defect-dependant conductivity mechanism for the surface conduction [119]. 

In our films sintered at different temperatures, we have found an increase of the particle size as the 

sintering temperature increases (Figure 4.34). At the same time, we have also demonstrated that the 

Ni vacancies increase when the sintering temperature is higher. 

Since the nanostructure of the NiO thin film is known to be related to the electrical conductivity of the 

samples, as already described in several research works [120, 121], we have related the improvement 

in the current density of the OSC to the nanocrystalline structure of the NiO, but It is also possible to 

ascribe greater current density to greater surface area as a result of larger particle size. 

The Fill factor is an important parameter that determines the power conversion efficiency; there are 

several factors that can significantly influence the FF, and these factors interact with each other very 

intricately. 

The Fill Factor is ascribed to the recombination degree in a solar cell device. While the fill factor 

improves, the cell has less recombination and inversely. The recombination effect can be present in all 

the different zones that exist in an OSC; being the most studied the recombination that is present on 

the active area, originated on the lifetime of the carriers, the kinetics of the charge carriers, geminate 

recombination, trap states or recombination centers, morphology, interfacial defects [122-130], to cite 

the most popular. Being also important variables like the morphology, region-Normality and thickness 

of the active coat that affects the fill factor. 
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The recombination also can be present in the interfacial layers, organic/metal electrode, 

organic/inorganic semiconductor, and inorganic semiconductor/metal electrode [131], that can be 

affected by the work function of the electrodes, the conductivity [132, 133] to mention some of the 

variables involved. 

To study the effect of the interfacial layers over the key properties of the OSCs, we have to approach 

our device to an electric circuit. Two key parameters that affect the ultimate solar cell PCE are the 

shunt resistance Rsh and the series resistance Rs. The latter in particular, can greatly influence the value 

of the fill factor [134-136]. The larger the Rs is, results in a slower increase of J with V, accordingly the 

less “square” the J-V curve becomes. If Rsh is small, J will increase linearly with the increasing reverse 

voltage, resulting in lowering the fill factor [137]. 

In Table 4.9 we show the resistance series (Rs) and shunt resistance (Rsh), calculated for the cells 

assembled with NiO films at the 3 distinct temperatures; also the n factor and the Jo variable. There 

are numerous methods described in literature to extract the relevant diode parameters [138-141]; the 

simplest way to extract the Rs and Rsh from an IV curve is calculating the slope at Jsc =0 for the Rsh, and 

the slope at V=0 for the Rs.  Other recent methods imply the use of non linear least squares error fit, 

the Lambert W function, or other fitting processes [142-145]. We have chosen an alternative way that 

comprises 2 methods. To calculate the Rsh we have used the graphical way described earlier (slope 

calculus), and the Rs by iteration method following the common electrical circuit model for an OSC 

structure[146]. Using both models, we have minimized the liberty degrees reducing the iteration to 3 

variables (n, Jo and Rs). In the aim to compare the results, the method chosen has to be derived in the 

same way to all the devices. 

Table 4.9 Diode Parameters of OSC devices with NiO as HTL sintered at different temperatures. 

Sintering 

T(
o
C) 

Grain size [220] 

lattice 

(nm) 

Ni content  Rsh 

(Ωcm
2
) 

Rs 

(Ωcm
2
) 

n Jo (mA/cm
2
) 

350 6.9 0.9685 1980 3.57 2.24 1E-9 

450 21.0 0.9570 948 6.90 2.36 1E-7 

550 33.1 0.9490 667 2.46 2.6 4.9E-7 

 

 

As we can see from the data at the Table 4.9, the Rsh decreases while the sintering temperature 

increases. This effect can clearly be seen at the IV-curve (Figure 4.35). Rsh denotes the current losses in 

the device, such as the current leakage from the edge of the cell, current leakage from the pinholes in 

the film or the current leakage by the traps. It has the effect of dividing the current in the equivalent 

circuit. Ideal Rsh should approach to the infinity [137].The influence of Rsh over the fill factor is 

important; it is known from calculations that if Rsh is larger than 6E
3 Ωcm2

, the effect of Rsh on FF can be 

negligible. Kim et al. studied the effect of design variables on the FF in OSCs with the common pristine 

P3HT: PCBM; they found that the thickness of the blend layer, the interface between the active layer 

and the electrodes, and the illumination intensity are three variables that can influence the Rsh and 
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ultimately impact the fill factor [147]. Another effect that can be seen is the improving of the n factor 

with the sintering temperature. 

The ideality factor (n) contains important information on the transport and recombination processes in 

organic solar cells. For an ideal p-n junction diode without trapping of charge carriers and where 

recombination is absent or governed by bimolecular recombination, the ideality factor is expected to 

be equal to unity. However, the n value tends to increase due to trap-assisted recombination. This 

enhancement has also founded in organic light-emitting diodes [148-150]. It was first demonstrated by 

Mandoc et al. that the presence of trap assisted recombination in organic solar cells can be visualized 

by measuring the open circuit voltage of an organic solar cell as a function of the intensity [151]. In 

these experiments on all polymer solar cells also a deviation from unity was observed due to 

recombination. As a consequence, an ideality factor greater than unity is often used as evidence for a 

dominant trap-assisted recombination process in organic solar cells [152-155], that also can be 

elucidated form the lower Rsh and higher Rs at the IV-curve plot. 

In our particular case, the variable that is allowing the increasing of the recombination is the sintering 

temperature of our NiO film. As we have seen, the increasing of the temperature also corresponds to 

an increasing of the Ni vacancies, resulting in less stoichiometric material, where we can find higher 

number of possible sites where the charge can be recombined. The improvement of Jsc is possible, as 

we have seen, to the improvement of the intrinsic conductivity property, related to the improvement 

of cristallinity of the NiO due to the increasing of temperature. 

Nevertheless, we also have to consider the effect related to the interface contact area. It is well 

known, that the Jsc depends among other variables, the contact area. And this real area is also related 

to the roughness of the materials, while at higher roughness, the contact area will be higher. 

4.2.2.6. Energy level alignment of the NiO thin films: UPS analyses. 

To elucidate the electronic energy levels of our NiO films, and to relate these to the photovoltaic 

performance achieved, we have carried on an Ultraviolet photoelectron spectroscopy (UPS) analysis. 

The results are shown in Figure 4.42. Photoelectron spectroscopy can map the density of states at the 

core and valence energy. In UPS, any electrostatic potential between the ground and the sample 

surface is reflected as a change in the kinetic energy of the photoelectrons. 
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Figure 4.42 UPS analysis of NiO films sintered at different temperatures: 350
o
C (black squares), 450

o
C 

(red circles) and 550
o
C (green triangles). A) WF region, B) VB region. 

As we can see from Figure 4.42A, at the cutoff of the secondary electrons, that represents the work 

function (WF) of the material, is possible to notice a shift, to lower binding energy from the NiO 

sintered at higher temperature that represents higher work function value. At the Figure 4.42B is 

possible to see the valence band spectra, represented at the cutoff with the x axe, and representing 

the gap between the Ef and the VB; at the zoom image in the same figure, is possible to appreciate the 

shift, and were is possible to establish a trend of the enlarging of the gap against the sintering 

temperature. The values are represented at the Figure 4.44. 
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Figure 4.43 UV-vis Transmittance and direct band gap of NiO films sintered at different temperatures: 

350
o
C (black squares), 450

o
C (red circles), 550

o
C (green triangles). 

From the UV-vis transmittance (Figure 4.43A) is possible to see the lower transmittance for the NiO 

film sintered at 350
o
C (˜80%) where also is possible to notice an absorption zone around 450 nm, that 

could it be relate to lower Jsc values. The improvement of transmittance also corresponds to an 

improvement of Jsc values at the OSCs assembled. To calculate the direct band gap, we have plotted 

α2
E

2 
vs. E according to the Tauc´s formula, being α absorption coefficient, and E the energy. The band 

gap values obtained (Figure 4.43B) correspond with values reported previously [92, 121, 156]. We can 
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see that at higher sintering temperature a bit reduction on the band gap. All the values generated, 

have been arranged at the Figure 4.44, to can compare the differences between the NiO films sintered 

at different temperatures. 

 

Figure 4.44 Energy level alignment for NiO films sintered at different temperatures 

As we can see from the representation of the energy level diagram (Figure 4.44) the NiO as HTL, no 

matter what sintering temperature, will provide a large barrier, varying from 1.5-2 eV, to the 

movement of electrons trough the anode electrode, thanks to the large band gap measured. By other 

way, the movement of holes through the NiO/P3HT layer will be easier will less holes injection barrier 

exist. 

 

Figure 4.45 Electronic structure of an interface metal semiconductor/organic semiconductor, where Ev 

is the vacuum energy, CB the conduction band, VB the valence band, EA the electron affinity, IE the 

ionization energy, Ef the Fermi energy Level, Φ the Work function, and ΦBn the electron injection 

barrier and ΦBp the hole injection barrier. 

 

The interface electronic structure of a typical metal/organic semiconductor interface is normally 

supported on the Schotty-Mott model (Figure 4.45), where ones of the most important aspects of such 

an interface is the dependence of the injection barriers on the nature and work function of the 

electrode. Understandably, the interface will depart from the simple Schotty-Mott picture if the work 

function of the electrode decreases to reach  the semiconductor EA, leading to a large electron 



Transition Metal  Oxides as Hole Transport Layer 

 

135 

 

 

 

transfer from the metal to the LUMO of the organic film. A similar situation, with charge transfer from 

the organic HOMO to the metal, occurs as the electrode work function increases and reaches the 

semiconductor IE [157]. The continuity at the vacuum level at the interface can also be detected by 

UPS[158]; it has been shown in many cases that there exists a discontinuity in the vacuum level at the 

metal/organic semiconductor interface due to interfacial dipoles [159-162]. The source of the interface 

dipoles is still being debated. The charge transfer between the organic semiconductor and the 

substrate, the suppression of the electron tail splitting out from the metal surface by adsorbed 

molecules, metal induced gap states, permanent dipoles in the organic semiconductor, and the polar 

bond formation, are the most common mechanism suggested for dipole formation at the interface 

[163, 164]. 

 

Figure 4.46 Model of the Fermi energy level alienation at the interface of NiO/P3HT. 

A region of net space charge will occur at the interface, resulting in a localized interface dipole region, 

which offsets the vacuum levels of the metal and organic, allowing the Fermi’s level of the two 

materials [165]. According to our results, the NiO experiment an improvement of the work function 

due to improvement of sintering temperature; this results in a shift where´s the Ef is located, closing it 

to the HOMO level of the polymer 

The improvement of the charge exchange can be related to the best alignment of the energy levels of 

the materials (Figure 4.46). There´s not find a promissory band bending when the NiO has been 

sintered at higher temperature (550 
o
C). 

It is the opinion of the author of the present work that the interface dipoles created at the interface 

has a direct relation with the final Voc measured; and that the intensity of this interface dipoles also is 

related to the pinning of Ef at the interfaces. According to the results, the Voc decreases as the sintering 

temperature improves, this could be related with less interface dipoles created at the interface, due to 

the “easier” alienation of the energy levels, leaving to free exchange of charge. 

In summary, the improvement of Jsc with the improvement of sintering temperature on the NiO layer 

at the OSCs, could it be ascribed to an improvement of the cristallinity, and as a result, by the intrinsic 

conductivity, that also is related to the improvement of Ni vacancies, and by this, of more interstitial 
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defects that allow the creation of Ni
3+

 species. Also the improvement of work function that allows the 

easy alienation of the Ef at the NiO with the HOMO at the P3HT, allowing the free exchange of charge. 

 

4.2.2.7  NiO OSC Optimized.(AFM & Kelvin Probe characterization)  

After the optimization process, the best performance at the OSC with NiO sintered at 350
o
C was 

achieved with thickness at 50 nm, and a pre-annealing stage (160
o
C) at the sintering process. The 

optimized NiO film was characterized by AFM and Kelvin Probe. 
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Figure 4.47 IV-Curve & IPCE of OSC Optimized with NiO film (Tsintering=350
o
C, thickness=50 nm) as HTL 

(FTO/NiO/P3HT: PCBM/ZnO/Ag 

 

 

AFM 

We believe that the improvement of the current is related to the surface roughness of the FTO; at 

lower thickness of NiO layer, the FTO roughness could subsist over the NiO surface, resulting in higher 

surface area, that improves while the thickness of the NiO layer decrease. The lower fill factor could it 

be ascribed to the existence of holes at the NiO layer. At the Figure 4.48, we can see the results of the 

AFM measurements for the optimized NiO layer (sintered at 350
o
C and thickness of 50 nm). The 

thickness is quite the same that the obtained by profilometry (45-48 nm) with a roughness average of 

4 nm, that represents a very soft layer. 
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Figure 4.48 AFM measurements of NiO layer over FTO substrate. 

 

Kevin Prove.  

 

Figure 4.49 Kelvin probe measurement of NiO film at atm and room temperature conditions. 

At the Figure 4.49 is showed the Kelvin probe analysis onto a NiO film sintered at 350
o
C, were the 

work function measured ranges from 4.7-4.8 eV. This result differs from the results obtained 

previously from the UPS, being for this sintering temperature film, around 4.55 eV. We believe that 

this difference is promoted by the oxygen adsorption on the surface of the NiO layer, that is a process 

well studied, were an improvement of WF can it be founded [166-168]. Probably this can’t be seen at 

the UPS, by the high vacuum conditions necessaries for the measuring, where probably the oxygen 

atoms adsorbed, are desorbed at the chamber. 
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4.2.2.8. Photo-activation of OSCs applying the NiO as HTL. 

At the beginning of the section 4.2.2, an “S” shape IV-Curve that appears when the NiO layer is not 

pre-annealed was discussed (Figure 4.29). This initial diode behavior can be modified or even 

eliminated if a pre-annealing treatment is made to the NiO thin film under constant irradiation 

conditions. If the pre-annealing is not carried out, the diode behavior prevails even after photo-

activation. In this case, photo activation induces some improvement but the IV curve never reaches an 

optimal IV curve.  

We have analyzed the needs of the irradiation on the device, Changing an “S” shape IV-curve, to a “J” 

shape IV-curve; the results are shown below. 

The photo-annealing effect was studied on a normal OSC applying a NiO as the HTL. A thin film of an 

optimized NiO, pre-annealed at 160
o
C/3 h and then sintered at 350 

o
C/1 h, was employed for the 

analyses. An initial IV-curve was monitored followed by an IPCE analyses. The device was photo-

annealed under the sun simulator at 1 sun and the evolution of the IV curves was carefully monitored. 

After a series of 25 IV scans (about 25 min under the sun simulator) an IPCE spectra was again 

monitored. Results are shown in Figure 4.50 
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Figure 4.50 A) IV-Curve; B) IPCE & C) Normalized IPCE representing the activation of the OSC by light 

irradiation.  

As we can see in Figure 4.50, photo-activation of the OSC provokes the IV curve (Figure 4.50A) to 

change the initial ”S” shape behavior to an “J” shape behavior, while the IPCE efficiency (Figure 4.50B) 

increases clearly from 5% to 30% approximately. From an electrical point of view, the response 

observed on the IV-curve is an indication that, initially, current flows in both directions and modify its 

response towards only one direction after photo-activation.  This effect could it be associated to a 

change in the electronic structure of the NiO. 

Figure 4.50C shows the normalized IPCE spectra of the OSC before and after photo-activation. The 

spectra are composed of two main peaks, the first one at 380 nm corresponding to the adsorption of 

the TMOs and a second one around 610 nm that belongs to the adsorption of the active P3HT. The 

ratio between the two IPCE peaks, at 380/610 nm is reduced after photo-annealing due to the 

improvement observed in the peak at 610 nm. There is also an increase in the wavelength region 

around 500 nm, also attributed to the adsorption of the polymer. This photo-activation process has 
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been attributed to the unblocking of the oxide/polymer interface layer, like an alienation process of 

the energy levels of both thin films (the NiO and the active layer). 

This photo-activation process is reversible if the sample is maintained in the dark. Figure 4.51 

illustrates this response. In this experiment, a photo-activated OSC was monitored by IPCE analyses 

while the device was kept in the dark between measurements. In a 3 h period, the OSC recovered its 

original IPCE value obtained right after fabrication (before photo-activation).
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Figure 4.51 De-activation process of OSC (after irradiation), at dark conditions 

 

Figure 4.52 shows the dynamic evolution of an OSC by IV curves analyzed in the dark (4.52A) and the 

corresponding IPCE spectra (4.52B). These changes were monitored for a period of 30 minutes, 

showing a constant improvement of the Rs according to the dark IV-curve monitored. At the IPCE, it 

can´t be seen any shift to low or high wavelength, to can ascribe this effect to an interaction change 

between the materials, e.g. a chemical (Figure 4.51B). 
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Figure 4.52 De-activation process of OSC (after irradiation) A) dark IV-curve monitoring, B) IPCE 

tracking  
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For instance, electronic properties of NiO films can be modified creating cation or anion defects in the 

lattice, in order to exploit their electronic characteristics [169, 170]; an example is the change of nickel 

vacancies at the NiO film, related to the change in the sintering temperature; allowing higher or lower 

energy exchange trough the material. 

Most nickel oxide films have a non stoichiometric property in which the composition ratios between 

the nickel and the oxygen are not exactly one [171], the various characteristics of the nickel oxide films 

change due to their non stoichiometry. These characteristics variations will have different effects in 

different applications. 

Recently, the oxygen vacancies diffusion in transition metal oxides describing the transition between 

the high and low resistance has been a topic of interest [172-176].  

Okamoto et al., showed a resistance tuning by post-plasma-oxidation process [177]. According to this 

work, the incorporation of O atoms into the NiO film seems to generate Ni vacancies and accordingly 

decreases the initial resistance. By applying a plasma treatment to the NiO film, oxygen vacancies are 

effectively eliminated and Ni vacancies are further generated due to the oxygen incorporation.  

Photon assisted oxidation (especially in the ultraviolet regime) has been show to modify the properties 

of oxides films effectively post deposition [178-181]. It is possible to make significant changes 

(compared to natural oxidation) in oxygen incorporation on TMOs by highly reactive atomic oxygen by 

ozone or UV-treatment, at relatively low temperatures.  

Ramanathan et al. have performed an experimental work on NiO films, and the effect of the UV 

treatments over the surface. The resistance decrease with increasing temperature, which is typical of 

semiconducting NiO [182]. Moreover, the resistance returns to its initial value when the film is cooled 

down from 127 to 37 
o
C. In their work, after UV illumination, the resistance is significantly reduced by 

UV photon treatment, recovering their initial value after cooling too. The UV treatment increases 

oxygen incorporation in the lattice, this leads to an increase in holes concentration by Ni vacancies, 

and a corresponding decrease in resistance. They showed how the activation energy is affected by the 

UV treatment, lowering its value after the treatment, related to lattice modifications due to 

stoichiometry changes. In our case, is important to cite that during the measurements at the sun 

simulator, the “measurement zone” could gets to temperatures around 70-75
o
C, and the effect of the 

reducing of the resistance by the temperature could it be a factor to consider; also that at the cooling 

(dark curves in the IV curve and IPCE monitoring, (Figure 4.52) the sample is under room temperature 

(25
o
C).  

Nevertheless, the effect of “recovering resistance” is avoided, or highly minimized when the cell is 

sealed after the “excitation” at the sun simulator (Figure 4.53); this means that the change in the 

resistance after the irradiation is quite related to an exchange of species with the atmosphere, and 

when this exchange is minimized or annulled, the resistance change disappear. 
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Figure 4.53 Dark Curve after irradiation (black squares) and 10 hrs after irradiation (red circles) of an 

OSC sealed.  

 

Following the results showed at Figure 4.53, we have achieved an almost constant resistance of the 

device in dark conditions, after sealing, finding a quite stable dark curve in a period of 10 h. We believe 

that the adsorbed oxygen remains their location and the desorption is minimized, by the none 

exposure of the adsorbed oxygen species with the atmosphere. Also, we have followed the stability of 

the devices at real conditions of light irradiation and weather conditions (outside studies) and the 

diode behavior and the resistance improvement after light exposure are not founded (Chapter 5: 

stability). 

We also have analyzed the temperature effect at the IPCE. The experiment consist on the monitoring 

of the quantum efficiency of a sample previously activated at the sun simulator, and then put it on an 

inert chamber at N2 atm pressure during the measurement. We have re-circulated hot liquid at 

constant pressure through the outside module of the chamber, heating the chamber where the cell is 

located by diffusion. Using a temperature sensor inside the chamber, we have known the atmosphere 

temperature in the vicinity of the cell atmosphere. 
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4.2.2.9. Effect of temperature on OPV performance (IPCE study) 

 

We have carried out an experiment at inert atmosphere (N2 flux), and the results were tracked on the 

IPCE. The experiment consists on increasing the temperature form 18 to 61
o
C, and the cooling down 

returning at 19
o
C. The results are presented in the Figure 4.54. 
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Figure 4.54 monitoring the IPCE quantum efficiency at heating and cooling of the organic solar cell; A) 

Heating from 18-62 
o
C, B)Normalized heating effect, C)Cooling from 52-19

o
C, D)Normalized cooling 

effect 

According to the results, the device achieves an improvement of quantum efficiency related to the 

temperature, although this improvement is lower than the improvement promoted by the light 

exposure. At the Figure 4.54A is possible we can see an improvement of 30% with the improvement of 

the temperature, and after cooling down, the quantum efficiency backs to their previous position 

(Figure 4.54C) This effect is completely related to the temperature, as we have mentioned, the NiO, 

and the oxides semiconductors in general, experiments an improvement of conductivity related to the 

temperature. An interesting effect is founded at the Figures 4.54B and 4.54D. The images represent 
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the normalized QE of the first and last measurement related to the heating and cooling of the sample. 

The effect, almost imperceptible, shows a corresponding shrinkage of the signal response when is 

exposed to higher temperature, and a relaxation to the original position after cooling. 

 

Summarizing, we have synthesized, characterized, and optimized 2 different TOMs, n-type V2O5 and p-

type NiO for hole-transport layer applications. After the optimization, we have achieved good 

electronic properties, which are reflected on the OSCs performances. Both materials, with different 

electronic configuration type, being n-type the V2O5 and p-type the NiO, works as well as HTL in a OSC 

device, being important the location of their electronic levels. The OSCs present PCEs between 2-3% 

depending of their geometry, and of their materials. Also, the cells have been assembled with TMOs as 

ETL and HTL, playing with TiO2, ZnO, V2O5 and NiO. 

Nevertheless, is important to test their stability properties at long tests measurements, and possible 

degradation ways, also understand their mechanisms of degradation. 

As we believe on the importance of the long term stability of the materials synthesized and assembled 

in our solar cell, we have carry out studies of stability in/out laboratory, also degradation tests, and we 

proposed mechanism of degradation, resumed in the next chapter. 
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4.3. Conclusions 

In this chapter we synthesized transition metal oxides as hole transport materials for Organic solar 

cells. These TMOs are V2O5 and NiO. The conclusions observed in this work are as follow: 

 

4.3.1 V2O5 as Hole transport material 

 To the best of our knowledge, this is the first time that a V2O5 hydrate made from sodium 

metavanadate precursor is analyzed as the HTL in OSC. We achieved efficiencies highly comparable to 

V2O5 coated by more expensive techniques like CVD. 

 The V2O5.0.5H2O film was spin-coated on top of hydrophobic surface with success, using 

alcohol blend solvent, or commercial surfactant (triton X-100). 

 The V2O5.0.5H2O was applied as HTL on inverted and Normal structure, studying the variables 

that affect the performance on both cases. 

 Lower efficiencies were achieved for Normal configuration OSCs, due to the lower 

transparency of the V2O5 film coated under air conditions, resulting in a soft yellow color film. 

 The characterization techniques revealed the interaction of the V2O5.0.5H2O with alcohols 

reducing the solar cell performance. An exchange of water molecules by alcohol molecules in the 

network of the film was observed. This interaction resulted on the reduction of the oxidation state of 

the Vanadium (V
5+

 to V
4+

), characterized by the presence of an “s-shape” on the IV-curve with the 

consequent of lower power conversion efficiency and the requirement for photactivation. 

 The characteristic S-shape of the IV-curve can be turned into a normal J-shape, after light 

soaking, although the PCE results lower than a OSC assembled with a fresh ink.  

 Fresh V2O5.H2O:Iso-propanol (1:1) ink blend is necessary to obtain higher efficiencies 

 Inverted solar cells, achieved high efficiency rate (>3%) were obtained using high 

concentration V2O5 ink (9-10 mg/ml), and thickness >100 nm 

 

4.3.2 NiO as Hole transport material 

 NiO thin film was synthesized successfully from nickel acetate precursor 

 The NiO electronic properties are commanded principally by the sintering temperature, being 

an important fact a pre-annealing stage. 

 The pre-annealing stage is important presumption by the evaporation of solvents, allowing 

better crystallization results. 

 The sintering temperature affects directly the conductivity and the crystal size of the NiO film. 

As higher sintering temperature, higher conductivity and crystal size is obtained. 

 NiO films sintering at higher temperature shows better energy exchange properties, however 

shows also higher recombination rates, resulting by the higher defects ascribed to the crystal network. 
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 Efficiencies as higher that 3% are achieved with NiO film sintered at 350
o
C, opening the 

possibility to use it at flexible substrates 

 The light-soaking is necessary for activate the NiO film, showing a fast de-activation rate at air 

conditions. 

 The de-activation is controlled sealing the OSC. 

 By the controlling of the de-activation with the impermeable sealing, is a fact that the oxygen 

plays an important role in the electronic properties of the material. 
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Chapter 5 

5. Stability/Degradation of OSCs 

One of the most important issues of the Organic Photovoltaic technology is without any doubt, 

the solar cell lifetime. This is the only remaining barrier to OSCs commercialization. The ideal PV 

device, should present constant performance over time, considering also all the weather 

variables that could affect the well function of the device. For OSCs, one of the main issues that 

influences the lifetime of a devices is the effect of light irradiation since it is prone to interact via 

photolytic and photochemical reactions on organic materials. Unavoidably, some of these reactions lead 

to the degradation of the photovoltaic performance of the device. Other undesirable reactions can take 

place due to the presence of components from the atmosphere, such as water or oxygen, that are 

known to affect the device differently, for example affecting interfaces or metal electrodes [1]. Many 

other materials can also be the subject of degradation in a OSC, among them are electrodes, electron or 

hole transport layers, including many others. Each of them contributes with their own degradation 

mechanism to the extensive degradation processes that can be found in OSCs. The degradation of OSCs 

has been the focus of extensive research work and general reviews [1-9]. Research reports are not only 

focused on issues related to materials for example hybrid materials [10-12], low band gap polymer [13-

16], materials morphology [17-20] or interfaces [21, 22] like TMOs [23, 24]. It has also been an 

important subject for the study of tandem structures [25, 26], device processing [27-29] or device 

physics [30, 31], etc. For flexible and mobile power generation applications a 5 to 10 years of stable 

operation is required, but building integrated and outdoor applications requires a minimum of 20 years. 

Studies on OSC modules for P3HT/fullerene- based BHJs devices have shown outdoor lifetimes of 5000 h 

under encapsulation conditions [32]. Assuming negligible degradation in the dark, and 5.5 h of sunlight 

per day, the calculated lifetime prediction is 3 years of lifetime operation. More recently, P3HT/PCBM-

based devices utilizing an inverted structure have shown to retain more than 50% of their initial 

efficiency after 4700 hrs. of continuous exposure (accelerated tests) [33]. Peters et al., have shown 

efficiencies approached to 7 years with PCDTBT/PCBM system [34] with an indoor study, and Hauch et 

al. have shown the first 1 year outdoor study [35]. 

On the other hand, strong efforts have been made at European and international level in order to find 

general measurement practices and to develop accepted degradation procedures and protocols (c.a. the 

ISOS standards), where data could be more easily understood and compared among laboratories. Round 

Robins and inter-laboratory studies, where several laboratories analyse the same solar cell device in a 

sequential manner, are fast and powerful methods that enables the validation of performance 

parameters and the establishment of their spread. Thus, increasing efforts have been invested into the 

study of the degradation/stability of OSCs. In this work, we have carried out a series of experimental 

tests to measure, characterize, and identify the main issues that affect the stability of OSCs. We have 

followed the protocols proposed by the OSC community [36] described before in Chapter 1 

(Introduction). We have also included other test developed by our group based on the analyses of 

quantum efficiency of the device, a protocol that was proposed at the ISOS-3 summit [37] by our 
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research group [36]. According to the consensus stability testing protocols for organic photovoltaic 

materials and devices [36] (described in detailed Chapter 1), we have applied in this work the following 

protocols to the OSC devices included in Table 5.1: 

Table 5.1 ISOS-protocols followed for the stability measurements 

Test Type Test ID 

Dark ISOS-D-1 shelf 

Outdoor ISOS-O-2 

Laboratory ISOS-L-2 

Level 2* 

* corresponds to an Intermediate level of sophistication 

Generally, each protocol consist on a series of requirements that have to be full fit related to the 

conditions of the measurement, the control of the variables or the way to demonstrate the obtained 

results, in the aim to can be comparable to other laboratories results. 

A general description of each of the applied ISOS protocols follow: 

ISOS-D-1 shelf was carried out at ambient temperature and R.H. storage, with a periodical 

characterization at the sun simulator at AM1.5G (1000 W/m
2
).  The storage was made at distinct 

conditions, for example higher temperature or in an environmental chamber; in these cases, the 

protocol type is named like ISOS-D-2 or D-3 respectively.  

The ISOS-O-2 corresponds to an outdoor study, using natural light (sunlight) characterization at ambient 

temperature and R.H. The ISOS-O-2 also can be labelled O-1 when the light source is artificial 

(simulator), or O-3 when both are used.  

The indoor ISOS-L-2 study takes place indoors laboratory facilities, with artificial sun light and under 

constant irradiation. This study is also called “accelerated test”. The light source must be set at AM1.5G 

at controlled temperature and inert atmosphere. 

The in-situ IPCE analysis consists on a continuous monitoring of the quantum efficiency in air or under 

inert (N2) atmosphere. This test is carried out with the aim to analyse the possible adsorption changes 

that could present the solar cell analysed under different atmospheres, and under continuous exposure 

to inert conditions. Previously to get into the stability tests topic, is important to get familiar with the 

common variables applied in these studies. To define the most significant variables, we turn to the 

definition provided by the OPV community through consensus protocols which set the following 

definitions [36]: 
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Table 5.2 Definition of the most common variables used for the stability studies of organic solar cells.  

E0,T0 E0 is the initial testing measurement of an OPV device immediately after final fabrication of 

the device, at time=0 T0 

ES,TS ES is a second testing measurement of an OPV device, defined arbitrarily by the user as some 

time TS, after the fabrication of a device 

E80,T80 E80 is the testing measurement of an OPV device after the device has decayed 20% from the 

initial testing measurement E0. T80 is the time it took to decay to E80. 

ES80,TS80 ES80 is the testing measurement of an OPV device after the device has decayed 20% from the 

second testing measurement Es. TS80 is the time it took to decay to ES80 

 

The T80 is one of the most important variables in this kind of studies, because is directly related to the 

lifetime of the device. The definition of operation lifetime is given as the period of time that elapses 

between the initial stabilized performance and the point where 80% of the initial performance has been 

reached. Is important to establish, that the T80 will also omit any “burn in” period, where performance 

may be decreasing or increasing before stabilization. 

 

5.1 Stability and Degradation analyses  of OSCs applying V2O5.0.5H2O as the HTL 

In Chapters 4 and 5 we have described the synthesis and characterization of the different transition 

metal oxides proposed in this work for applications as ETL (TiO2 and ZnO) and HTL (V2O5 and NiO). For 

the specific case of V2O5 as HTL, after processing optimization, we have achieved efficiencies higher that 

3% (inverted configuration) and 2% (normal configuration). In this chapter we present the stability of the 

materials when applied as part of a complete OSC. The first results are showed in Figure 5.2, related to 

the stability at dark conditions (ISOS-D-1 Shelf) (experimental details at the experimental section, 

Chapter 3). 

5.1.1. Inverted OSC stability: FTO/ZnO/P3HT: PCBM/ V2O5/Ag 

One of the main reasons of poor device stability and short lifetime in Normal configuration OSCs is the 

use of low work function (WF) metal electrodes such as LiF/Al, or Ca/Al. It is known that for the normal 

configuration, where electrons are extracted via the top metal electrode and holes via the bottom 

transparent electrode, (TCO), the OSCs degrade quickly upon exposure to ambient conditions [38-40]. 

Thus, research efforts have been invested on the development of a more stable configuration, known as 

the inverted OSCs. While the materials applied in the OSC layers are maintain the same, the polarity of 
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the device is inverted. This means that a high work function metal electrode with greater ambient 

stability such as silver or gold is applied, the holes are thus extracted via the top metal electrode and the 

electrons via the bottom layer. In this section, we prepared and analysed inverted OSCs (Figure 5.1) that 

were prepared and optimized as described in Chapter 4.  

 

Figure 5.1 Inverted structure OSC (FTO/ZnO/P3HT: PCBM/ V2O5/Ag) 

 

5.1.1.1. Storage of the OSC in the dark: Protocol ISOS-D-1 shelf 

The ISOS-D-1 protocol consists on the analyses of the OSCs under dark conditions. The average ambient 

parameters are 25 ºC and 50 RH% during the analyses. 
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Figure 5.2 Stability of inverted OSC (FTO/TiO2/P3HT:PCBM/V2O5.0.5H2O/Ag at dark conditions (ISOS-D-1 

Shelf). 
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Figure 5.2 shows the photovoltaic performance of the solar cell for a period of 90 days. IV curves were 

carried out under sun simulator conditions at 1 sun. The as-prepared device reveals an initial 

improvement in photovoltaic performance, reaching more than 20% of the initial PCE in the first days of 

analyses (Figure 5.2). This improvement can probably be ascribed to the polymer diffusion into the 

TMOs layers boundaries that could increase the available surface area for charge collection. The device 

observed a highly stable response after more than 90 days (~T100) demonstrating the TMO’s good 

resistance against common degradation mechanisms i.e. diffusion of molecular oxygen and water into 

the device, among others [41]. 

5.1.1.2. Effect of UV-filter 

 

As already mentioned in the course of this work, TMOs are characterized for their photo-response 

towards UV light [42-46]. This UV-light response is known to affect OSC stability, especially in the 

presence of oxygen which is known to influence the oxygen radicals on the TMOs surface [1]. These 

radicals can create charge transfer states improving device performance, or degrade the organic 

semiconductors after their interaction under long-term irradiation [47]. Thus, in this section, we 

analysed the stability of OSCs with the structure FTO/TiO2/P3HT:PCBM/V2O5.0.5H2O/Ag. The analyses 

were carried out at constant irradiation (AM 1.5G) over more than 100 hrs, following the ISOS-L-2 

protocol. The analyses were carried out under the temperature range of 43-44 
o
C, and under inert 

atmosphere (N2). Figure 5.3 shows the stability analyses carried out two identical OSCs devices, one 

analyzed with and the other without an UV-filter (that cuts UV light below 400 nm).  

 

Comparison of the solar cells response clearly indicates a detrimental effect of UV light on device 

stability. The latter is an indication of the photo-activation effect of the TMOs and its influence on device 

response. An important fact to consider, is that the degradation trend of the OSC without UV-filter, 

shows a well defined “burn-in” zone at the first 25 hr of measurement, where the PCE falls even 35% of 

the initial efficiency. In comparison, the degradation trend of the cell with UV-filter, shows a continuous 

negative pendent since the initial PCE, with an almost un-perceptible change of pendant at between 60-

70 h of testing.  The activation of the barrier layers, TiO2 and V2O5, improves the efficiency of the cell 

through charge transfer complex (CTC) formation between oxygen and the organic semiconductor. Yet, 

the continuous irradiation of the device provokes a catalyzing effect which results in faster degradation 

for the organic semiconductors [48-55]. 
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Figure 5.3 Effect of UV filter on the stability of inverted OSCs applying the V2O5.0.5H2O as HTL. A) First 25 

h and B) 120 h. 

 

5.1.1.3. Effect of inert atmosphere: IPCE monitoring 

We have proposed [37] an IPCE experiment to test the stability of the OSCs depending of the 

atmosphere and the changes that the device experiment when we change from atmosphere air 

conditions to an inert atmosphere, normally at N2, this, with the objective to simulate the effect of O2 

absence in the functionality of the device; this, could it be seen as a method to identify the materials 

that are more susceptible to degradation due to the ambient atmosphere. In general, we have observed 

changes when the devices are assembled with TMOs as ETL and/or HTL. 
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Figure 5.4 IPCE in situ (N2) monitoring to an inverted OSC (FTO/TiO2/P3HT:PCBM/V2O5.0.5H2O/Ag; EQE 

(left) and Normalized EQE (right)

We have previously reported similar changes observed on the results showed at this work (Figure 5.4), 

where the EQE experiments an improvement when the atmosphere is changed from ambient to N2. At 

the normalized EQE (Figure 5.4 right) is possible to see a reduction of the peak at 380 nm, 

corresponding to the TiO2, this due the release of oxygen from their structure, a characteristic of many 
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TMOs [47, 56-58]. The signal at 450 nm corresponding to the PCBM [59-61], get lower at N2 atmosphere; 

this effect is attributed to a photo-induced effect on the C60 molecule. 

 

5.1.1.4. Outdoor stability analyses of the OSC: Protocol ISOS-O-2   

Following our stability tests, we have done a long-term outdoor testing following the protocol ISOS-O-2, 

to our inverted OSC. Previous the main results of stability; we show in the Figure 5.5 the common 

behaviour of the OSC during the day. An important facts to note here, is the change in efficiency of the 

device, related to the intensity. If we compare both graphs, when the irradiance gets to higher 

values(top) around 1000 W/m
2
, the efficiency of the device is around 3% ; however, when the irradiance 

stay at low values of intensity (bottom), this is less than 100 W/m
2
, the efficiency can reach up to 6%. 

This is an improvement of 100% of efficiency at 10% of intensity; organic solar cells have an advantage 

under average operating conditions: they show an exceptional advantageous behaviour at low intensity. 

This means that the efficiency of an organic solar cell under low light conditions (e.g. angular sunlight 

incidence or cloud cover) is above their nominal efficiency. 
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Figure 5.5 OSC outdoor testing at normal irradiance day (irradiance getting to 1000 W/m
2
) (A) and at 

cloudy day (140 W/m
2
)(B).  

For a normal day (Figure 5.5A) the irradiation increases reaching its maximum intensity around noon 

time to later decrease until the sunset. We also can see that the current density follows a direct 

response with light irradiance, as well as voltage and the efficiency. However, minimal differences can 

be observed during changes in light irradiation. It is possible to note the peaks located at the normal 

tendency of the irradiance, probably related to specific changes in the sun light striking, i.e. a cloud. In 

these specific peaks is possible to see how the voltage decrease whiles the intensity decrease; however 

for the PCE is the opposite: while the intensity decrease, the PCE trend shows an improvement in that 

located peaks.  We have found that the best efficiencies achieved form the devices exposed to light 

irradiation in a normal sunny day, are related to light intensities around 800 w/m
2
 or at ~80% AM1.5G; 

irradiances higher and lower of this range results in lower OSC performances. 
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While the temperature and the humidity remain constants (15 
o
C and 57% RH) we can relate this effect 

to the improvement of recombination due to an improvement of striking photons on the device, like a 

“funnel effect”. The higher efficiencies (>6%) achieved at low irradiation intensities (>200 w/m
2
) showed 

at the Figure 5.5B were recorded on cloudy days, were the sun light intensity remains at these range 

over all the day, this behaviour shows repeatability at these certain conditions, but looks necessary to 

maintain the low intensity of sunlight to achieve this stability at the OSC; Differentially, when the 

intensity increase continuously until normal AM1.5G, the efficiency get stable at the normal value 

reported (3-3.5 %).  

 

5.1.2. Inverted vs Normal configuration OSC applying V2O5 as the hole transport layer 

Stability analyses were carried out to the inverted and normal configuration OSCs (Figure 5.6) 

assembled with ZnO and V2O5 as ETL and HTL respectively. Our aim is to explore the variables that affect 

the degradation of the devices depending of the geometry arrangement. Both structures were 

assembled and tested in parallel ensuring the same fabrication steps and weather conditions during 

fabrication and analysis. The devises were also analyzed with and without UV-filter in order to know the 

effect of UV-light on solar cell lifetime.  

 

Figure 5.6 Inverted & Normal configuration OSC applying V2O5 as the hole transport layer. 

 

Figure 5.6 shows the configuration of the two devices, the inverted and the normal configuration. We 

should bring into attention that in the inverted configuration light reaches the solar cell from the ZnO 

side which adsorbs at around 340 nm. In the normal configuration, V2O5 is the first layer that light 

reaches and this TMOs adsorbs at about 380 nm. The possible UV filter effect that these TMOs layers 

can have on the solar cell will be explained in the following sections. 
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5.1.2.1. Outdoor stability analyses of the OSC: Protocol ISOS-O-2 

McGhee, et al. reported that the degradation in a polymer solar cell is caused by the formation of states 

in the bandgap. These states increase the energetic disorder in the system. The power conversion 

efficiency loss does not occur when current is run through the device in the dark but occurs when the 

active layer is photo-excited [62]. The indoor studies are a constant irradiated analyses, were the device 

is exposed to a high temperature and light exposing times; in these studies, the degradation is 

accelerated, and the results refers to the degradation related to the function process. To consider the 

real weather conditions, and real exposition to natural sunlight, a best option is the outdoor analyses.  

The Outdoor long-term stability analyses of OSCs with both, normal and inverted configuration were 

carried out following the ISOS-O-2 protocol. The samples were sealed (as described in the experimental 

section) and tested under outdoor conditions, were the humidity reached an average of 70 %, and the 

temperature range was found between 10-15 
o
C at day and about 7 

o
C at night. The stability test results 

are shown in Figure 5.7. We have observed that both geometries exhibit the same behaviour relative to 

the irradiation changes: improvement of FF when reduced light irradiation, and the decrease of Voltage 

and Current density at low light intensity. 
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Figure 5.7 Outdoor Stability Test of inverted (A) and normal (B) OSC using V2O50.5H2O as HTL 

 

The stability of the devices was observed to vary enormously depending on the device configuration, 

with the best stability response observed for the solar cell with the normal configuration. The T80 is 

achieved by the inverted OSC at <400 hrs of testing, while the T80 of the normal OSC appears close to the 
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1000 hrs of testing (Figure 5.7 and 5.8). It is well-known the better stability of inverted OSCs under 

ambient atmosphere conditions (unsealed devices), yet, the latter is only true when the solar cell is 

analyzed under low relative humidity (RH %) environments. Recent work on lifetime’s studies of a 

variety of OSC (un-encapsulated and encapsulated devices) has revealed the requirement for sealing, 

even for OSC with inverted configuration [37, 63-65]. Inverted OSCs analyzed in open air were observed 

to degrade faster, not due to the degradation of the active material of the device, but due to the 

degradation of the metal electrodes which are very sensitive to high RH% of the testing environment 

[37, 63-65]. In our work, the application of the V2O5 hydrate as the HTL resulted in the inverted response 

in stability for the solar cells with the normal configuration OSC showing the best stability. In the case of 

the inverted OSC a continuous degradation trend was registered since the beginning of the stability test 

with isolated efficiency peaks that correspond with low light irradiation observed on a specific day. The 

initial exponential performance drop observed in the first stage of the stability analyses is a process 

already reported for OSCs by different research groups [66, 67]. It is known as a "burn-in" process and it 

seems to originate from the decrease in Jsc caused by the degradation of the bulk of the active layer 

induced by solar radiation [68-70]. Nevertheless, the latter is true for devices where the HTL is a polymer 

like PEDOT:PSS and thus, much more analyses are needed in order to understand the caused behind 

such effect and the influence of the different materials applied, for example when TMOs are used as the 

transport layers like in this work.   

The higher stability observed for the normal OSC is attributed to the UV filter effect that the V2O5 layer, 

coated on the transparent conducting electrode, has on the device. The V2O5 layer (deposited in air) 

shows a yellowish coloration, reflecting part of the incoming light and reducing the amount of photons 

reaching the device.  Moreover, the V2O5 presents an absorption band near to 400 nm, an indication 

that it adsorbs in the UV-range and acts as an UV-filter avoiding the degradation of the organic materials 

of the cell. It also reduces the photo-activation of the ZnO that is the TMO with highest photo-catalytic 

response present in the device.   
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Figure 5.8 Comparative Degradation rate between inverted vs normal structure on OSCs using 

V2O50.5H2O as HTL.   
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5.1.2.2. Outdoor stability analyses: Effect of the UV-filter on the inverted OSC 

 

In order to demonstrate that the improvement of the stability of the normal OSC is due the UV-filter 

effect given by the V2O5, we have applied a UV-filter to the inverted OSC, and analysed the device at 

long-term stability. The results are shown in Figure 5.9A and Figure 5.9B. 
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Figure 5.9 Long-term stability test comparison between Inverted OSCs without UV-filter (A) and with 

UV-filter (B) 
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Figure 5.10 Comparative Degradation rate between inverted without UV-filter vs. inverted with UV-filter 

structure on OSCs using V2O50.5H2O as HTL 
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As we can see at the Figure 5.10 the UV-filter effect is well reflected on the stability of the inverted OSC, 

affecting positively their performance and their properties at long term scale. While the device without 

UV-filter shows the same behaviour like the previously showed, reaching to T80 at  <400 hr; the device 

with the UV-filter shows an average T80 close to the 1000 hrs of testing.  
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Figure 5.11 IV curve comparison at t=0 and t=1000 hrs of A) inverted, B) normal and C) inverted with UV-

filter OSCs with V2O5.0.5H2O as HTL 

In the Figure 5.11, we can compare the degradation effect on the different devices under analyses. In 

the Figure 5.11A, that corresponds to the inverted OSC, we can see that the IV curve after 1000 hrs 

shows a highly degraded device, with the current density at almost 50% of its original value at T=0. The 

Voltage remains constant, a characteristic of stable electrodes, where the Rs show a considerable 

improvement. Rosh R., et al., assigned the increase of series resistance during the degradation 

experiments to morphological changes/degradation, whereas a current decrease was assigned to photo-

oxidation of the active material [63]. For the Inverted OSC analysed with UV-filter (Figure 5.11C) higher 

stability was observed after 1000 h, where only the degradation of the active layer is observed given by 

the changes in Rs and the decrease in current density most probably related to a photo-oxidation effect. 

Completely different response was observed in the results from the normal configuration OSC (Figure 

5.11B). In this case the current density remains stable while the voltage is observed to change (about 

~7%) and could be related to the degradation of the electrodes. 

Table 5.3 Key parameters of OSCs tested at long term stability tests with V2O50.5H2O as HTL 

Sample PCE(%) Voltage (V) Current Density (mA/cm
2
) FF(%) 

Inverted T0 2.50 0.56 9.66 45.66 

Inverted T1000 1.35 0.53 3.36 31.55 

Normal T0 2.02 0.56 7.13 50.66 

Normal T1000 1.80 0.52 7.05 49.40 

Inverted UV filter T0 2.44 0.56 9.68 45.10 

Inverted UV filter T1000 1.88 0.55 9.12 36.89 

 

 

 

 

 

 

 

 

An important change in stability results from the application of an UV-filter on the inverted OSC, 

showing a decrease of only 20% on the FF after 1000 hs of measurement. Although an UV filter is 
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applied, the degradation of the active material is still possible. In order to understand the chemical 

changes resulted from the degradation effect, we have carry out time-of-flight secondary ion mass 

spectroscopy (ToF-SIMS), a technique that gives direct chemical information. The fact that ToF-SIMS 

produces direct chemical information from any given point in the cell makes it, in principle, an ideal 

technique to identify interlayer mixing of the solar cells materials and degradation mechanisms by 

chemical changes, and migration of species. 

5.1.3. Analyses of OSCs by Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS)
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Figure 5.12 ToF-SIMS measurements of OSCs tested at Long-Term stability tests (1000 hrs): Inverted (A) 

and Inverted with UV-filter (B), using V2O50.5H2O as HTL 

According to the results shown in Figure 5.12, it is possible to identify the differences between the OSCs 

analysed with (Figure 5.12B) and without (Figure 5.12A) UV-filter. The 1
st

 parameter to analyse is the 

silver electrode migration. As we can see from the Figure 5.12A, Ag species follow a migration trend 

over the whole cell stacking structure, reaching the ZnO layer. As we have explained in Chapter 3 of this 

work, the silver migration is a common effect observed for organic semiconductors, it is the product of 

the interaction of water, oxygen molecules and an electric field. In this test, the cells have provided with 

an impermeable-encapsulation (glass-UV-cured adhesive polymer/glass), so the water and oxygen 

incorporation into the cell from the outside is minimal. Is possible that the water content on the V2O5 

layer is working as a supplier of water, providing an appropriate scenario for the silver migration; 

nevertheless, the silver migration is minimized when the device is assembled with a UV-filter. To explain 

this effect, is important to analyse the V2O5 vicinity layer. 
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As we have explained in the Chapter 4, the V2O5 is also capable to work as a catalyst in the presence of 

UV-light [71], even that in short way, the V2O5 could it be oxidizing the polymer material at the 

interlayer, promoting the VO2
-
 species migration trough the bulk of the organic layer. A compressible 

effect, could be represented by the silver migration to the V2O5 layer trough the water molecules, 

forming a stable mixing of species, that migrate together through the oxidation/degradation of the 

polymer material. This effect, is minimized when the device is analysed with an UV-filter, that avoid to 

activate the catalyst effect (photo-activation) of the oxide materials, although a photo-oxidation of the 

polymer active material is still present since the TMOs are a source of oxygen [64]. It is also possible to 

compare the low migration rate that the ZnO species presents on the device with UV-filter, related to 

the avoiding of catalyst activation effect by obstructing the UV-light. 
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Figure 5.13 ToF-Sims measurement of normal OSC tested at long-term stability test (1000 hrs) using 

V2O50.5H2O as HTL 

For the ToF-SIMS results of the normal OSC configuration (Figure 5.13), is possible to notice that the 

silver species remain as well pretty close to their original position (vertical dash line), also the ZnO layer 

presents a consistent original position after 1000 hrs of test. The effect is completely different for the 

transparent electrode side, where the V2O5 species has an intrusion over the active layer, crossing the 

complete polymer bulk area, to the back electrode inclusive. An important fact here is that the FTO 

species show the same trend. From the IV curves (Figure 5.11B) we have concluded that the 

degradation after 1000 hrs of test in this structure was addressed by electrode degradation, regarding 

the bit lower voltage achieved at the end of the test. Supporting on the ToF-SIMS measurements, we 

can address the degradation of the device to the diffusion of the FTO into the layers of the cell. Also is 

possible to conclude, by the no changes observed on the current density at the IV-curve, that the V2O5 
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layer does not oxidize/degraded the active layer; so, the V2O5 species presents on the bulk of the 

polymer matrix, could it be obey a “pushing effect” of the FTO to move through the organic area. 

Jong et al., carried out stability tests applying the Rutherford backscattering (RBS) technique on an OSC 

with the structure ITO/PEDOT:PSS/PPV. The author concluded that the ITO/PEDOT interface is very 

sensitive to air and that the hygroscopic nature of PSS allow absorption of water that facilitate etching 

of the ITO layer [72]. Krebs et al. observed ITO etching indirectly by analysing the indium diffusion into 

the layers in an OPV device with the configuration Al/C60/P3CT/ITO. The surprising observation was the 

fact that indium diffuses through all layers in the device and ends up on the other surface of the counter 

electrode (aluminium) [73]. It is uncertain to what extent indium is involved in degradation processes 

when it diffuses through the organic layers of the device. 

An important observation is that the FTO shows higher migration rates in the normal structure than in 

the inverted structure. This could be related to the difference in the polarity of the devices: while in the 

inverted structure FTO acts as an electron collector, in the normal configuration it acts as a hole 

collector. Thus, it seems that the movement of electrons trough the FTO electrode results in more 

chemical stability for the FTO than the transport of positive charges. Also, the water content on the V2O5 

layer in contact with the FTO electrode, could improve the exchange of O species at the FTO trough 

oxygen incoming species in the form of molecular oxygen or water, resulting in deterioration of the TCO. 

 

5.2 Stability and Degradation analyses of OSCs applying NiO as HTL 

5.2.1. Normal OSC stability: FTO/NiO/P3HT: PCBM/ZnO/Ag 

OSCs applying the NiO as the HTL were analyzed for long-term lifetime stability. The solar cell 

configuration has the normal structure as schematically represented in Figure 5.14. In the case of the 

NiO, the normal configuration was the only one possible due to the sintering NiO temperature, 350 
o
C, 

that limits the coating layer onto it has to be deposited.  The NiO thin layer absorbs in the UV region at 

330-350 nm (see Figure 4.31 Chapter 4), thus some photoactivity is expected when irradiated under UV 

light. As in the case of the V2O5, the NiO could also perform as an UV filter preventing the photo-

oxidation of the polymer, and also minimizing the UV photoreaction effect of the ZnO. 
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Figure 5.14 Normal OSC structure (FTO/NiO/P3HT: PCBM/ZnO/Ag ). 

 

5.2.1.1. Indoor analysis of the OSC: Protocol ISOS-L-2 

The normal configuration OSC applying the NiO as the HTL was analyzed following the ISOS-L-2 protocol. 

This protocol consist on the long-term analysis of the solar cells under accelerated conditions, this is, 

under constant 1 sun irradiation at high temperatures (85 
o
C). The accelerated testing is an alternative 

method where the degradation is artificially accelerated by applying increased levels of stress such as 

elevated temperatures, cyclic or periodic mechanical and/or electrical stresses, concentrated light, etc. 

In this work the OSCs with NiO were analyzed under continuous artificial light irradiation, with 

temperature control and under inert atmosphere atmosphere (N2), using a Xenon lamp at continuous 

AM1.5G for 350 h.  

Following the same long-term methodology showed at the previous section, we have analyzed the 

stability and degradation of our manufactured cells using NiO thin film as a hole transport layer.  
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Figure 5.15 Indoor stability test at constant irradiation (AM1.5G) at controlled temperature for a normal 

OSC with NiO as HTL (FTO/NiO/P3HT: PCBM/ZnO/Ag)(ISOS-L-2).  
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Figure 5.15 shows the first 350 h of accelerated lifetime analyses. The stability of the OSC reveals a high 

stable device (Figure 5.15). The lifetime profile presents a 20% increase in PCE in the first 30 h under 

continuous irradiation. After the initial 30 h the PCE decreases continuously until the end of the test 

where the PCE stabilizes. An important fact to consider is the change in the resistance that exhibits a 

decrease in the photovoltaic response in the first 75 h of analysis, followed by an increase in the 

absolute value, to finally return to the original resistance after about 275 h of testing. The response of 

the resistance shows a parallel response with the PCE. This effect could be related to changes on the 

active layer phase separation/reconstruction [74, 75], or to the polymer diffusion on the surface of the 

TMOs, lowering the interlayer resistance. The temperature is a variable to consider, related to the 

positive effect on the PCE at the beginning of the test. The temperature remains constant during all the 

measurement at ~40
o
C, showing a quite low negative slope at the first 75 hrs of the test.  

 

5.2.1.2. Analyses under inert atmospheres: IPCE monitoring 
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Figure 5.16 A) in-situ IPCE monitoring over 160 min under N2 atmosphere (FTO/NiO/P3HT: 

PCBM/ZnO/Ag) B) Normalized IPCE. 

 

In-situ IPCE analyses of the OSC were carried out under inert atmosphere (N2) conditions, the results are 

shown in Figure 5.16. The change in the atmosphere from ambient air to N2 atmosphere reveals an 

increase in the IPCE of the device, showing a slow but steady improvement during the first 3 hrs of 

constant measurements (Figure 5.16A). An important behaviour observed for the OSC is the photo 

annealing of the device carried out under ambient (air) atmosphere. The photo-annealing is beneficial 

for the PCE of the device, where the Jsc and the FF improve radically after the photo-activation and the 

solar cell remains stable under constant irradiation conditions. Nevertheless, when the device is taken to 

the dark, the deactivation of the solar cells takes place at considerable speed (min). Nevertheless, the 

effect is quite minimized, or even eliminated, if the cell is sealed after photo annealing in air conditions. 
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Although the QE of the device increases when analysed under inert atmosphere, the normalized IPCE 

graph (Figure 5.16B) do not show any important changes or any shift on the IPCE peaks. There is also no 

effect that can be ascribed to the presence of any charge transfer complex or any effect on the PCBM. 

 

5.2.1.3. Outdoor stability analyses of the OSC: Protocol ISOS-O-2 

The outdoor stability tests (ISOS-O-2) were carried out on devices with and without the application of an 

UV-filter. The results are shown in Figure 5.17. Analyzing the results related to the device tested without 

UV-filter (Figure 5.17A), it is possible to observe a constant negative slope on the PCE trend, and this 

trend is perceptible to the other key parameters like the Jsc, Voc, and FF. It is also possible to relate the 

effect of the light intensity irradiation to the changes in efficiency, resulting in higher PCE at low 

irradiation intensities. The more sensitive change was observed on the fill factor due to the well-known 

reduction of recombination processes taking place at low light intensities. The device with UV-filter 

(Figure 5.17B) showed also some decrease of PCE with time but at a lower rate than the sample without 

UV filter.  
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Figure 5.17 Outdoor Long-term stability test on a normal OSC with NiO as HTL (FTO/NiO/P3HT: 

PCBM/ZnO/Ag) A) Tested at 1200 hrs B) Tested at 1200 hrs with UV-filter 
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The comparison of the normalized PCE trend for both samples is shown in Figure 5.18.  We can observe 

that the device applying the UV filter has more stable profile staying above T90 even after 1100 h of 

analyses. It is important to notice that the cell without UV-filter, shows very good stability maintaining a 

T80 at 1200 hrs of testing. Nevertheless, the decay of the sample without UV filter shows clearly an effect 

on the device due to the activation of the TMOs by UV light. 
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Figure 5.18 PCE degradation trend comparison between a normal OSC with and without UV-filter 

FTO/NiO/P3HT: PCBM/ZnO/Ag) 

The higher stability achieved by the device assembled with the UV-filter is not surprising, knowing the 

catalyst properties of the TMOs [76-81], resulting in degradation of the organic material by these oxides. 

Nevertheless, the stability achieved by the device without UV-filter is very high (T80 at 1200 hrs), and the 

analysis of their corresponding IV curves are an important tool that permits to determine the 

degradation mechanism in both devices. 
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Figure 5.19 IV curves of OSCs tested at 1000 hrs A) without UV filter and B) with UV filter at t=0 (black 

squares) and t=1200 hrs (red circles).  

 

Figure 5.19 shows the IV curves for two samples tested with and without UV filter and analyzed before 

and after the stability test. For the device tested without UV-filter (Figure 5.19A) is possible to observe 

the pendant change at the IV-curve when is crossing the “Y” axe, that is quite related to the Rsh value, 

denoting an increasing in the leakage current [82]. At the same graph, the decrease of the Voc indicates 

electrode deterioration, whereas it is impossible to define if the response is due to the anode, the 

cathode, or both. The image of IPCE at the Figure 5.19 show the normalized QE at t=0 and t=1200 h. The 

difference is located at the UV-region absorption, related to the TMOs, where a decrease on the peak at 

380 nm is observed.  From the Figure 5.19B, that represent the results of the OSC assembled with UV-

filter, is possible to conclude that the application of an UV filter results in higher stability of the device if 

compared to the cell measured without UV-filter. The Voc remains constant for 1200 h of testing, 

probably due to the good stability of the electrodes, or to the TMO/electrode interface. It is also 

plausible a small improve of the FF and Jsc. 

Whereas the OSCs analyzed with UV filter shows better stability, the solar cell without UV-filter behaves 

quite well, reaching T80 only after 1200 h of testing. We can speculate that the NiO layer confer stability 

to the device. It is known that the photo activity of the NiO is limited in comparison to other TMOs [83, 

84]. Nevertheless, its adsorption properties permits to eliminate the UV wavelength that can activate 

the ZnO layer in the opposite side of the device. It is also perceptible a decrease on the Voc which could 

be associated to electrode degradation at the organic/oxide interface, or even due to polymer doping by 

oxygen [85-87]. With respect to the organic materials (active layer) that are sandwiched by two TMOs, is 

quite possible that, even when the device is sealed, the oxygen source is coming from by the oxides, and 

is affecting the interfaces organic/oxide. 

Table 5.4 Key parameters of OSCs tested at long term stability tests with NiO as HTL 

Sample  PCE (%)  V (V)  J (mA/cm
2
)  FF (%)  

T0  2.7  0.580  8.35  56  

T1200 2.3  0.540  8.70  50  

UV-filter T0  2.10  0.545  8.0  44  

UV-filter T1200 2.09  0.547  7.83  48  

 

Table 5.4 shows the photovoltaic parameters of the OSCs observed for the samples before and after the 

stability tests. The device tested with UV-filter, shows high stability and quite low degradation after 

1000 hrs of testing. It is interesting to notice that the sample applying an UV filter shows no degradation 

in the Voc, which is maintained at 0.54 V, while the device analyzed without UV filter shows a decrease in 

voltage with time. This response also agrees with the results observed for the OSC applying the V2O5 HTL 

as described in the first part of this chapter. This response could indicate that the TMs electrodes are 

less susceptible to changes in their optical properties when the UV filter is used, this means, when the 

photo-activity of the oxide by light is blocked.  
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5.2.3. Analyses of OSCs by Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS)  

 

The ToF-SIMS analyses carried out to the OSCs after stability analyses for 1200 h with and without UV-

filter are shown in Figure 5.20. For comparison purposes, a as-prepared OSC was also analysed as 

reference.  
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Figure 5.20 ToF-SIMS analyses for normal OSCs tested at 1200 hrs with NiO as HTL; A) without UV-filter, 

B) with UV-filter.  

Comparison of the samples analyzed with and without UV filter shows that, for the sample without UV 

filter the NiO is partially diffusing into the active layer (Figure 5.20A) while the same process is less 

obvious for the device tested with UV-filter (Figure 5.20B). In the case of the ZnO, it is easier to note the 

diffusion of the species into the active layer in the device tested without UV-filter (Figure 5.20A). This 

interlayer mixing between the ZnO and he active layer is responsible for the chemical changes at the 
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interface, and the degradation of the organic materials. The catalyst effect of the ZnO under the active 

area is minimized, or even avoided, when the device is analyzed with an UV-filter.  

Another important fact to consider is that there is a diffusion of the FTO components on the HTL and 

even on the active area, in the same way it was observed for normal OSC applying V2O5 as HTL. The 

diffusion of FTO species on the NiO layer tested without filter is clear, but minimal. For the case of the 

device tested with UV-filter, the diffusion of FTO into the NiO layer is almost undetectable. It is also 

possible to observe, that the degradation of the active area for the device tested without UV-filter is 

related to the diffusion of ZnO, and therefore, chemical degradation could occur. This effect is minimal 

for the NiO layer, being a material with lower photo oxidation activity. 
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Figure 5.21 Diffusion comparison of NiO(A), ZnO(B) and SnO2(C) according to the ToF-SIMS analysis 

Figure 5.21 shows the comparison of the individual diffusion profiles for each element. The migration of 

NiO (Figure 5.21A) and ZnO (Figure 5.21B) is clearly observed by the widening of the spectra when the 

device was tested without filter.  

Durrant et al., have shown that UV illumination of TiO2 results in photo-generation of an electron-hole 

pairs. The electron is transferred to O2 and the superoxide radical anion is generated (O2
-
) which can 

oxidize organic polymers. The photogenerated holes can react with surface hydroxyl groups to produce 

TiOH
+
, that degrade organic compounds as well [88-90]. Applying an UV-filter with a cut-off at 400 nm 

retarded this degradation, but did not inhibit completely. In general, a short-term improvement of the 

current density is observed for all these hybrid solar cells working in air followed by a slower decay due 

to degradation of the polymer. The use of UV-filter has been reported as beneficial for the stability in 

hybrid solar cells based on MDMO-PPV and ZnO nanoparticles [91, 92]. 

The diffusion of the ZnO and NiO species trough the device, when the cell is working without UV-filter, 

remarks the degradation of the organics by the oxides, resulting from the UV-light excitation. Even 

though an UV-filter is applied, some degradation of the PCE cannot be avoided. A possibility is that even 

when the oxides are inactives when an UV filter is applied, the oxygen source for the photo-oxidation of 

the organics is still present at the interlayer polymer/oxide. The mechanism of the chemical degradation 

is fairly well understood, singlet oxygen is formed by charge transfer from the photoexcited polymer to 

adsorbed ground state oxygen molecules. The reaction of P3HT with oxygen has been investigated in 
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detail. It is known that P3HT form a charge transfer complex with oxygen and as a consequence the 

carrier mobility and conductance increases dramatically [87]. This charge transfer complex formation is 

reversible (seen by in-situ IPCE studies), these metastable oxygen species formed at the charge transfer 

complex, are later responsible for the irreversible degradation of the polymer [93].  

In this work, we have seen a different degradation rate on the TCO, related to the material vicinity 

interaction. For the NiO/FTO case, the FTO shows more stable, even in the case that the device remains 

working without UV-filter, finding a short diffusion. An important observation is shown in Figure 5.21C 

where the SnO2 signal diffusion remains almost constant at all the tested conditions. We believe that the 

hydrophobic character of the NiO layer promotes the stability of the FTO electrode, being a material 

with many possible applications, like water splitting [94, 95]. This character, gives stability to the TCO, 

remaining it properties during all the tests. The NiO layer, could it be acting also as a water barrier 

protecting the TCO material. 

 

5.3. Conclusions 

In this chapter we analyzed the stability of organic solar cells fabricated with two different hole 

transport layers: V2O5 and NiO. The stability analyses were made following the ISOS degradation 

protocols. A general conclusion of this work is that highly stable devices can be obtain with these TMOs 

and that good stability of the solar cells were observed even after 1000 h of analyses. Detailed 

conclusions are described next: 

 

5.3.1 Stability & Degradation of OSCs assembled with V2O5.0.5H2O as HTL 

 

 The non-encapsulate inverted OSCs show high stability against O2 and H2O for more than 90 

days of monitoring. 

 The UV-filter improves more than 50% the stability of the inverted OSC device. 

 The IPCE shows high stability at atmosphere change (air to N2) preserving the properties of the 

device. 

 The outdoor stability analyses demonstrated higher PCEs ascribed to lower irradiation rates 

(cloudy days). 

 When an UV-filter is applied, a 3-fold increase in device stability is observed. Without UV-filter 

the device degrades much faster, reaching T80 in only 300 h of testing, while with UV-filter the 

T80 is found at 1000 h of testing. 

 The normal configuration solar cell shows higher outdoor stability reaching T80 only after 1000 h 

of testing. 

 According to the IV-curves, the degradation of the OSCs takes place at the active area for the 

inverted configurations, while it occurs at the electrodes for the normal OSC configuration. 

 ToF-SIMS studies reveals migration of ZnO species to the active area of the inverted OSC with 

higher intensity when an UV-filter is not applied, in comparison with the cell with UV-filter. 

 ToF-SIMS also reveals the migration of Ag and V2O5 species trough the active area in inverted 

OSC that is minimized with the UV-filter incorporation. 

 The UV-Filter controls the migration of the TMOs species trough the active area. 



Stability/Degradation of OSCs  

 

179 

 

 ToF-SIMS analyses of the normal configuration OSCs, shows the degradation of the TCO 

electrode, and the migration of some of its components trough the cell layers. 

 The TCO degradation on normal structure is related to the water content in the V2O5 layer. 

 According to the ToF-SIMS results, in normal structure, the ZnO species migration is minimized 

or almost disappears thanks to the UV-filter character of the V2O5 layer. 

 

5.3.2 Stability & Degradation of OSCs assembled with NiO as HTL 

 

 The accelerated test at constant irradiation reveals a quite high stable device, showing T100 after 

350 hrs of testing at controlled temperature under inert atmosphere. 

 The IPCE reveals high stability to the change of atmosphere from air conditions to N2. 

 Outside testing reveals T80 after 1200 h for the OSC without UV-filter, and T100 in the same period 

for the device with UV-filter incorporated. 

 ToF-SIMS analyses to the outside tested cells, reveals migration of ZnO and less intense NiO 

species trough the active area in the normal OSC without UV-filter. 

 When the UV-filter is incorporated, non migration of TMOs species is founded neither ZnO nor 

NiO. 

 NiO film gives stability to the electrode thanks to its hydrophobic character. 
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Apendix 1 

Interlayer spacing from XRD 

The interlayer spacing from XRD spectra has been calculated using the Braggs’ equation: 

 

2d (senθ)=λ0 

Being: 

d= Interplanar spacing 

θ= X-ray incident angle 

λ0= Wavelenght of the X-ray source (CuKα =1.54178 A
o
) 

Grain Size from XRD 

The calculus of the grain size from an XRD spectrum has been done using the Sherrer Equation: 

τ=κλ/ βcosθ 

Being: 

τ=grain size (A
o
) 

κ= shape factor (0.9 typically) 

λ= Wavelenght of the X-ray source (CuKα =1.54178 A
o
) 

β= is the line broadening at half the maximum intensity (FWHM) 

θ= X-ray incident angle 

 

Band Gap from UV-Vis 

The band gap was calculated using the Tauc plot E (eV) vs(α
2
E

2
) 

Being: 

E= energy (eV) 

α = Absorption Coefficient 
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To calculate the absorption coefficient, starting from the Beer-Lambert Law: 

I=Ioe
-αt 

Being: 

Io= Intensity incident light 

α= Absorption Coefficient 

t= thickness 

And considering: I/Io*100= Transmittance; 

α= 1/t ln(1/T) 

*The thickness is known by profilometry analysis and the Transmittance by UV-vis measurement 

And from the photon energy eq: 

E=hν 

ν=c/λ 

Being: 

E= Energy (eV) 

h= planck constant (6.62E-34 J) 

c=light speed (3E8 m/s) 

ν= Frequency (1/s) 

λ= Wavelenght  

 

Knowing E(eV) and α we can plot E (eV) vs(α
2
E

2
); following the tendency of the curve striking to the x 

axe, we have obtained the estimated direct band gap 
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Work Function calculation from UPS measurements 

UPS could be used to determine the work function. By measuring the width of the emitted electrons (W) 

from the onset of the secondary electrons up to the Fermi edge and subtracting W from the energy of 

the incident UV light, hv, the Work function Φ is then given by: 

Φ= hν-W 

Being: 

hν = Energy incident source (He I = 21.2 eV) 

W= represented by the cutoff of the secondary electrons with the x axe. 

 

TGA calculation of water percent remaining 
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Figure X TGA analysis of V2O5nH2O material after annealing at 120
o
C for 10 min

  

The water content of a sample dried from RT until 400
o
C round 12% of the total mass according to the 

TGA. At 120
o
C the water lost represents the 3% of the total water content, being proportional to 0.5-0.6 

water molecules.  
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Work Function from Kelvin Probe Measurement 

The work function was calculated by the contact potential difference (CPD) between the substrate 

surface, and the surface WF of a known material. Our reference was a FTO substrate (4.7 eV), measured 

by UPS. 

The equation: 

 

qVcpd = Φsubstrate-Φreference 

Being: 

q= 1.6 E-19 coulombs 

Vcpd = contact difference potential  

Φreference=4.7 eV (FTO measured by UPS) 

*1 eV=1.6 E-19 J 

 


