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Resumen 

La mayor parte de la generación de energía utiliza combustibles fósiles, que liberan gases 

nocivos de dióxido de carbono a la atmósfera terrestre. Una alternativa sostenible y rentable 

para satisfacer la demanda energética de la población humana son las celdas solares orgánicas 

(OSCs por sus siglas en inglés). Dentro de los avances en los OSCs, el desarrollo de materiales 

de interfaz eficientes y estables es importante para lograr un alto rendimiento, estabilidad a 

largo plazo, bajos costos y una aplicabilidad más amplia. Los materiales inorgánicos y aquellos 

a base de carbono muestran una función de trabajo adecuada, propiedades ópticas/electrónicas 

sintonizables, estabilidad a la humedad y fácil procesamiento de la solución, lo que los hace 

atractivos como capas extractora de agujeros (HELs por sus siglas en inglés) para OSCs. Esta 

revisión analiza el progreso reciente en óxidos metálicos, sulfuros metálicos y materiales a base 

de carbono como HELs en OSCs durante los últimos cinco años. Para facilitar la fabricación y 

la rentabilidad de las OSCs, se utilizan precursores procesados en solución para preparar HELs 

de óxidos metálicos (MoO3, WOx, VOx, NiOx, CuOx), sulfuros metálicos (MoS, WS, NiS, CuS) 

y nanocarbonos (GO, CNT, CQD). Actualmente, la investigación sobre los precursores en 

solución aún está en curso. Los esfuerzos en investigación y tecnología han optimizado los 

métodos de preparación y deposición. Las estrategias de dopaje, formación de 

compositos/híbridos, y modificaciones también han ajustado las propiedades ópticas/eléctricas 

de los óxidos metálicos, sulfuros metálicos y nanocarbonos como HELs para obtener OSCs 

eficientes y estables. Esta revisión destaca el impacto de la estructura, la composición y las 

condiciones de procesamiento de los materiales inorgánicos y nanocarbonos como HEL en las 

OSCs convencionales e invertidas. Estudios posteriores en la ingeniería de capas de interfaz y 

su relación con el mecanismo de movilidad de los agujeros son indispensables para mejorar la 

eficiencia de los OSCs. 

Palabras clave: 

Celdas solares orgánicas, capas de extracción de agujeros, eficiencia, estabilidad, óxidos 

metálicos, sulfuros metálicos, nanocarbonos 
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Abstract 

Most of the power generation uses fossil fuels, releasing harmful carbon dioxide gases into the 

Earth’s atmosphere. A sustainable and cost-effective alternative to fulfill the human 

population´s energy demand is organic solar cells (OSCs). Within OSC’s advancements, the 

development of efficient and stable interface materials is essential to achieve high performance, 

long-term stability, low costs, and broader applicability. Inorganic and carbon-based materials 

show a suitable work function, tunable optical/electronic properties, stability to the moisture 

presence, and facile solution processing, making them attractive as hole extracting layers 

(HELs) for OSCs. This review looks at the recent progress in metal oxides, metal sulfides, and 

nanocarbon materials as HELs in OSCs over the past five years. To facilitate the manufacture 

and profitability of OSCs, it uses solution-processed precursors for preparing HELs of metal 

oxides (MoO3, WOx, VOx, NiOx, CuOx), metal sulfides (MoS, WS, NiS, CuS), and nanocarbon 

materials (GO, CNTs, CQDs). Currently, research on precursors in solution is still underway. 

The endeavors in research and technology have optimized the preparation and deposition 

methods. Strategies of doping, composite/hybrid formation, and modifications have also tuned 

the optical/electrical properties of metal oxides, metal sulfides, and nanocarbon materials as 

HELs to obtain efficient and stable OSCs. This review highlights the impact of structure, 

composition, and processing conditions of inorganic and nanocarbon materials as HELs in 

conventional and inverted OSCs. Further studies in the engineering of interface layers and their 

relationship with the mechanism of hole mobility are highly needed to improve OSCs’ 

efficiency. 

Keywords: 

Organic solar cells, hole extracting layers, efficiency, stability, metal oxides, metal sulfides, 

nanocarbon materials. 

 

 

 

 

 



xi 
 

ABBREVIATIONS AND ACRONYMS 

(NH4)2MoO4 Ammonium molybdate  

AFM Atomic force microscope 

AHM Ammonium heptamolybdate  

a-MWNTs Amino-functionalized multi-walled carbon nanotubes  

BHJ Bulk heterojunction 

CoOx Cobalt oxide 

CTAB Cetyltrimethylammonium bromide  

Cu2CdSnS4 Copper cadmium tin sulfide 

CuBr Copper bromide 

CuCrO2 Copper chromium oxide 

CuI3 Copper iodide 

CuOx Copper oxide 

CuSCN Copper thiocyanate 

CuSx Copper sulfide 

DC Direct current 

DMF Dimethylformamide 

EQE External quantum efficiency 

F4TCNQ Tetrafluorotetracyanoquino-dimethane  

FF Fill factor 

GO Graphene oxide 

GQDs Graphene quantum dots 

H2O2 Hydrogen peroxide 

HEL Hole extracting layer 

HOMO High occupied molecular orbital 

HyMoO3-x Hydrogenated molybdenum oxide  

ITO Indium tin oxide 

Jsc Short circuit current 

LSRP Localized surface resonance plasmon 

LUMO Lowest unoccupied molecular orbital 

MoO3 Molybdenum oxide 

MoS2 Molybdenum sulfide 

MW Microwave 

NH4OH Ammonium hydroxide  



xii 
 

NiOx Nickel oxide 

NiSx Nickel sulfide 

NPs Nanoparticles 

OLED Organic light emitting diodes 

OSCs Organic solar cells 

PANI Polyaniline 

PCE Power conversion efficiency 

PEDOT:PSS Poly(3,4-ethylenedioxythiophene)-poly(styrene sulfonate) 

PEG Polyethylene glycol 

PMC Polynuclear metal-oxo clusters 

PTCDA 3,4,9,10-perylenetetracarboxylic dianhydride  

Rs Series resistance 

Rsh Shunt resistance 

 
RMS Root meand square 

SEM Scanning electron microscopy 

SILAR Successive ionic layer adsorption and reaction 

SWCNTs Single-walled carbon nanotubes  

UVO Ultraviolet ozone 

Voc Open circuit voltage 

VOx Vanadium oxide 

WF 

 

Work function 

 
WOx Tungsten oxide 

 
WSx Tungsten sulfide 

 

  



xiii 
 

Index 

AUTORÍA.................................................................................................................................. v 

AUTORIZACIÓN DE PUBLICACIÓN .................................................................................. vi 

Acknowledgments.................................................................................................................. viii 

Resumen .................................................................................................................................... ix 

Abstract ...................................................................................................................................... x 

ABBREVIATIONS AND ACRONYMS ................................................................................. xi 

CHAPTER 1: Introduction to Hole Extracting Layers in Organic Solar Cells ....................... 1 

1.1 Introduction ................................................................................................................. 1 

1.2 Organic Solar Cells ..................................................................................................... 1 

 Structure and architecture of Organic Solar Cells ............................................... 2 

 Operating Principles............................................................................................. 3 

 Methods for fabrication of Organic Solar Cells ................................................... 3 

 Characterization of Organic Solar Cells .............................................................. 4 

 Interfacial Extracting Layers ................................................................................ 6 

1.3 Problem Statement ...................................................................................................... 7 

1.4 Objectives .................................................................................................................... 8 

 General Objective ................................................................................................ 8 

 Specific Objectives .............................................................................................. 8 

CHAPTER 2: State-of-the-Art Review ................................................................................... 9 

2.1 Inorganic Hole Extracting Layers ............................................................................... 9 

 Metal oxides ......................................................................................................... 9 

 Metal sulfides ..................................................................................................... 23 

 Miscellaneous .................................................................................................... 26 

2.2 Nanocarbon Hole Extracting Layers ......................................................................... 33 

 Graphene Oxide ................................................................................................. 33 

 Graphene Quantum Dots.................................................................................... 37 



xiv 
 

 Carbon Nanotubes .............................................................................................. 38 

 Single-Walled Carbon Nanotubes ...................................................................... 38 

CHAPTER 3: Conclusions and Recommendations ............................................................... 42 

References ............................................................................................................................ 44 

 



1 
 

CHAPTER 1:  Introduction to Hole Extracting Layers in Organic Solar Cells 

1.1 Introduction 

Global energy demand grows as fast as the need to improve the standards of humanity’s living1; 

for example, energy demand for economic growth in Iran increased by 20% from 2006 to 

20112. In the mid-1970s, the energy crisis in the United States from the depletion of fossil fuels 

promoted renewable energy sources and energy storage strategies3,4. In the 1980s, the risks 

attributed to tons of carbon dioxide emissions from burning fossil fuels prompted policies that 

will safeguard the environment5,6. To reduce atmospheric carbon dioxide, “a greenhouse gas”, 

carbon sequestration processes have been explored; however, these result most expensive and 

energy-intensive7,8. Thus, renewable and sustainable energy sources such as wind, biomass, 

solar thermal, hydroelectric, ocean, geothermal, and photovoltaic renewable energy sources are 

crucial to meet future energy needs. 

Solar energy has enough power capacity to satisfy the whole world’s demand9,10. According to 

Luqman et al.11, the amount of solar energy irradiated at the Earth’s atmosphere goes from 200 

to 250 Wm-2 per day, of which ca. 70% is available for conversion into power generation12,13. 

Research on solar energy technology, which aims to convert sunlight directly into electrical 

energy, is vital to switch into low-carbon energy14,15. The intense developments concerning 

solar energy have boosted the investigations to optimize the efficiency and stability of 

emerging photovoltaic technology, such as dye-sensitized solar cells (DSSCs), organic solar 

cells (OSCs), perovskite solar cells (PSC), quantum dot solar cells (QDSC), and so on, of which 

OSCs are one of the most promising16–22. 

1.2 Organic Solar Cells 

OSCs are based on organic semiconductors as active layers with unique advantages to achieve 

low-cost renewable energy harvesting owing to their material and manufacturing advances23,24. 

The large-area solution processing, lightweight, flexibility, tunable transparency, short energy 

payback times, and greener manufacturing have drawn attention to OSCs' great potential in 

diverse applications, such as battery chargers25,26. In the last ten years, extensive research and 

development have been conducted at OSCs in improving lifetimes (7-10 years) and the power 

conversion efficiencies (PCE) above 10% in roll-to-roll industrial manufacturing for the 
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commercial market27–30. Since Kearns and Calvin's pioneering work on OSCs in 1958, one 

significant breakthrough in solar energy technology has been the efficient electron transfer 

between a conjugated polymer and fullerene derivative31,32. It encouraged the interest in the 

light-harvesting of OSCs from the structure device until the materials used for their 

construction32–35. 

 Structure and architecture of Organic Solar Cells 

A conventional OSC consists of an active layer sandwiched between two electrodes with their 

respective extracting layers to ensure mobility, collection, and transport of the charge carriers36. 

At the bottom, the anode electrode is a transparent conductive oxide, such as indium tin oxide 

(ITO), and at the top, the cathode is a low work function (WF) metal, such as Ca and Al, see 

Figure 1a37. 

The organic solar cells based on two organic semiconductors in the active layer can acquire 

two architectures: the bilayer and the bulk heterojunction devices. Tang et al. presented the 

sequentially stacking of donor and acceptor semiconductors to form the bilayer planar 

heterojunction in 198633. However, it has limitations, such as the small surface area between 

the donor/acceptor interface and the poor excitons' dissociation. Then, the introduction of bulk 

heterojunction (BHJ) devices in 1990 solved bilayer devices’ issues35. It involves mixing donor 

and acceptor materials in the bulk body of an OSC to reduce phase separation. Donor and 

acceptor domains are twice the size of the exciton diffusion length (⁓10 nm). To expand the 

active layer's absorption range, tandem OSCs have been proposed to stack two single-junctions 

with different absorption ranges38,39. According to the charge flow direction, OSCs can be 

divided into conventional and inverted devices (see Figure 1a,b)40. 

       

Figure 1. (a) Schematic device conventional structure; (b) inverted structure [41]. (c) The simplified view of the 

operating principle in the active layer. Reprinted with permission from [42]. Copyright 2010 American Chemical 

Society.  

a)                                             b)                                                 c) 
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 Operating Principles 

Under light irradiation, photons are absorbed in the active layer to form excited states, called 

“excitons”, which are bound electron-hole pairs. Excitons diffuse towards donor/acceptor 

interface and separate into holes and electrons in the highest occupied molecular orbital 

(HOMO) of the donor and the lowest unoccupied molecular orbital (LUMO) of the acceptor, 

see Figure 1c. Then, the separated charge carriers are transported and collected at the electrodes 

to supply the photocurrent43. 

 Methods for fabrication of Organic Solar Cells 

Currently, there is an excellent development of cost-effective low-temperature deposition 

strategies for industrial scaling to avoid the traditional vacuum method used in the manufacture 

of OSCs. 

 Casting 

It casts the material dissolved in liquid form in a solvent on the underlying substrate, followed 

by drying. Spray casting solves the lack of control in film morphology and uniformity44.  

 Spin Coating 

The spin coating technique is the most common deposition method of OSCs by its high 

reproducibility in film thickness and morphology, but neither large area applicability nor in 

film patterning. It applies the spinning at a certain rotation speed of the substrate to dry the 

deposited liquid material45. 

 Electrodeposition 

Through an electric field, electrodeposition allows depositing polymers and inorganic 

materials, particularly at the cathode surface, to avoid an oxidative process at the substrate 

surface. The control on deposition has broader applicability for the formation of composites 

and hybrids46. 

 Roll-to-roll techniques 

The roll-to-roll technique is usually utilized in flexible OSCs because the flexible substrate is 

unwound to pass through printing or coating machines, followed by rewound on a roll. It opens 
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the applicability for large-area production because substrates are not handled individually but 

instead in rolls47,48. 

These four deposition methods are less expensive for technological applications than vacuum 

deposition, without involving high temperature and pressure. Compared to the vacuum method, 

these techniques' solution processability offers the advantage of a continuous process such as 

roll-to-roll coating to avoid wasting raw material. 

 Characterization of Organic Solar Cells 

The current-voltage (J-V) curve of an OSC is characterized under 1000 W/m2 light of AM 1.5 

solar spectrum49. Figure 2a shows the J-V curve of an OSC under darkness and illumination 

conditions. The dotted curve shows the dark case, in which not photocurrent is flowing through 

the electrodes, just the current by the forward bias of contacts as a diode. Under light 

irradiation, photocurrent is generated whose efficiency (𝜂) or power conversion efficiency 

(PCE) is the product of three parameters, short-circuit current density (𝐽𝑠𝑐), open-circuit voltage 

(𝑉𝑜𝑐), and fill factor (𝐹𝐹) over the incident light power density (𝑃𝑖𝑛) as follows50: 

𝜂 =
𝑉𝑜𝑐∗𝐽𝑠𝑐∗𝐹𝐹

𝑃𝑖𝑛
      (1) 

𝐽𝑠𝑐 relates the efficiency of the operating principle of the OSC51. 𝐽𝑠𝑐 can be obtained by the 

product of the photoinduced charge carrier density (n) with the charge carrier mobility (𝜇), 

where e is the elementary charge and E is the electric field, see below. 

𝐽𝑠𝑐 = 𝑛𝑒𝜇𝐸      (2) 

n increases by the number of absorbed photons per unit of volume, and 𝜇 by the morphology 

of the polymer/fullerene blend, so 𝜇 depends on the film preparation conditions. The direct 

incident light intensity (I) dependence of 𝐽𝑠𝑐 is also dependent on 𝜇52. The ratio of collected 

photogenerated charges and the number of incident photons allows having an idea of the 

external quantum efficiency (EQE) of the OSC.  

𝑉𝑜𝑐 is the main driving force for charge separation once exciton achieves the donor/acceptor 

interface53,54. 𝑉𝑜𝑐 is the difference of work functions between the quasi-Fermi levels of holes 

(EF.h) in the HOMO level of the donor and electrons (EF,e) in the LUMO level of the acceptor 

in the BHJ under the formation of ohmic contacts with the cathode and anode (depicted as 

𝑉𝑜𝑐−1 in Figure 2b). However, when a Schottky contact appears in both BHJ/electrode 
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interfaces, the 𝑉𝑜𝑐 will decrease and will dependent on the difference between the work 

functions of the two metal contacts (depicted as 𝑉𝑜𝑐−2 in Figure 2b)55,56. 

𝐹𝐹 is the ratio between the maximum output power point (𝑀𝑝𝑝) and the maximum attainable 

power output (𝐽𝑠𝑐 ∗ 𝑉𝑜𝑐), as follows50: 

𝐹𝐹 =
𝑀𝑝𝑝

𝐽𝑠𝑐∗𝑉𝑜𝑐
=

𝐽𝑚∗𝑉𝑚

𝐽𝑠𝑐∗𝑉𝑜𝑐
      (3) 

𝑀𝑝𝑝 describes the maximum power drawn from the device. 𝑀𝑝𝑝 is the product of the largest 

current and voltage marked as 𝐽𝑚 and 𝑉𝑚 (see Figure 2a)26. The main factors that influence the 

FF are the series resistance (𝑅𝑠) and the shunt resistance (𝑅𝑠ℎ) and their interaction determines 

the current flow. 𝑅𝑠 is attributed to conductivity of electrodes, bulk heterojunction and 

extracting interface layers, and the contact resistance between them57. The small 𝑅𝑠 increases 

the mobility of the charge carriers and the performance of OSCs58. 𝑅𝑠ℎ is the current losses 

from the pinholes or traps in the film. 𝑅𝑠ℎ inversely relates the leakage current density (𝐽𝑠ℎ) 

according to the following Ohm's law: 

𝐽𝑠ℎ =
𝑉−𝐽𝑅𝑠

𝑅𝑠ℎ
      (4) 

𝐽𝑠ℎ is an undesirable current injected from the electrodes in the opposite direction to 𝐽𝑠𝑐. A 

suitable interface morphology decreases 𝐽𝑠ℎ and increase 𝑅𝑠ℎ independently of the light 

intensities (see Figure 2c)59. Thus, the contact quality at the active layer/electrode interface is 

critical to optimize 𝐹𝐹, 𝑉𝑜𝑐 and 𝐽𝑠𝑐. Interface films enhances all these OSC parameters because 

it tunes the energy level alignment at the active layer and electrodes, surface morphology, and 

the contact to boost the efficiency and stability60. 

          

Figure 2. (a) Typical current-voltage curve. Reproduced from ref. [50] with permission from the PCCP Owner 

Societies. (b) open-circuit voltage. Reproduced from ref. [54] with permission from the Royal Society of 

   a)                                             b)                                               c)  
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Chemistry. (c) the current-voltage response is measured in the dark, with 𝑅𝑠ℎ ranging from low to very high. 

Reproduced with permission from ref. [59]. Copyright 2015 AIP Publishing LLC. 

 Interfacial Extracting Layers 

Interfacial layers are critical components of OSCs to enhance the collection efficiency of holes 

and electrons toward the anode and cathode electrodes. In photovoltaic devices, including 

OSCs, there are barriers to charge extraction by the nonideal contact between the active layer 

and the electrodes61. This limited interfacial energy alignment inhibits the spontaneous charge 

transport, resulting in charge accumulation at the interface, thus decreasing Voc, FF, and PCE51. 

Interfacial layers with suitable WFs contribute to match the energy levels of donor and acceptor 

materials with the electrodes, favoring the charge transport and stability62. The interfacial 

layers must be charge selective to avoid charge recombination at the electrodes in addition to 

the energy level tuning. In that sense, it has designed hole extracting layers (HELs) and electron 

transporting layers (ETLs), which in addition to the energy-levels requirements, increase the 

hole and electron mobility in the opposite direction to collect only one type of charge on each 

electrode63.  

 Hole Extracting Layers 

In the 1990s, hole extracting layers (HELs) were introduced in the organic electronics field by 

Tokito et al. when hole-injection increased from inserting vanadium, molybdenum, and 

ruthenium oxides as HELs in organic light-emitting diodes (OLED)64. A hole extracting layer 

(HEL) 's central role is the efficient hole-extraction and transport of holes from the HEL/active 

interface to the anode/HEL interface, increasing power generation65. To achieve high 

performance, the materials for HELs need to fulfill the following requirements: (1) high work 

function matched with the HOMO energy level of the donor and anode energy level; (2) 

transparency to increase the light absorption by the active layer; (3) high hole mobility to lower 

the charge accumulation and recombination; (4) large band gap to block electron carriers; and 

(5) chemically inert to external factors62,66,67. 

The first materials used as HELs in OSCs were inorganic p-type transition metal oxides (MoO3, 

WO3, NiO, Fe3O4) or metal sulfides (MoS2), which showed high stability and performance68–

72. Most of them required high vacuum for deposition, which compared to organic materials, is 

costly to industrial and large-scale processing73. Poly(3,4-ethylenedioxythiophene)-

poly(styrene sulfonate) (PEDOT:PSS) is the standard conducting polymer as HEL in OSCs 
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because of the low costs, minimal toxicity, facile solution processing, and high WF. However, 

it is not stable at standard conditions by its hygroscopic nature74. In this review, the progress 

about the fabrication methods and film properties of inorganic (metal oxides and sulfides) and 

nanocarbon materials as HELs in OSCs will be discussed, focused on solution processing 

conditions, deposition methods, doping, composite/hybrid formation, and modifications. 

1.3 Problem Statement 

The running out of fossil fuels and the global warming caused by the growing energy demand 

has led to a great deal of health and environmental damage75,76. The nonrenewable fossil fuels 

energy market encouraged by the Industrial Revolution has led to 1.2 trillion tons of carbon 

dioxide emissions in 1800-201077. The high concentration of carbon dioxide gases traps the 

longwave radiation and allows the incident shortwave radiation from the sun to pass through 

the atmosphere and warm the terrestrial surface78. This effect, known as global warming, rises 

continuously the Earth’s surface temperature, triggering multiple harmful effects in physical, 

biological, and human systems. The melting of the poles, sea-level rise, floods, droughts in 

rivers and lakes, coastal erosion, and extreme natural disasters are attributed to the physical 

effects79. In biological systems, it has prompted the death of flora and fauna in terrestrial and 

marine ecosystems80. Climate change has also affected human beings destroying crops, food 

production, and life conditions because these three systems are related to each other81,82. Even 

though carbon sequestration and geo-engineering mechanism are developing to mitigate the 

warming impact, renewable energy sources are the only one that does not compromise the 

environmental sustainability83. Solar energy is a clean, renewable source to boost the transition 

out from fossil fuels to low carbon energy10. The energy radiation from sunlight within one 

hour meets the energy demand for an entire year84. Bulk-heterojunction organic solar cells 

based on organic semiconductors are emerging as a new technology for reducing the carbon 

footprint and the cost of electricity production85. Currently, organic solar cells are 

commercialized for building integrating semitransparent photovoltaics, representing 5% of the 

market86. There is a vast development in the feedstock, architecture, processing conditions, and 

deposition technologies to potential organic solar cells' market. This research is focused on 

generating a state-of-the-art review about the advances in hole extracting layers that show great 

potential for enhancing the efficiency and production of organic solar cells.  
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1.4 Objectives  

 General Objective 

 To analyze recent progress in inorganic (metal oxides and metal sulfides) and 

nanocarbon materials as the hole extracting layers in organic solar cells. 

 Specific Objectives 

 To understand the critical role of hole extracting layers in the performance and stability 

of organic solar cells. 

 To analyze the effect of the material properties modification on the Jsc, Voc, FF, and its 

influence on PCE and stability. 

 To discuss the solution deposition methods of hole extracting layers in organic solar 

cells in terms of costs, time consumption, and performance. 
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CHAPTER 2: State-of-the-Art Review 

2.1 Inorganic Hole Extracting Layers  

 Metal oxides  

 Molybdenum Oxide 

MoOx is an n-type material with a valence band edge around 2.5-3 eV below the Fermi level 

and a conduction band closer to the Fermi level65. MoO3 has a high work function (WF=6.9 

eV) and conductivity of 1.2×10-7 Sm-1 due to the different states of O and the multivalence of 

Mo in its three crystal phases (α-MoO3, β-MoO3, h-MoO3)87–89. MoO3 is a promising HEL due 

to its electronic structure, transparency, conductivity, and stability enhance the hole extraction 

and thus the efficiency of OSCs, compared to PEDOT:PSS90. Lee et al. reported that MoOx 

HEL-based OSC is more stable at a high operating temperature near 300-420 K than 

PEDOT:PSS91. Therefore, there is much research in strategies to optimize the solution 

processing methods and the film properties of MoO3
92–94. 

Bortoti et al. obtained the orthorhombic phase of MoO3 (α-MoO3) by refluxing MoS2 in HNO3 

and H2SO4 as the oxidant media, followed by 120 °C for 10 min to evaporate the solvent95. The 

energy level of α-MoO3 matched well with that of donor material P3HT, and 1.55% PCE was 

obtained in the structure FTO/ZnO/P3HT:PC60BM/MoO3/Ag. Ji et al. used ammonium 

heptamolybdate (AHM) as the precursor solution to prepare a solution-processed MoO3 array 

on P3HT:PC61BM as an active layer by ultrasonic spray coating method at 80 °C96. The 

solution-processed MoO3 micro arrays improved the charge transport between the active layer 

and the anode. Thus, the Voc and FF increased to 0.59 V and 59.2%, and a higher PCE of 3.40% 

was achieved. MoO3 is adequate to attain a high built-in potential and Voc because it can 

suppress interfacial reactions at the HEL/BHJ interface97. 

MoO3 nanoparticles (NPs) can be added at the interface between the active layer and the 

PEDOT:PSS to take advantage of the localized surface resonance plasmon (LSRP) effect of 

nanoparticles and the electronic structure of MoO3
98. MoO3 NPs increased the path length of 

the absorbed light and blocked the electrons flow to the anode, resulting in a higher Jsc, FF, and 

thus a PCE of 4.11% was reached over a long period of 30 days99. The high transparency of 

MoOx allows an enhanced back-reflected light into the active layer to enhance the photocurrent, 

as shown in the external quantum efficiency (EQE) curves (Figure 3a)100.   
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At low temperatures of 80-200 °C, Jagadamma et al. prepared an alcohol-based MoOx 

nanocrystalline suspension processed directly over temperature-sensitive active layers (see 

Figure 3b)101. The water-free solvent and the fine MoOx nanocrystal diameter (<5 nm) resulted 

in a compact and smooth film with a thickness around ⁓5-10 nm. All inverted OSCs reached a 

PCE above 9%, retaining 90% of their efficiency after five months of aging. MoO3 nanocrystals 

(NCs) with a size greater than 5 nm can form a composite of MoOx with Ag nanowires (NWs) 

to lower the nanowire junction resistance by close packing Ag NWs. The Ag NWs/MoOx 

composite also served as a barrier for Ag diffusion into the active layer's bulk. Wang et al. 

added AgAl NPs into MoOx HEL to prevent the Ag diffusion by forming AlOx
102. The PTB7-

Th:PC71BM cell remained 60% of the initial PCE (9.28%) during 120 days. 

Cong et al. used ammonium molybdate and citric acid in 2-methoxyethanol as the precursor to 

prepare MoOx, followed by 10 vol.% of H2O2 form a stable conductive film103. The presence 

of H2O2 induced oxygen vacancies to help in the polyvalence and conductivity of the MoOx 

film. Jung et al. prepared a solution-processed MoOx from the dissolution of MoOx powder in 

ammonium hydroxide (NH4OH) and isopropanol solvent104. The Mo5+-OH bonds induced by 

hydroxyl radicals facilitated the charge transport with higher hole mobilities of 2.3×10-6 cm2V-

1s-1 than PEDOT:PSS of 2.1×10-6 cm2V-1s-1. The gap states induced in the bandgap by the 

oxygen defects tuned the Fermi level of MoOx with the highest unoccupied molecular orbital 

(HOMO) of PBDB-T as the donor material, showing overall improvement in FF and Jsc with a 

PCE of 10.86%. 

The excess of oxygen vacancies during the film formation results in recombination sites which 

compromise the performance and stability of the OSC41. Kobori et al. improved the Jsc and FF 

when the as-deposited solution-processed MoOx film was annealed at 160 °C for 2 min105. The 

enhancement in the efficiency from 1.40% to 6.57% is due to the effect of surface passivation 

of MoOx HEL by annealing treatment, resulting in a reduction of oxygen vacancies in the MoOx 

film (Figure 3c). It helps the fabrication of OSCs with temperature-sensitive low-bandgap 

polymers, such as PTB7-Th:PC71BM and PCPDTBT:PC71BM. Li et al. reported that low-

temperature annealing treatment could also enhance the preparation of solution-processed 

MoOx films from peroxomolybdic acid organosol precursor solution at 150 °C, while also 

achieving passivation of the surface106. 
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Figure 3. (a) External quantum efficiency of inverted OSCs with MoO3 and PEDOT:PSS HELs [100]. (b) Energy 

level diagram of inverted OSCs with different polymer:PC71BM systems. Reproduced with permission from ref. 

[101]. Copyright 2016, Elsevier. (c) Reduction of oxygen vacancies with annealing treatment. Reproduced with 

permission from ref. [105]. Copyright 2016, Elsevier. (d) Interfacial dipole formation for charge transport by gap 

states. Reproduced from ref. [107] with permission from the Royal Society of Chemistry.  

Comparing OSCs' efficiency with no annealing, thermal annealing (100 °C), and ultraviolet 

(UV) annealing, the latter can keep a higher PCE of 5.4% over a longer period108. UV annealing 

removed the adhered organic contaminants on the MoO3 film surface by two short wave UV 

lights at 185 nm and 285 nm. This radiation decomposed O3 into O2 and active O, which 

oxidized and removed any organic contaminant by transformation into volatile gases. Cai et al. 

achieved a PCE of 9.27% in the PBDB-T:ITIC BHJ cell using an ultraviolet-deposited MoO3 

film109.  

Tan et al. developed a solution-processed annealing-free aqueous MoOx for non-fullerene 

OSCs110. By adding a small amount of water to MoO2(acac)2, the ligand of MoO2(acac)2 was 

removed from the MoOx film, avoiding thermal treatments and enhancing the PCE of PBDB-

T-2F:Y6 cell up 17.0%. 

In addition to the impurities in the precursor solution, external factors including air and oxygen 

create oxygen defects in the MoOx film lattice, which change the electric properties (WF, 

energy levels) and the performance of the OSC111,112. Soultati et al. reported the microwave 

a)                                                    b)                                                 

c)                                                                      d)                 
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(MW) air annealing approach for recovering the work function (WF) in stoichiometric MoOx 

and the efficiency of the FTO/MW-MoOx/P3HT:PC71BM/Al cell to 5.0%107. The work 

function recovery resulted in forming a large interfacial dipole at the FTO/MW-

MoOx/P3HT:PC71BM interfaces, favoring hole extraction via gap states, see Figure 3.  

In addition to post-treatments, the film properties of the MoO3 HEL in OSCs also improve 

through strategies involving doping, composite/hybrid formation, multilayers, and deposition 

technique. 

Doping: 

Chang et al. reported vanadium-doped MoOx films at different ammonium metavanadate 

concentrations. The smallest band offset (1.13 eV) between the valence band edge of 

V0.05MoOx and P3HT HOMO level favored the hole transport by the lowest resistance among 

all V-MoOx films113. Marchal et al. reported a decrease of 3 nm in the surface roughness of 

MoOx HEL by adding 0.5 mol% of Zr and Sn via a combustion chemical deposition method at 

low temperatures114. The Zr and Sn atoms also covered the surface defects of MoOx, forming 

an uniform and well-covered HEL film on the ITO electrode (Figure 4a). Bai et al. employed 

a small amount of p-type NiOx into n-type MoO3 in one step115. Since MoO3:NiOx was highly 

transparent and had a conduction band of 3.25 eV and a WF of 5.10 eV (Figure 4d),  the 

MoO3:NiOx film was able to block electrons while enhancing the contact to charge transport 

toward the anode, achieving a PCE of 10.81% in PBDB-T:IT-M BHJ OSC. 

Composite/Hybrid formation: 

Yoon et al. synthesized a dual-hole transporting layer by mixing solution-processed copper 

iodide (CuI) and thermally evaporated MoO3
116. The interaction between MoO3 and the CuI 

increased the forbidden gap states in the MoO3 layer for the hole transport by forming small 

oxygen vacancies and Mo5+ defect states. Zhiqui et al. reported a composite of copper bromide 

(CuBr2) and molybdenum trioxide (MoO3) as the HEL for OSCs117. CuBr optimized interfacial 

contact to increase charge carriers, and MoO3 blocked electron transport, resulting in improved 

FF (65.20%), Jsc (19.65 mAcm2), and an increase in the PCE from 7.30 to 9.56%. Li et al. 

prepared CTAB-modified MoO3 nanocomposites by adding a small amount of 

cetyltrimethylammonium bromide (CTAB) solution into ammonium molybdate and annealing 

it at 200 °C in a glovebox118. CTAB passivated the surface traps of MoO3 films to avoid the 
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recombination sites, resulting in a film with PCEs of 5.80±0.13% in P3HT:ICBA and 

8.34±0.13% in PTB7:PC71BM OSCs. 

The formation of polynuclear metal-oxo clusters (PMC) of tungsten/molybdenum as HELs 

showed PCEs of 14.3% and higher stability than PEDOT:PSS119. The variation in the W/Mo 

ratio allowed to increase the hole transport from the polymer donor (PBDBT-2F) toward anode 

due to the formation of an inorganic-organic charge transfer complex with a barrier-free 

interface. This unique characteristic of PCM clusters in OSC might promote new insights for 

its utility in high-performance optoelectronic devices. Kwon et al. also boosted the efficiency 

by developing an alloy of molybdenum-tungsten disulfides films as HEL to replace 

PEDOT:PSS efficiently120.  

Multilayers: 

As it was mentioned before, Ag NPs can be incorporated into MoO3 to enhance the electrical 

and optical properties of the HEL. Indeed, it can form a MoO3/AgNPs/MoO3 structure as HEL 

to improve the Jsc and reduce the recombination by the backscattering and surface plasmon 

effects of AgNPs121. Zhang et al. prepared a solution-processed MoO3/AgNPs/MoO3 (MAM) 

HEL in PTB7:PC70BM cells122. The MAM multilayer enabled an enhanced charge collection 

by suppressing charge recombination. The efficiency of the OSC was superior (7.68%) than 

the s-MoO3 (6.72%). 

The manufacture of OSCs has also been limited by the material’s finite availability, such as the 

transparent anode electrode, ITO123. An ITO-free flexible OSC obtained by Chen et al. used 

multiple layers of molybdenum oxide MoO3/LiF/MoO3/Ag/MoO3 as transparent electrodes, 

facilitating the transmittance and charge transport124. Lee et al. reported a reduced atomic 

percentage of In and Sn at the surface of ITO electrodes by graded sputtering of MoO3 HELs, 

see Figure 4c125. The MoO3 graded ITO (MGI) electrode formed three regions: (i) the bottom 

ITO region provided high transparency (83.8%), (ii) the Mo-In-Sn-O graded interlayer, and 

(iii) the MoO3 region served as the hole transporting layer. 

Deposition Technique: 

For thin HELs, the deposition method might cause defects or form compacted layers depending 

on the working conditions. Uniform s-MoOx HELs prepared by direct current (DC) magnetron 

sputtering showed enhanced charge transport with a FF of 50% as the s-MoOx film's surface 
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was smoother and controlled by DC in comparison to the conventional evaporated approach126. 

Chaturvedi et al. applied a DC voltage of 1 kV during the spray deposition of MoO3 HEL, 

obtaining a PCE of 2.71%127. The applied electric field controlled both the optical and electrical 

properties of the thin MoO3 film. Dong et al. used a laser-assisted method to obtain a 

hydrogenated molybdenum oxide HyMoO3-x film for flexible OSCs (see Figure 4b)128. By 

controlling the energy of KrF laser (λ = 248 nm) during the irradiation of photons on the AHM 

precursor solution, the work function (5.6 eV) and the hole transport of HyMoO3-x film 

increased, allowing higher PTB7:PC70BM cell performance, see Table 1. The laser processing 

time is only 30 ns, so it is suitable in time and economy compared to the thermal evaporation 

method.  

  

Figure 4. (a) Atomic force microscope (AFM) and scanning electron microscopy (SEM) images of unmodified 

and modified MoOx HEL [114]. (b) Scheme of laser-assisted synthesis of HyMO3-x. Reproduced from ref. [128] 

with permission from the Royal Society of Chemistry. (c) XPS depth profile of MGI electrode. Reproduced with 

permission from ref. [125]. Copyright 2016, Elsevier. (d) Energy levels of MoO3 doped with NiOx layer. 

Reproduced with permission from ref. [115]. Copyright 2019, Elsevier. 

   a)                                                                            b)                                 

c)                                    d)  
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 Tungsten Oxide 

Tungsten oxide is an n-type material with a work function ranging from 4.7 to 6.4 eV depending 

on the film preparations129–132. Tungsten oxide is a hole extracting layer that can work 

efficiently in conventional and inverted OSCs using vacuum as solution processing 

method69,133. WOx is an amorphous structure that: (i) forms smooth surface morphologies, (ii) 

increases the charge mobility in the active layer, (iii) enhances the charge collection because 

Voc depends linearly on the anodic work function when there is not ohmic contact at the 

anode/donor interface134. Thus, the enhancement in solution processing WOx-based OSCs is 

particularly focused on increased light absorption. 

Lee et al. designed an Au@SiO2-WO3 nanocomposite (NC) which works as a photon antenna 

for high light absorption135. The localized surface plasmon resonance (LSPR) effect of Ag 

nanoparticles (NPs) enhances the intensity of photon absorption in the P3HT:PC61BM BHJ 

cell, resulting in increased Jsc. Moreover, high hole mobility of WOx NPs boosted the device 

PCE up 1.6%. The surface morphology of the Au@SiO2-WO3 NC film was kept uniform due 

to the SiO2 shell avoided the aggregation effect of the Au NPs. Instead of SiO2, the aggregation 

effect can be avoided by controlling the concentration of Au NPs. Using 10 wt% of Au NPs, 

the Au-WO3 NC HEL decreased the surface morphology's roughness, achieving a PCE of 

60.37%136. 

Shen et al. enhanced the light absorption and the PCE of the OSC from the LSRP effect of 

structure-differentiated silver nano-dopants in solution-processed WOx HEL137. In Figure 5a,b, 

from the three silver nano-dopants: (i) naked Ag NPs (nAgp), (ii) SiO2-covered Ag NPs 

(SiAgp), and (iii) naked Ag nanoplates (nAgPI), the triangular nAgPl reached the higher 

efficiency of 4.6% while spherical nAgp the lowest. The spherical nAgp surface decreased the 

PCE because its surface can directly contact the donor/acceptor material of the active layer, 

resulting in excitons quenching; thus weak LSRP effects, see Figure 5c. 

The layered structure of the hydrated phase of WO3 allowed it to serve as a stable and efficient 

hole transport material138. Remya et al. performed a study between dehydrated and di-hydrated 

WO3 films as HEL in the inverted P3HT:PC61BM and PTB7:PC71BM cells139. The hydrated 

phase of WO3 enabled a suitable energy level alignment with the active layer by tuning the 

water coordination, resulting in a higher PCE of 5.1% and 7.8%, respectively.   
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Figure 5. J-V curves with various concentrations of (a) nAgp, (b) nAgPl; (c) Structure-differentiated silver 

nanoparticles-doped WO3 layers. Reproduced with permission from ref. [137]. Copyright 2016, Elsevier.   

 Vanadium Oxide 

V2O5 is an adequate hole transporting and electron-blocking layer, resulting in improved 

efficiency and stability140. V2O5 acts as a protecting layer, avoiding the surface reactions or the 

moisture from the working conditions141. The electronic structure of V2O5 corresponds to an n-

type material with deep electronic states and WF ranging from 4.7 eV to 7.0 eV, depending on 

the processing method68,142.  

Xu et al. reported a low-temperature solution-processed V2O5 by dissolving the V2O5 powder 

into water solvent at room temperature143. The device structure of 

ITO/V2O5/PTB7:PC70BM/LiF/Al showed a PCE of 8.05% compared to PEDOT:PSS of 7.46%. 

V2O5 served as an optical spacer to increase light absorption, leading to a higher photocurrent. 

V2O5 powder can also be treated directly from the melting-quenching sol-gel method to obtain 

an easy tunable V2O5‧nH2O HEL144. The energy positioning of the V2O5‧nH2O HEL (with 𝑛 =

1) was closer to PEDOT:PSS51, allowing an ohmic contact with the novel conjugated polymer 

donor (PBDSe-DT2PyT) and the acceptor of P71BM; thus, a large Voc and a PCE of 5.87% was 

obtained. The layered and hydrated phase of V2O5 is an accessible tunable charge transport 

a)                                                                b)  

c)                                     
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material by modifying the internal water coordination. Although V2O5‧H2O-based HELs 

exhibiting better performance than PEDOT:PSS, the melting–quenching sol-gel method is 

expensive by the high temperature melting of V2O5 (⁓800 °C).  

Cong et al. applied a green method to prepare vanadium oxide hydrate layers (VOx‧nH2O) to 

enhance the PCE in organic PTB7-Th:PC71BM and P3HT:PC61BM based polymer solar cells 

up to 8.11% and 3.24%145. The combined H2O2 and ultraviolet ozone (UVO) in-situ treatments 

allowed for a smooth surface and improved wettability with the presence of dangling bonds on 

the surface HEL to enhance interfacial contact. The presence of V4+ in the composition analysis 

of VOx‧nH2O accounted small amount of oxygen vacancies, causing n-type doping, which is 

essential to hole transport by extracting electrons through its conduction band146. 

Vishnumurthy et al. reported that V2O5 HEL optimized the efficiency of thienothiophene-

diketopyrrolopyrole-based OSCs up 1.02%147. 

Remya et al. prepared an efficient hole transport/electron blocking hydrated vanadium oxide 

(HVO) from V2O5 powder with hydrogen peroxide148. In the P3HT:PC61BM and PBDTT-

FTTE:PC71BM BHJ cells, HVO HEL performance was superior to PEDOT:PSS, obtaining 

56% enhancement (7.12–11.14%) in the PCE for the PBDTT-FTTE:PC71BM-based inverted 

OSC with a lower degradation of 1.4% over 20 weeks.  

In addition to the V2O5 powder, V2O5 HEL can be prepared by other precursors. Xu et al. 

reported an ammonium metavanadate ammonal water solution for processing VOx HELs in 

PTB7:PC71BM BHJ cells with a PCE of 7.7%149. This HEL showed a work function of 5.3 eV 

and high conductivity by air annealing treatment at 210 °C for 5 min. The thermal treatment 

smoothed the surface film to reduce the leakage current, obtaining a higher Jsc. Although the 

stability was better than PEDOT:PSS with a remaining 83% efficiency after four days, it was 

still low compared to other inorganic HELs. Shafeeq et al. reported the formation of uniform 

and crystalline V2O5 nanorods by thermal decomposition of ammonium metavanadate 

NH4VO3 to enhance surface morphology and efficiency of OSCs150. 

Alsulami et al. obtained a stable V2Ox HEL by using vanadium (V) oxytriisopropoxide as the 

precursor, which converted into V2Ox by hydrolysis in air151. The PCE of the V2Ox HEL was 

insensitive to thermal annealing at 100 °C and 200 °C because its optical and electronic 

properties were comparable to the vacuum-deposited V2O5. Besides, the highly tunable V2O5 

thin films prepared by this solution processing method help optoelectronic applications, 
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especially in inverted OSCs, by the higher stability under air conditions as reported by Zafar et 

al.152. 

To optimize the interface properties and OSC performance, VOx nanoparticle (NP) can 

efficiently be mixed with PEDOT:PSS solution, resulting in a stable VOx:PEDOT:PSS HEL 

by the uniform molecular distribution of VOx with PEDOT:PSS as reported Teng et al.153. It 

achieved a PCE of 10.2% compared to PEDOT:PSS of 5.27% when VOx:PEDOT:PSS was 

used as HEL in the TPD-3F:IT-4F cell. The V2O5 nanoparticles can fill the pinholes in 

PEDOT:PSS improving the conductivity and morphology of the composite HEL to increase 

the photocurrent and efficiency, as shown in PTB7-Th:PC71BM-based OSCs (Figure 6a)154. 

Xia et al. reported a nanoparticulate compact V2O5 film as HEL using a facile metal-organic 

decomposition method to replace the traditional HEL155. By adding polyethylene glycol (PEG) 

as an additive in the precursor, an uniform and compact film of V2O5 served as HEL in the 

PTB7:PC70BM, improving the interface contact, Jsc, and the FF.  

Compared to the spin coating, the spray coating of V2O5 HEL has allowed the large-scale 

production of flexible OSCs in a roll coater156. Using a precursor solution of vanadium 

oxytriisopropoxide (VTIP) diluted in ethanol (1:100), V2O5 HEL exhibited improved electrical 

properties. The mechanical stress on V2O5 HEL was mitigated by introducing a PEDOT:PSS 

binding-interfacial layer between V2O5 HEL and the Ag electrode in the inverted 

P3HT:PC60BM and PBDTTTz-4:PC60BM BHJ cells. Arbab & Mola also explored 

electrochemical deposition that resulted in 80% enhancement in PCE (2.43%) compared with 

PEDOT:PSS-based OSCs157. 

Kavuri et al. reported electrospray deposition (ESD) for V2O5 HEL in the PTB7:PC71BM OSC 

with a PCE of 7.61%158. Because the surface morphology, charge mobility, and interfacial 

contact were adjusted in function of the solvent evaporation rate (6.25 µL/min), see Figure 6b.  

Compared to the spin-coating, the ESD allowed more control in the deposition conditions and 

reduced the manufacturing costs, making cost-effective the commercialization of V2O5-based 

OSCs. 

V2O5 HEL has also been effective in ITO-free polymer solar cells with an optimized precursor 

solution (VTIP) of 0.005%159. The deposition of V2O5 HEL on PEDOT:PSS, as the anode, led 

to increase Rsh and conductivity with the active layer of P3HT:PC61BM by the hydrophobic 

surface of V2O5, resulting in an uniform and compact HEL with a PCE of 3.33%. V2O5 is also 
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a potential material to increase the anode's work function, indium zinc oxide (IZO), exhibiting 

a higher PCE of 2.8% than that flexible OSCs with only IZO, as reported by Ko et al.160. 

     

Figure 6. (a) J-V curve for V2O5:PEDOT:PSS HELs in OSCs under the dark. Reproduced with permission from 

ref. [154]. Copyright 2020, Elsevier. (b) Electrospray setup. Reproduced with permission from ref. [158]. 

Copyright 2018, Elsevier.   

 Nickel Oxide 

Non-stoichiometric NiO is a wide bandgap p-type semiconductor161. NiO is an efficient 

electron-blocking layer to the anode due to its conduction band minimum, 1.8 eV, which is 

above the LUMO of the organic donor P3HT (3.0 eV)70. The ohmic contact between NiO and 

P3HT allows holes to freely transport from the active layer to the anode through Ni2+ vacancy-

based hole-conducting anode band162. 

Parthiban et al. demonstrated an enhancement in OSC performance with a NiO HEL deposited 

via spin coating163. Using the precursor solution of nickel acetate and a simple post-annealing 

process (>300 °C) to reduce roughness, NiO HEL achieved a fill factor (FF) of 63.0% and a 

corresponding PCE of 4.45% was obtained in RP(BDT-PDBT):PC70BM solar cell. Although, 

NiO-based HELs exhibiting better performance and stability than PEDOT:PSS, the high 

annealing temperature required to convert the nickel precursors into the NiO thin films is 

expensive and not compatible with flexible substrates. Chavhan et al. reported a low-

temperature approach to manufacture NiOx films from a nickel formate precursor solution via 

UV-ozone treatment at as low as room temperature164. In terms of efficiency, the UV-ozone 

treatment results ideal for increasing the work function by creating hydroxides at the surface, 

avoiding high processing temperatures. A high PCE of 6.1% in NiOx HEL treated with UV-

ozone was related to NiO(OH) 's increased presence at the surface. 

a)                                                                     b)  
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To date, the high surface roughness of FTO has limited its application in OSCs; however, the 

surface roughness can be decreased from 6.74 nm to 2.44 nm by fully covering it with an 

optimized NiO layer as reported by Kim165. A polyethylene glycol (PEG) assisted sol-gel 

process altered c-NiO/FTO surface because it has a stabilizing effect on NiO NPs, so it allowed 

for the crystallization of a close-packed structure of NiO film (Figure 7). The further deposition 

of PEDOT:PSS led to the formation of a free-pinhole layer with an RMS roughness of 2.44 nm 

and selective hole transport, increasing the PCE from 5.68% to 7.93%. 

Although organic devices based on NiO HEL have emerged successfully in the photo-

electronic field, it is vital to focus research efforts for printing technologies for large-area roll-

to-roll production. Printing technology usually results in thick NiO films, increasing the 

interfacing between the active and HEL layers, shortening hole carriers’ migration due to its 

short lifetime166. Singh et al. obtained a thin film of NiOx controlling substrate processing 

conditions and the inkjet printing167. Optimal conditions of UVO pretreatment, drop spacing, 

and substrate temperature at 25 °C resulted in a PCE of 2.60% in the P3HT:PC60BM cell with 

superior environmental stability. Huang et al. used cooper (5.0 at.%) as a dopant to increase 

the electrical conductivity of NiOx film, resulting in a reduction of Rs from 11.25 to 9.98 Ωcm2 

168. The Cu-doped NiOx (Cu:NiOx) also improved the interface contact with the active layer 

and facilitated the charge transport, resulting in a higher PCE of 7.1% in the PCDTBT:PC71BM 

cell.  

 

Figure 7. Atomic force microscope (AFM) images of bare nickel oxide on FTO (without PEG) and compact 

nickel oxide (c-NiO) on FTO (with PEG) [165]. 
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 Copper Oxide 

CuOx is a p-type semiconductor with narrow band gaps of CuO (1.3–2.0 eV) and Cu2O (2.1–

2.3 eV)169–172. A HEL of CuOx spin-coated on ITO decreased the interfacial barrier using a 

green solvent of copper acetylacetonate (Cu(C5H7O2)2), improving cell efficiency of 

PTB7:PC71BM cell to 8.68%173. After H2O2 and UVO treatment, CuOx HELs increased the 

work function to 5.45 eV, forming an excellent ohmic contact, and the Voc increased to 0.74 V. 

Furthermore, the oxidation of CuOx by UVO treatment enhanced the interfacial contact and the 

light absorption in the visible range obtaining high transmittance of 88%, low Rs of 2 Ωcm2, 

and higher hole transport to the anode. The OSCs' initial performance (8.68%) dropped down 

to 47% over 50 hours of storage in the air. 

 Copper Chromium Oxide 

The p-type CuCrO2 is a semiconductor that belongs to the delafossite compounds174. CuCrO2 

HELs are of great interest in optoelectronic applications due to the high transparency, large 

hole diffusion coefficient, high work function, and ionization energy, which are essential in the 

manufacture of OSCs175–177. 

New alternative techniques to produce efficient and cost-effective CuCrO2 HELs for the roll-

to-roll manufacturing are developing, such as microwave assisted-heating to produce CuCrO2 

nanocrystals with efficient PCE of 4.9%178, or the combustion synthesis to produce CuCrO2 

thin films by low-temperature processing at 180 °C with a PCE of 4.6%179. Both methods are 

highly efficient and represent advances for lowering the fabrication’s costs. Further, UV-ozone 

post-treatment or annealing increases the metallic copper oxidation to Cu+2 to promote the 

electronic conduction by the hopping mechanism between Cu1+ and Cu+2 species. The higher 

oxidation state of Cu2+ enhanced the electronic properties, exhibiting deeper ionization energy 

(IE) and Fermi energy (EF) (see Figure 8). The Cu doping favored the surface roughness 

reduction, resulting in an improved interfacial contact, and thus favored Jsc, FF, and PCE, as 

recorded in Table 1. 
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Figure 8. Schematic diagram of the combustion synthesis. Reprinted with permission from ref. [179]. Copyright 

2018, American Chemical Society.  

 Indium Tin Oxide 

Wahl et al. reported the first HEL based on ITO NPs in inverted organic solar cells180. The 

addition of ethylenediamine into ITO NPs stabilized it to deposit uniform HELs on the 

underlying absorber layer. The deposition of the ITO NPs HELs by doctor blading allowed to 

control the thickness between 15 and 20 nm. Post-treatments of thermal annealing and plasma 

were beneficial for the film's electronic properties, achieving a PCE of 3%. However, plasma 

application needs to be gentle to avoid OSCs' detrimental performance. The doping method 

using high work function metals might be a good alternative over plasma treatments to develop 

high-quality films in organic solar cells. 

 Cobalt Oxide 

The solubility of metal oxides in common solvents such as DMF or water is another main factor 

for its application in the roll-to-roll manufacturing of organic solar cells. Bhargav et al. reported 

the suitability of DMF soluble Co3O4 as HELs in PCDTBT:PC71BM BHJ181. Co3O4 HELs 

showed transparency around 81% and a smooth surface, allowing for remarkable high FF of 

49.1% and higher PCE (3.21%) compared to PEDOT: PSS-based OPVs.  
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 Metal sulfides 

 Molybdenum disulfide 

MoS2 with a layered structure is a metal dichalcogenide (TMD) semiconductor that can display 

two phases under normal conditions: (i) the traditional trigonal prismatic H-MoS2 phase and 

(ii) the distorted octahedral ZT-MoS2 phase with hole mobilities of 3.8×102 cm2V-1s-1 and 

5.7×104 cm2V-1s-1 182. These particular electronic structures of MoS2 have the characteristics to 

be proposed as a potential material for hole extraction in OSCs.  

Instead of a vacuum or temperature-dependent process to prepare the traditional MoS2 HEL, 

Barrera et al. prepared suspensions of MoS2 via liquid exfoliation at room temperature183. The 

high work function of MoS2 resulted in enhanced charge mobility; however, the low 

transmittance of the film affected the Jsc, as recorded in Table 1. An effective way to address 

films' low transmittance is by using composites or hybrid layers with tunable transparency. 

Martinez-Rojas et al. reported a hybrid layer of MoSx:MoO3 with high transmittance on the 

FTO substrate184. They obtained the hybrid layer using the pulsed electrochemical method. 

After 150 cycles of depositing MoSx on the MoO3, the percentage of transmitted light decreased 

significantly due to the agglomeration of MoSx (Figure 9a). A hybrid layer with 100 cycles of 

deposition resulted in 10% higher PCE than the one obtained using MoO3 or MoSx HEL (see 

Table 1). MoSx was an efficient electron blocking layer, while MoO3 increased conductivity, 

resulting in enhanced hole-transporting properties. 

The effectiveness of ultraviolet ozone (UVO) treatment to form homogeneous films and 

increase the work function was tested in a layer of MoS2 quantum dots (QDs), showing a PCE 

of 2.62% and 8.7% for P3HT and PTB7-Th donor systems185. The solar cell efficiency 

increased by 30 min UVO exposure, but more extended UVO treatment periods degraded the 

HEL, resulting in decreased PCEs (Figure 9b). The UVO-MoS2 QDs showed compact and 

uniform layers with a lower surface roughness of 1.19 nm than UVO-MoS2 nanosheets of 2.03 

nm. The OSC achieved long-term durability due to the improved interfacial contact, showing 

64% of its initial PCE after 47 days (Figure 9c). 

Annealing treatments can also decrease the surface roughness and favor the optoelectronic 

properties of the film. At 300 °C, MoSx flatted the surface morphology, enhancing the PCE up 
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to 7.5%, which was retained in 52% after two months186. However, an annealing treatment is 

not as efficient as a UVO treatment in temperature-sensitive devices. 

 

Figure 9. (a) Transmission spectra of FTO/MoS2 with the number of scan cycles. Reproduced with permission 

from ref. [184]. Copyright 2017, Elsevier. (b) Dependence of PCE on UVO treatment; (c) Stability of devices 

using UVO-MoS2 QDs than PEDOT:PSS HELs. Reproduced with permission from ref. [185]. Copyright 2016, 

American Chemical Society. 

 Tungsten disulfide 

Adilbekova et al. used a liquid-phase exfoliation technique to manufacture WS2 HEL using 

aqueous ammonia that does not require high-temperature post-treatments187. Stabilizers or 

post-processing treatments were excluded from obtaining WS2 nanosheets since stoichiometric 

quality, and structural properties were unchanged after performing the top-down method. Due 

to the p-type character of the 2D nanosheets, the HELs were selective to hole transport toward 

the anode, achieving a PCE of 15.6% in the PBDBT-2F:PC71BM BHJ cell. Following the same 

line, Lin et al. fabricated uniform WS2 layers on ITO188. WS2 flakes were larger in lateral size 

and thinner than MoS2, covering the whole surface of ITO. The surface coverage was 

dependent on the shape and size of the selected material obtained by the exfoliation procedure 

and its interaction with the substrate. WS2 HEL application in OSC in ternary BHJ systems 

(PBDB-T-2F:Y6:PC71BM) increased PCE to 17%. Ram et al. demonstrated that the use of WS2 

as HEL increased the PCE of PBDB-T-2F:Y6:SF(BR)4 ternary cells up 20.87%189. The low 

a)                                                     b) 

c)  
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hygroscopic nature and low acidity of WS2 reduced the contact resistance between the active 

layer and the ITO. 

 Nickel sulfide 

Taking advantage of the dependence of the phase diagrams of NiS with the sulfur content, Hilal 

& Han synthesized the hexagonal phase of NiS as HEL in OSCs processed by the simple 

solvothermal method at room temperature190. The surface morphology of NiS was smoothened 

by increasing the sulfur content to 2 g, forming a ball-shape flower-like NiS morphology with 

increased surface area (Figure 10). In addition to the enhancement in the hole transport, NiS 

stabilized the OSC to room temperature by the metallic nature of NiS. Hence, the P3HT:PCBM 

cell retained 26% of its initial efficiency value (2.28%) after 15 days. 

 

Figure 10. FE-SEM images of flower-shaped NiS (2.0) at magnifications of (a) 10 µm and (b, c) 1 µm. 

Reproduced with permission from ref. [190]. Copyright 2019, Elsevier.  

 Copper sulfide 

An efficient organic solar cell was achieved by Bhargav et al. using an inorganic HEL made 

of CuS by a low-cost and efficient manufacturing process191. CuS thin film was deposited onto 

ITO by a solution process instead of vacuum deposition resulting in high transparency of 84%. 

Due to a decreased ohmic resistance, the device structure ITO/CuS/PTB7:P71BM/Al reached a 

high PCE of 4.32% by the improved fill factor of 50.1%. 

A new room-temperature method known as Successive Ionic Layer Adsorption and Reaction 

(SILAR) was reported by Jose et al. for the production of efficient p-type Zn-doped CuS 

HELs192. Due to the high conductivity and low light absorption in the visible region, a PCE of 

1.87% was obtained with enhanced charge mobility of 1.5 cm2V-1s-1. 
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 Miscellaneous 

 Copper(I) thiocyanate 

The use of 2D materials like antimonene quantum dots (AMQS) in HELs has emerged in OSCs 

production due to the facile synthesis and unique properties193. Wang et al. reached an 

enhanced PCE of 8.8% by the surface passivation of copper(I) thiocyanate (CuSCN) HEL with 

antimonene quantum sheets (AMQSs)194. The AMQSs smoother the film surface of CuSCN 

tuned the work function and raised the exciton generation rate from 8.79×1027 m−3S−1 to 

9.95×1027 m-3S-1. Compared to PEDOT:PSS HELs, CuSCN/AMQSs HELs were very stable at 

room temperature, remaining 68% of the initial PCE over 1 month not only in fullerene systems 

such as PTB7- Th:PC71BM, but also in non-fullerene systems.  

The p-doping of CuSCN with C60F48, an electron acceptor, is an effective method to obtain 

highly conductive hole transporting layers for its application in OSC devices195. Due to the 

added 0.5 mol% of C60F48 also acts as a nucleating agent, the CuSCN:C60F48 film was higher 

dense than the pristine CuSCN surface with reduced surface roughness, leakage current (Figure 

11a), and improved hole mobility of 0.18 cm2V-1s-1 attributed to the percolation conduction 

mechanism resulting in a PCE of 6.6% in the PCDTBT:PC70BM.  

Dong et al. reported a bilayer structure of copper(I) thiocyanate (CuSCN) and poly[(9,9-

dioctylfluorenyl-2,7-diyl)-alt-(4,4'-(N-(4-butylphenyl)))] (TFB) as HEL in fullerene PTB7-

Th:PC71BM and non-fullerene PM6:Y6 sistems196. TFB enabled the fine-tuning of the work 

function of CuSCN to overcome the recombination loss and the lower exciton dissociation, 

achieving >14% efficiency than with CuSCN HEL. Wang et al. achieved a PCE of 15.28% in 

a cell-based on the non-fullerene PM6:Y6 blend by doping CuSCN film with 1% of TFB 

(Figure 11b)197. Worakajit et al. increased the hole mobility in CuSCN from 0.01 to 0.05 cm2V-

1s-1 by passivating surface morphology and the crystallinity with diethyl sulfide (DES) 

molecules and acetone as antisolvent treatment198. 

 Copper Cadmium Tin Sulfide  

At room temperature, Suresh Kumar et al. succeeded in fabricating Cu2CdSnS4 (CCTS) HELs 

over ITO substrates deposited by spin coating199. A favorable PCE of 3.63% in the 

P3HT:PC71BM blend was achieved by controlling the distribution particle size because the 

bandgap decreases with an increase in the size of CCTS and layer thickness. Minimum surface 
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roughness of 11.07 nm was found after three layers of CCTS thin films were coated, implying 

the thin film's compactness, efficient hole transport, and stability in environmental conditions. 

 

Figure 11. (a) J-V curves of CuSCN:C60F48 under dark conditions. Reproduced with permission from ref. [195]. 

Copyright 2018, John Wiley and Sons. (b) Energy level alignment of CuSCN:TFB (1.0%). Reproduced with 

permission from ref. [197]. Copyright 2020, American Chemical Society. 

a)                                                       b) 
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Table 1. Performance parameters of OSCs with inorganic films as hole transporting layers.  

Anode Configuration Deposition 

Technique 

Architecture of the active 

layer 

Voc (V) Jsc(mAcm-2) FF (%) PCE (%) Ref. 

ITO/s-MoO3 spin coating PBDB-T-2F:Y6 0.84 27.53 73.10 17.00 110 

ITO/MoO3:PEDOT:PSS spray casting PBDB-T-2F:IT-4F 0.86 21.71 70.00 13.19 97 

ITO/MoO3 spin coating PBDB-T:PC71BM 0.88 17.48 0.71 10.86 104 

MoO3:NiOx spin coating PBDB-T:IT-M 0.94 17.26 66.63 10.81 115 

e-MoOx /Ag spin coating PTB7-Th:PC71BM 0.79 18.70 69.20 10.42 101 

MoO3(8)/AgAl(3)/MoO3 (1) 

/AgAl 

thermal evaporation PTB7-Th:PC71BM 0.78 19.60 61.90 9.79 102 

CuBr-MoO3/Ag thermal evaporation PTB7:PC71BM 0.75 19.65 65.20 9.56 117 

MoOx NPs /Ag spin coating PTB7- Th:PC 71 BM 0.79 18.05 65.20 9.50 101 

ITO/MoO3 spin coating PBDB-T:ITIC 0.91 15.19 66.59 9.17 109 

ITO/s-MoO3 spin coating PTB7-Th:PC71BM 0.79 16.69 67.10 8.90 110 

MoO3/Ag thermal evaporation PTB7-Th:PC70BM 0.81 15.90 67.80 8.67 100 

ITO/p-MoO3 spin coating PTB7:PC71BM 0.73 17.02 68.10 8.46 106 

ITO/CTAB-MoO3 spin coating PTB7:PC71BM 0.72 16.88 68.10 8.34 118 

ITO/ (MoO3/AuNPs)/MoO3) spin coating PTB7:PC70BM 0.73 14.40 73.00 7.68 122 

ITO/sMoO spin coating PV10:PC70BM 0.73 13.57 72.55 7.19 103 

ITO/MoOx thermal evaporation PTB7:PC71BM 0.67 14.00 67.00 6.57 105 
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ITO/ HyMoO3-x spin coating PTB7:PC70BM 0.77 13.90 61.20 6.55 128 

ITO/CTAB-MoO3 spin coating P3HT:ICBA 0.82 10.40 67.40 5.80 118 

ITO/MoOx thermal evaporation PTB7-Th:PC71BM 0.74 14.50 44.80 5.52 105 

FTO/s-MoO3 spin coating P3HT:ICBA 0.82 11.50 58.00 5.40 108 

FTO/MoOx spin coating P3HT:PC71BM 0.65 12.72 0.61 5.00 107 

MoO3 NPs/Pedot:Pss/Ag spin coating P3HT:PCBM 0.57 12.74 0.57 4.19 98 

ITO/p-MoO3 spin coating P3HT:PC71BM 0.59 10.70 63.70 4.02 106 

ITO/MoOx magnetron sputtering P3HT:PCBM 0.64 12.00 50.00 3.84 126 

ITO/MoO3 spin coating P3HT:PC70BM 0.61 9.27 66.70 3.77 91 

ITO/MoO3 spin coating PCDTBT:PC70BM 0.79 9.32 49.00 3.62 114 

ITO/CuI/MoO3 spin coating P3HT:PCBM 0.66 9.57 0.56 3.54 116 

MoO3 Array /Ag spray casting P3HT:PC61BM 0.59 9.61 59.20 3.40 96 

ITO/MoO3 RF/DC graded 

sputtering 

P3HT:PCBM 0.60 8.93 57.87 3.11 125 

MoO3/LiF/MoO3/Ag/MoO3 spin coating P3HT:PCBM 0.57 7.98 61.00 2.77 124 

ITO/MoO3 electric field-spray 

casting 

P3HT:PCBM 0.57 10.00 47.40 2.71 127 

ITO/MoOx spin coating P3HT:PC60BM 0.49 7.84 60.00 2.31 200 

ITO/MoOx thermal evaporation PCPDTBT:PC71BM 0.61 8.95 41.10 2.24 105 

ITO/MoOx spin coating P3HT:PCBM 0.60 6.93 51.90 2.16 113 
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α-MoO3/Ag spin coating P3HT:PC60BM 0.52 7.39 40.32 1.55 95 

ITO/WOx:PEDOT:PSS spin coating PBDB-TF:IT-4F 0.87 20.65 80.39 14.37 138 

ITO/PCM4 blade-coating PBDB-T-2F:Y6 0.83 16.06 68.28 14.30 119 

WOx nanosheets/Ag spin coating PTB7: PC71BM 0.81 16.42 58.19 7.76 139 

ITO/nAgPl-doped WO3 spin coating P3HT:PCBM 0.61 10.80 71.00 4.60 137 

ITO/Au-WO3 NCs spin coating P3HT:PC61BM 0.54 5.33 0.61 1.70 136 

ITO/Au-SiO2-WO3 NC spin coating P3HT:PC61BM 0.61 4.72 54.00 1.58 135 

HVO/Ag spin coating PBDTT-FTTE:PC71BM 0.82 22.51 60.19 11.14 148 

VOx:PEDOT:PSS/Ag spin coating TPD-3F:IT-4F 0.87 16.80 69.10 10.10 153 

ITO/V2O5:PEDOT:PSS spin coating PTB7-Th:PC71BM 0.80 16.83 70.14 9.44 154 

ITO/VOx‧nH2O spin coating PTB7-th:PC71BM 0.78 15.76 64.62 8.11 145 

ITO/V2O5 spin coating PTB7:PC70BM 0.71 17.35 65.00 8.05 143 

ITO/NP-V2O5 spin coating PTB7:PC70BM 0.72 15.81 69.01 7.89 155 

ITO/s-VOX spin coating PTB7:PC71BM 0.73 15.79 66.82 7.70 149 

ITO/ESD-VOX spray casting PTB7:PC71BM 0.74 15.30 0.67 7.61 158 

ITO/s-V2Ox spin coating PFDT2BT-8:PC70BM 0.87 10.20 67.10 6.30 151 

ITO/V2O5‧H2O spin coating PBDSe-

DT2PyT:PC71BM 

0.72 13.96 59.00 5.87 144 

V2O5/Ag spin coating P3HT: PCBM 0.61 10.68 59.83 3.92 152 

PEDOT:PSS/ V2O5 spin coating P3HT:PCBM 0.58 9.18 62.17 3.33 159 
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V2O5/PEDOT:PSS/Ag slot die coating PBDTTTz-4:PC60BM 0.81 7.64 52.93 3.28 156 

ITO/VOx‧nH2O spin coating P3HT:PC61BM 0.78 15.76 64.62 3.24 145 

PET/VGIZO/PEDOT:PSS spin coating P3HT:PC61BM 0.57 8.10 59.48 2.75 160 

ITO/ V2O5 electrochemical 

deposition 

P3HT:PCBM 0.55 9.95 44.30 2.40 157 

V2O5/PEDOT:PSS/Ag slot die coating P3HT: PC60BM 0.53 6.98 53.96 1.98 156 

ITO/ V2O5 thermal evaporation DPPTh:PC61BM 0.65 23.70 66.30 1.02 147 

FTO/Cu:NiOx spin coating PCDTBT:PC71BM 0.89 12.40 63.85 7.05 168 

FTO/c-NiO spin coating PTB7:PC71BM 0.72 14.28 66.98 6.91 165 

ITO/NiOx spin coating TQ1:PC70BM 0.87 10.30 71.30 6.39 164 

ITO/NiOx spin coating RP(BDT-

PDBT):PC70BM 

0.71 9.85 63.00 4.46 163 

ITO/NiO inkjet printing P3HT:PC60BM 0.60 8.57 50.10 2.59 167 

ITO/CuOx spin coating PTB7:PC71BM 0.74 16.44 71.00 8.68 173 

ITO/CuCrO2 microwave-assisted PCDTBT:PC71BM 0.87 9.31 0.60 4.86 178 

ITO/CuCrO2 microwave-assisted P3HT:PCBM 0.55 8.96 0.65 3.20 178 

ITO/Cu:CrOx spin coating PCDTBT:PC71BM 0.90 8.99 60.00 4.87 179 

ITO NPs/Ag doctor-bladed P3HT:PC60BM 0.56 8.40 58.20 3.00 180 

ITO/Co3O4 spin coated PCDTBT:PC71BM 0.68 11.90 49.10 3.21 181 

ITO/MoS2 spin coating PBDB-T-2F:Y6:PC71BM 0.81 25.30 71.00 14.90 187 
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ITO/O-MoS2 QDs spin coating PTB7-Th: PC71BM 0.79 16.90 65.00 8.66 185 

ITO/MoSx spin coating PTB7-Th: PC71BM 0.77 18.16 53.56 7.50 186 

MoS2/Ag spray coating P3HT:PCBM 0.50 6.18 64.50 2.00 183 

FTO/MoS2:MoO3 pulsed 

electrochemical 

deposition 

CuPC:PC60BM 0.47 6.14 51.00 1.47 184 

ITO/WS2 spin coating PBDB-T-2F:Y6:SF(BR)4 0.89 29.31 80.00 20.87 189 

ITO/WS2 spin coating PBDB-T-2F: Y6: 

PC71BM 

0.84 26.00 78.00 17.00 188 

ITO/WS2 spin coating PBDB-T-2F:Y6:PC71BM 0.83 26.00 0.72 15.60 187 

ITO/NiS spin coating P3HT:PCBM 0.47 10.12 0.47 2.28 190 

ITO/CuS spin coating PTB7:PC71BM 0.60 13.60 50.10 4.32 191 

ITO/ Zn:CuS SILAR coating P3HT:PC71BM 0.45 11.50 36.00 1.87 192 

ITO/CuSCN:TFB (1.0%) spin coating PM6:Y6 0.85 24.35 73.84 15.28 197 

ITO/CuSCN:TFB spin coating PM6:Y6 0.85 24.45 72.69 15.10 196 

ITO/CuSCN:AMQS spin coating PBDBT-2F:IT-4F 0.80 18.70 67.80 10.14 194 

ITO/ CuSCN:AMQS spin coating PTB7-Th:PC71BM 0.79 17.10 65.20 8.80 194 

ITO/CuSCN:TFB spin coating PTB7-Th:PC71BM 0.79 16.42 66.28 8.56 196 

ITO/CuSCN:AMQSs spin coating PTB7-Th:ITIC 0.82 15.07 59.06 7.15 194 

ITO/CuSCN:C60F48 spin coating PCDTBT:PC70BM 0.92 11.50 0.61 6.60 195 

ITO/Cu2CdSnS4 spin coating P3HT:PCBM 0.62 8.99 65.18 3.63 199 
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2.2 Nanocarbon Hole Extracting Layers 

 Graphene Oxide 

Nanocarbon materials like graphene have been applied in OSCs due to their unique electrical, 

optical, and structural properties201. Due to the low water dispersibility caused by the nonpolar 

sp2 hybridized carbon structure, the oxidized form of graphene, graphene oxide (GO), has also 

been used in OSCs by the high solubility in eco-friendly water solvents202.  

The hydroxyl groups and epoxy groups located in the basal plane of the graphene sheet and 

carboxylic acids at the edge limit the conductivity of GO for applying in OSCs203. In fact, an 

excess of 25% of oxygen atoms on the GO sheet's surface reduced its conductivity until it 

became an insulator material204. Thus, it is crucial to control the concentration and thickness of 

GO for suitable performance as HELs. Rafique et al. tested thickness and concentrations of 

spin-coated GO, selecting 1 mg/mL to form thin conductive films in bulk heterojunction 

organic solar cells with a PCE of 2.73%205. 

The reduction process is another feasible way to increase the conductivity of GO layers. The 

reduction removes the excess of oxygen atoms from the GO surface and recovers the 

conjugated honeycomb structure206. Huang et al. succeeded in synthesizing eco-friendly 

reduced graphene oxide (rGO) by using a modified Hummer´s method to produce GO and 

thermal treatment to reduce it207. A mild temperature of 280 °C was used to obtain rGO and 

enhance OSCs' conductivity based on P3HT:PC71BM and PTB7:PC71BM with a PCE of 3.39% 

and 7.62%, respectively.  

The dispersibility must be controlled to ensure good coverage of the underlying substrate. Lee 

et al. mixed highly dispersible semiconducting fullerenol surfactant with GO, obtaining water-

dispersible and conductive films after reducing a PCE of 3.15%208. The conductivity increased 

from 5×10-4 Scm-1 for the pristine GO layer to 1×10-2 Scm-1 for fullerenol-GO layer.  

Chemical and physical methods involving the reduction of GO seek to tune the work function, 

improve electrical properties, reduce absorption, and increase hole mobility and charge 

collection capability. Kwon et al. obtained rGO by electron-beam irradiation with shorter 

processing times than reported gamma (𝛾)-rays209. Following the same line, Fakharan et al. 

applied YAG pulsed laser to produce rGO in formic acid for OPVs with a PCE of 4.02%210. 
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They also highlighted solvent's role in manufacturing devices to achieve an rGO with superior 

physical and electrical features. Unlike the traditional chemical reduction methods, pulsed laser 

or electron-beam allowed the reduction of graphene over the in-situ formation of reducing 

species selectively. Dericiler et al. reported graphene nanosheets prepared from the 

electrochemical exfoliation of graphene powder followed by dispersion in DMF solvent211. 

They used the graphene nanosheets suspension as an additive to PEDOT:PSS HEL to enhance 

the stability and charge mobility in the P3HT:PC60BM, achieving 66% enhancement in the 

PCE compared to the reference cell based on pure PEDOT:PSS. 

The application of ultraviolet ozone (UVO) irradiation has shown excellent efficiency in 

reducing GO in large-scale OSCs manufacturing. Xia et al.212 and Rafique et al.213 exposed 

GO to UVO treatment, obtaining optimized performance in P3HT:PC71BM and 

PCDTBT:PC71BM blend systems. UVO oxidizes the surface of GO and removes CO2 

molecules leaving a uniform, smoothed, and conductive film. Ultraviolet irradiation was 

controlled to remove only C-O bonds from the GO surface. UVO treated GO films allowed to 

exceed the value of FF and Jsc obtained from PEDOT: PSS, as recorded in Table 2. 

Taking advantage of graphene's chemical structure, the functionalization is very promising for 

obtaining desirable properties in HELs, such as high hole mobility, charge collection, 

transparency, and stability, among others. Zhao et al. formed covalent bonds between graphene 

and sulfanilic acid using the C-N linker to fabricate highly stable P3HT:PC71BM based OSCs 

with a PCE of 3.56%214. The covalent functionalization increased the work function to enhance 

the interface's charge transport (Figure 12a). Ali et al. confirmed the potential for tuning the 

bandgap and electrical properties when reduced and sulfonated GO films were applied as HELs 

for a wide range of donor-acceptor systems215. 

Other approaches like non-covalent phosphorylation and fluorination have been remarkably 

effective in enhancing the charge collection and transport via inducing low ohmic contact216,217. 

The presence of the phosphate ester or fluor in the surface of GO increased the work function 

of ITO/GO and tuned the HOMO level of the donor by the p-doping effect. Fluorinated GO 

(F5-GO) was reported to work as an interlayer between ITO and PEDOT:PSS by Nicasio-

Collazo et al.218. This material improved hole transport resulting in a low Rs of 2 Ωcm2 and a 

PCE of 7.67% for PTB7:PC71BM based OSC.  
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Park et al. reported an orthogonal printable HEL by spray casting a highly stable dispersion of 

fluorine-functionalized reduced graphene oxide (FrGO)219. By decreasing the sheet size to 0.3 

µm, the PCE increased to 9.27 and 9.02% for PTB7-Th:EH-IDTBR and PTB7-Th:PC71BM-

based OSCs, which improvement was attributed to the hole transport efficiency, decreased 

leakage current, and higher conductivity than GO. Zhen et al. reported graphene-MoS2 hybrid 

thin films via liquid-phase graphene exfoliation, improving the charge transportation as an 

interlayer to achieve a PCE 9.5%220. This interlayer increased the device stability by retaining 

93% of the initial PCE after 1000 hours at room temperature. Shoyiga et al. reported reduced 

graphene oxide‐anatase titania (RGOT) nanocomposites by hydrothermal synthesis221. RGOT 

HEL is an efficient charge transport channel whose higher conductivity and exciton 

dissociation efficiency decreased the rates of electron‐hole recombination (Figure 12b), 

resulting in a high Jsc, low Rs, and, thus, improved photovoltaic performance.  

  

Figure 12. (a) J-V curve of the OSCs with G–SO3H films as HEL. Reproduced with permission from ref. [214]. 

Copyright 2018, American Chemical Society. (b) Energy level diagram of RGOT modified hole extracting layer. 

Reproduced with permission from ref. [221]. Copyright 2020, John Wiley and Sons. 

Lee et al. improved the performance of reduced graphene oxide (rGO) by chemical doping 

with tetrafluorotetracyanoquino-dimethane (F4TCNQ)222. The p-doping of rGO with F4TCNQ 

increased the work function by 0.2 eV and the conductivity by inducing charge transfer 

between the F4TCNQ and the graphene layer. F4TCNQ enhanced the interchain interaction and 

crystallization of the P3HT film to improve the hole mobility from the active layer to the anode. 

Lee et al.223 and Sun et al.224 reported that GO modified with alkali chlorides, such as AuCl3 

or CuCl2 dopants in a conventional architecture exhibited an average PCE of 3.77% and 7.68%, 

respectively. The AuCl3 doped graphene increased the electrical conductivity (∼2.0×105 Sm-1) 

compared to the reported fullerenol-rGO layer (1×10-2 Scm-1). GO:CuCl2 layers formed a 

uniform and continuous film. Although the efficiency achieved by the dopants is even 

comparable to that of the control devices with PEDOT: PSS, the stability was superior. 

a)                                                                                   b)  



36 
 

Graphene-based derivatives (GBD) do not corrode the metal substrate as PEDOT:PSS, leading 

the development of OSCs' efficient performance by controlling the properties and deposition 

conditions of GBD as reported by Capasso et al.225. 

Sarkar et al. embed Au NPs into GO for increasing the light trapping in the active layer226. The 

exerted plasmonic effect and the plasmon-exciton interaction of NPs increased the light 

harvested by the active layer, resulting in enhanced Jsc and PCE, see Table 2. Besides, the 

enhanced conductivity of GO helped to reduce the leakage current, thereby improving the 

photogenerated current, Rs, and FF of the device. 

A composite of 1wt.% of graphene nanosheet and water-dispersible polyaniline-poly(2-

acrylamido-2-methyl-1-propanesulfonic acid) complex was used as HEL in organic solar 

cells227. The graphene nanostacks (GN) from the composite penetrated the bulk heterojunction 

of the OSC and facilitated the charge transport by forming additional pathways, see Figure 13. 

The electric field generated from the edges of the GN increased the exciton dissociation. As a 

result, the composite performance raised the PCE from 2.12% (PANI) to 2.92% (G-PANI) in 

the P3HT:PC70BM cell. Abdulrazzaq et al. prepared acid-free PANI:graphene oxide 

nanocomposites as HEL to increase the stability and performance of P3HT:PC60BM and 

PCDTBT:PC70BM-based OSCs228. Aatif et al. also reported the surface morphology's 

planarization after applying GO/molybdenum composite, resulting in a PCE of 5.1% with the 

PCDTBT:PC71BM based OSCs229.    

Quasi-3D GO:NiOx nanocomposites are potential p-type HELs in ITO/ZnO/PTB7-

Th:PC71BM/HEL/Ag architectures230. Using the solvothermal method, NiOx NPs interacted 

with the low oxidized form of GO by hydrogen bonds to form the quasi 3-D arrangement (see 

Figure 13c). The high performance of these nanocomposites HELs is due to the enhanced 

vertical conductivity with low recombination rates and enhanced electron-blocking ability by 

the small conduction band of NiOx NPs (1.55 eV) (Figure 13b). The metallic nature of NiOx 

NPs improved the stability by remaining half of the initial PCE (12.3%) in environmental 

conditions. 
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Figure 13. (a) Topography AFM-images of G/PANI–PAMPSA nanocomposite layer. Reproduced with 

permission from ref. [227]. Copyright 2018, Elsevier. (b) Hole extraction properties and dynamics at the interface; 

(c) Preparation at room temperature of self-assembled quasi-3D GO:NiOx nanocomposite. Reproduced with 

permission from ref. [230]. Copyright 2018, John Wiley and Sons. 

Dang et al. reported a solution-processed hybrid graphene-MoO3 (G-MoO3), via the 

hydrothermal method, to apply as HEL in organic solar cells231. The G-MoO3 exhibited high 

transparency in the visible region compared to the thermal evaporated MoO3. Moreover, the 

low injection barrier (0.2 eV) and the higher hole mobility of G-MoO3 (4.16×10−5 cm2V−1s−1) 

than MoO3 (1.25×10−5 cm2V−1s−1) were beneficial to achieve a high PCE of 7.07 %. The 

reduced graphene oxide (rGO) and perylene derivative (3,4,9,10-perylenetetracarboxylic 

dianhydride (PTCDA) nanohybrid is a potential HEL for increasing the PBDTTT-CT:PC71BM 

cell performance up 4.70%232. The rGO:PTCDA nanohybrid HEL formed permanent dipoles 

by the PTCDA_rGO bond formation, increasing the hole extraction, electrical conductivity, 

and tuning the work function.       

 Graphene Quantum Dots  

The production efficiency of graphene quantum dots (GQDs) in the photovoltaic field has been 

limited by the expensive manufacturing methods, materials availability, and the time-

a)                                                        b)  

c)                                                                 
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consuming233,234. However, the development of green and low-cost methods, such as the 

synthesis of GQDs from carbon fibers by acid treatment and chemical exfoliation or doping 

with nitrogen, has boosted its potential application in the large-area fabrication of OSCs234,235. 

Hoang et al. succeeded in the green synthesis of GQDs from graphene using the microwave-

assisted hydrothermal method for 10 min236. An enhancement of 44% in PCE was achieved by 

doping the active layer with 2 mg of GQDs. The GQDs filled the interstitial positions between 

P3HT and PC60BM to increase the charge transport of holes and electrons and the photocurrent 

generation.  

 Carbon Nanotubes 

Zhang et al. reported amino-functionalized multi-walled carbon nanotubes (a-MWNTs), via 

hydrothermal synthesis, as HELs in conventional OSCs with the configuration ITO/a-

MWNTs/PCDTBT/PC71BM/LiF/Al237. Compared to the carboxylic acids, the amino 

functionalization reduced the defects and the resistivity of a-MWNTs (Figure 14a). The a-

MWNTs enhanced the device's charge mobility, collection, and performance to 6.9%.  

 Single-Walled Carbon Nanotubes  

Single-walled carbon nanotubes (SWCNTs) are promising p-type transparent conductors 

owing to their superior hole mobility, conductivity, and facile tuning of the work function by 

doping method238. In Figure 14d, the highly-conductive composite of unzipped single-walled 

carbon nanotubes (u-SWNTs) and PEDOT:PSS was synthesized by a facile solution processing 

method as reported by Zhang et al.239. The hybrid PEDOT:PSS doped with u-SWNTs 

decreased the surface roughness, and oxygen-containing groups of u-SWNTs improved the 

compatibility between u-SWNTs and PEDOT:PSS to block electrons and increase the hole 

transport. Using 0.1 mgmL-1 of u-SWNTs, the conductivity of the uSWNTs/PEDOT:PSS 

increased to 2.08 Scm-1, and Rs was insensitive to the layer thickness, resulting in improved 

charge carriers transport through the gap of u-SWNTs (Figure 14c). Thus, PBDB-T-2F:IT-4F 

devices with u-SWNTs/PEDOT:PSS HELs exhibited an enhancement in the PCE from 13.72% 

to 14.60% (Figure 14b).  
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Figure 14. (a) Impedance spectra of OSCs with c-MWNTs and af-MWNTs HELs. Reproduced with permission 

from ref. [237]. Copyright 2019, Elsevier. (b) J-V curves of the OSCs with u-SWNTs HELs; (c) External quantum 

efficiency (EQE) of u-SWNTs, SWNTs, and PEDOT:PSS; (d) Schematic of u-SWNTs or u-MWNTs synthesis 

[239].

   a)                                                   b)             c) 

d)                                                                 
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Table 2. Performance parameters of OSCs with carbon-based films as hole transporting layers.  

Anode Configuration Deposition 

Technique 

Architecture of the active 

layer 

Voc (V) Jsc(mAcm-2) FF (%) PCE (%) Ref. 

ITO/uSWNTs/PEDOT:PSS spin coating PBDB-T-2F:IT-4F 0.85 23.39 73.17 14.60 239 

ITO/FrGO spray casting PM6:Y6 PSC. 0.77 24.64 69.60 13.26 219 

L-GO:NiO /Ag spin coating PBDB-T:IT-M 0.91 17.81 71.00 12.13 230 

G-MoS2/Ag spin coating PTB7-Th:PC71BM 0.80 17.10 67.70 9.50 220 

ITO/G-MoS2/PEDOT:PSS spin coating PTB7-Th:PC71BM 0.77 17.20 72.00 9.40 220 

ITO/FrGO spray casting PTB7-Th:EH-IDTBR 1.00 14.86 61.80 9.22 219 

ITO/F-rGO spin coating PTB7-Th:PC71BM 0.79 16.89 64.80 8.60 217 

ITO/P-GO spin coating PTB7:PC71BM 0.71 16.12 68.40 7.90 216 

ITO/GO:CuCl2 spin coating PTB7-Th:PC71BM 0.79 15.52 63.00 7.74 224 

ITO/G-MoO3 spin coating PCDTBT:PC71BM 0.86 12.83 63.67 7.07 231 

af-MWNTs spin coating PCDTBT:PC71BM 0.87 12.65 63.50 6.97 237 

ITO/GO:NPs spin coating PTB7:PC71BM 0.75 11.55 67.91 5.88 226 

ITO/F5-rGO spin coating PTB7:PC71BM 0.68 14.78 57.30 5.82 218 

ITO/GBD spin coating PBDTTT-C-T:PC70BM 0.71 13.38 52.54 5.01 225 

GO:MoO3 spin coating PCDTBT:PC71BM 0.66 16.16 47.11 5.10 229 

ITO/rGO_PTCDA spin coating PBDTTT-CT:PC71BM 0.76 11.61 53.00 4.70 232 
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ITO/GO spin coating P3HT:PCBM 0.61 10.94 63.00 4.18 212 

ITO/GO spin coating PCDTBT:PC71BM 0.85 9.40 51.00 4.07 213 

ITO/r-GO drop casting P3HT:PCBM 0.64 10.15 62.00 4.02 210 

ITO/G_SO3H spin coating P3HT:PC61BM 0.61 9.38 67.00 3.83 214 

ITO/Au_DFGFs/ PEDOT:PSS spin coating P3HT:PCBM 0.55 12.33 53.00 3.77 223 

ITO/GO spin coating P3HT:PC71BM 0.59 10.93 52.60 3.39 207 

ITO/ERGO spin coating P3HT:PCBM 0.60 9.35 62.61 3.52 209 

ITO/r-GO spin coating P3HT:PCBM 0.58 8.42 64.00 3.15 208 

ITO/N_GQDs spin coating P3HT:PCBM 0.58 8.50 60.00 2.96 235 

ITO/G_PANI_PAMPSA spin coating P3HT:PC70BM 0.60 11.10 44.00 2.92 227 

S-RGO/Au spin coating P3HT:PC61BM 0.60 7.54 62.00 2.80 215 

ITO/GO spin coating PCDTBT:PC71BM 0.80 8.14 42.00 2.73 205 

ITO/PEDOT:PSS-GO spin coating P3HT:PCBM 0.58 8.30 52.00 2.27 211 

ITO/DRGO/F4TCNQ spin coating P3HT:PCBM 0.57 7.00 49.10 2.17 222 

GQDs/Al  spin coating P3HT:PCBM 0.54 6.31 42.00 1.43 236 

ITO/PEDOT:PSS:RGOT spin coating P3HT:PCBM 0.51 6.56 27.67 0.93 221 
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CHAPTER 3:  Conclusions and Recommendations 

Conclusions 

In summary, HELs are fundamental to assure the high performance and stability of OSCs. 

Inorganic and nanocarbon materials including MoO3, WO3, V2O5, NiOx, CuOx, CoOx, CuCrOx, 

CuSCN, MoS2, WS2, NiS, CuS and GO, QCDs, CNTs have shown great potential as HELs in 

conventional and inverted OSCs. These hole extracting materials can form an ohmic contact 

between the active and electrodes depending on their optical and electrical properties. The high 

transparency enables them to absorb high light into the active layer to afford the hole-electron 

pairs generation, and the tuning of the Fermi levels with the donor allows the hole collection. 

Usually, the hole transport takes place in the HEL valence band, but in n-type metals such as 

MoO3, it has been found that the conduction band facilitates the hole transport. Thus, the type 

of hole transport path will vary with the WF and energy levels of the inorganic and nanocarbon 

materials as HELs.  

To meet and increase the hole transport efficiency, the inorganic and nanocarbon materials 

have been modified to tune the electronic and optical properties. It has changed the particles' 

size or added metal NPs to take advantage of the LSPR effect to increase the light absorption. 

Inorganic materials such as Mo, Ni were doped with V, Cu to tune the WF, increase 

conductivity and transparency, resulting in a high Voc, FF, and Jsc. It has formed hybrid layers, 

such as MoS2:MoO3, to take advantage of the electron blocking of MoS2 and the higher 

conductivity of MoO3. Nanocarbon materials such as GO were doped with F4TCNQ to induce 

a change in the WF by shifting the Fermi levels, resulting in an enhanced hole transport. Carbon 

nanotubes were functionalized with amino groups to increase the charge carrier properties and 

reduce Rs, improving FF and Jsc. HELs can also be subjected to ultraviolet ozone (UVO), 

annealing, and microwave-annealing post-treatments to increase Voc, FF, and Jsc due to the 

reduction of oxygen defects in the surface morphology. 

Additionally, it has improved the deposition techniques to facilitate the commercialization of 

these photovoltaic devices. Compared to the conventional spin coating technique, laser-assisted 

and electrospray allow the control of the surface morphology and thickness at low temperatures 

and short-times processing. The roll-to-roll technique is also attractive for large industrial-scale 

manufacturing of metal oxides, such as the inkjet printing of NiOx. Overall, inorganic and 
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nanocarbon HELs are very favorable for OSCs, mainly because of their highest stability, 

improved electrical properties, and transparency in the visible range. The continuous 

investigation of a vast number of new inorganic and nanocarbon HELs, which can assure high 

efficiency, high stability, low costs, facile preparation, and improved film-forming properties 

over large areas, is essential to their future commercialization in OSCs. 

 

Recommendations 

Currently, it is known that inorganic and carbon-based materials can be composited or doped 

to improve their performance as HELs. It can design materials with specific structures and 

compositions to improve the OSC performance by changing the electronic level structure or 

varying the processing methods. However, the main limitation to the high PCE in OSCs is the 

complex physical process in the photoelectric conversion process. Thus, an understanding of 

the mechanisms involved with the changes in the chemical structure of the HELs is needed.  

This detailed analysis will require theoretical research to understand the current pathway and 

the influence of electrodes, HELs, active layers, and environmental conditions on OSCs' overall 

performance.  

Furthermore, it should perform analysis in applying electrochemistry to develop new materials 

as HELs in OSCs. This technique offers the advantage of taking control during deposition and 

the HEL properties without involving high costs and environmental impacts. The development 

of multilayers that can act as anode and interfacial layers also offers new advances in 

photovoltaic devices, so the understanding between interfacial properties and material design 

through the synthesis will promise new materials for BHJ OSCs. OSCs' efficiency and stability 

will also improve with new architecture proposals such as tandem solar cells. Since the 

architecture comprises interfacial layers, an active layer, and electrodes, interfacial properties’ 

optimization is essential to achieve OSCs’ high efficiencies. The interfacial layers should be 

resistant to the active layer's solvent, stable to environmental conditions, and mechanical stress 

in flexible OSCs. 
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