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Resumen 

La demanda mundial de energía está aumentando, por lo que son fundamentales las fuentes de 

energía renovables emergentes, como las celdas solares, que mitigan el efecto negativo del 

consumo de combustibles fósiles. Las celdas solares orgánicas (OSCs, por sus siglas en inglés), 

cuya capa fotoactiva está compuesta por polímeros o moléculas orgánicas, tienen algunas 

ventajas como la rapidez y el bajo costo de producción, el procesamiento en solución, el bajo 

tiempo de recuperación de la energía, la ligereza y un menor impacto medioambiental adverso. 

La mejora de la eficiencia y la estabilidad de las OSCs son fundamentales. En este sentido, se 

ha explorado el uso de la capa de transporte de agujeros (HTL, por sus siglas en inglés) basada 

en materiales orgánicos por su alto impacto en la eficiencia de conversión de energía y la 

estabilidad de las OSCs y por ser adecuada para la producción masiva (e.g., tecnología rollo a 

rollo). Este trabajo presenta una revisión del estado del arte de la investigación sobre polímeros 

conductores, sus compósitos y pequeñas moléculas orgánicas utilizadas como HTLs en las 

OSCs, destacando las mejoras en los parámetros fotovoltaicos y la estabilidad de los OSCs. 

Esta revisión bibliográfica considera las publicaciones científicas más relevantes realizadas 

desde 2016 hasta 2020.  

 

Palabras clave: Capa de transportadora de agujeros, polímeros conductores, polielectrolitos 

conjugados, pequeñas moléculas orgánicas, celdas solares orgánicas, eficiencia de 

fotoconversión. 
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Abstract 

Global energy demand is increasing; thus, emerging renewable energy sources, like solar cells, 

are fundamental to mitigate fossil fuels consumption negative effect. Organic solar cells 

(OSCs), which polymers or organic molecules compose photoactive layer, have some 

advantages such as fast and low-cost production, solution process, low energy payback time, 

light weight and less adverse environmental impact. Improvements in OSCs efficiency and 

stability are fundamental. In this way, the use of hole transport layers (HTLs) based on organic 

materials is explored because its high impact on OSCs' power conversion efficiency and 

stability and suitable for roll-to-roll production. This work presents a state-of-the-art review 

of the research about conducting polymers and small organic molecules used as HTL in OSCs, 

highlighting the improvements in device photovoltaic parameters and OSCs' stability. This 

review considers high-impact scientific publications from 2016 to 2020. OSCs' stability  

 

Keywords: Hole transport layer, conducting polymers, conjugated polyelectrolyte, small 

organic molecules, organic solar cells, photoconversion efficiency. 
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1 INTRODUCTION 

1.1 General Introduction 

Global energy consumption keeps growing; the energy demand increased slowly in 2019 

compared to 2018, i.e., 120 million tons of oil equivalent (Mtoe) [1]. The expansion of energy 

consumption, the energy sources used, and the consequences of their utilization represent some 

of the most important problems that face humanity [2]. World energy consumption is covered 

mainly by fossil fuels' energy sources (coal, oil, natural gas), with 84.3% of total consumption. 

Nuclear energy represents 4.3% of total consumption, while renewable energy sources such as 

wind, solar, hydropower, and biomass only represent about 11.4% [3] (see Figure 1). The 

world oil demand grew by 0.8%, while natural gas had grown by 1.8% in 2019. Global coal 

demand declined 1.7%; however, it is still one of the largest sources. Renewables (440 terawatt 

hour (TWh)) and nuclear energy (95 TWh) produced more electricity than coal by 2019. The 

role of renewable energy sources has to gain importance, as a consequence of the expansion 

of wind energy (150 TWh), photovoltaics (140 TWh), and hydropower (100 TWh). Renewable 

energy use increased by 3.7% in 2019 [1]. Fossil fuel energy is low cost, but it is based on 

finite sources; their reserves will be depleted [2]. Its large use and the CO2 emission from fossil 

fuel power plants have been cause a great impact on climate change and the environment, 

which threaten the quality of life. 

Furthermore, the problems related to nuclear energy sources involve the management of high-

level radioactive waste, the possibility of nuclear accidents, and the availability of uranium 

reserves that are also depletable resources [2]. The share of renewable energy sources 

increases; carbon emission growth in 2019 slowed down due to primary energy consumption 

decreased, and renewables and natural gas increased [1]. One cause for the growth in energy 

requirements is the growth of the world population; the current population is around 7.8 billion 

people, and it is expected to rise to more than 10 billion people by 2055 [4].  
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Figure 1. Global primary energy consumption by source. Other renewables include geothermal, biomass, wave, 

and tidal [5]. 

 

Renewable energies mean that the supply of energy is not depleted or naturally replenished on 

a human timescale. Renewable energies allow the transition to a less carbon-intensive and 

more sustainable energy system. These renewables have grown in recent years by the policy 

support and the cost reductions for solar cells and wind power [1]. Solar radiation is related to 

hydropower because it is only possible by the evaporation of water, wind power that depends 

on atmospheric movement, and biomass that is only possible through photosynthesis. 

Photovoltaic devices (PVs) or solar cells (SCs) directly convert solar radiation into electrical 

energy without pollution. Besides, solar energy is abundantly available. Among different solar 

cells the silicon cells dominate the market; they show a good performance and high stability. 

Thin-film solar cells are based on scarce or toxic elements such as cadmiun telluride (CdTe), 

copper indium gallium diselenide (CIGS), and GaAs cells. Other solar cells include amorphous 

silicon and the emerging PVs cells that include dye-sensitized cells, multijunction cells, 

perovskite cells, quantum dot solar cells, and organic solar cells (OSCs) [6]. Some companies 

have developed OSCs commercially, such as Heliatek, infinityPV, and OPVIUS GmbH, which 

manufacture flexible OSC modules [7]. Organic PVs have been used in small-scale 

applications, building integrated photovoltaics, i.e., incorporated on the roofs and walls of 

storage buildings [8], and a solar park based on polymer solar cells has also been installed [9]. 

OSCs have some advantages: low-cost fabrication, solution processes, lightweight, flexibility, 

a great opportunity for large-scale roll–to-roll production, and a low environmental disposable 

impact. OSCs are non-toxic and use non-scarce materials. Furthermore, OSCs showed 

shortened energy payback time; this is the time needed to recover the device fabrication energy 

[2]. OSCs record efficiency are over 18.2% [10, 11] and over 18.6% in tandem organic solar 

cells [12].  
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The core of the OSCs is a blend of electron-donor materials (e.g., polymers easily oxidized) 

and fullerene-based or non-fullerene-based as electron-acceptor materials [13], which are 

easily reduced. This central layer is called the photoactive layer and  absorbs solar illumination. 

A typical OSC has a bulk heterojunction (BHJ) structure that is a mixed-blend of donor and 

acceptor materials, which constitute the photoactive layer [14]. OSCs configuration includes 

several layers (see Figure 2), (i) a transparent substrate is coated with a transparent conductor 

as anode like indium tin oxide (ITO), (ii) between the anode and photoactive layer is a hole 

transport layer (HTL) commonly poly(3,4ethylenedioxythiophene):poly(styrene sulfonate) 

(PEDOT:PSS), and (iii) over the active layer is an electron transport layer (ETL) followed by 

a cathode. Depending on the charge flow direction, OSCs can be conventional or inverted 

devices (Figure 2 (a), (b)). When solar cell is irradiated by solar radiation, photoactive layer 

absorbs photons to generate excitons (bound electron-hole pair), which dissociate into free 

charge carriers in the donor-acceptor interface producing separated holes and electrons. These 

free charges are then extracted and transported to the corresponding electrodes [15, 16]. 

 

 

Figure 2. Different device architectures of BHJ solar cell. (a) Standard device configuration and (b) inverted 

device architecture [15]. 

 

The power of a solar cell is measured through a characteristic current density-voltage curve 

(J-V curve). A J-V curve corresponds to a diode principle and describes the solar energy 

conversion ability and efficiency of a solar cell. Parameters used to describe the device 

performance are (i) the open-circuit voltage (VOC) that is the maximum voltage that a solar cell 

can supply when an infinite load is applied, and (ii) the short circuit current (Jsc) that is the 

maximum current of the solar cell under the condition of a zero resistance load [17]. The 

maximum power output (MMP) is the maximum value resultant of the product of voltage and 

current along the J-V curve. The fill factor (FF) is given by the ratio of the maximum power 
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produced by the solar cell to the product of VOC and Jsc. FF term is used as a quality parameter 

for solar cells [18].  

𝐹𝐹 =
𝑉𝑀𝑃𝑃 × 𝐽𝑀𝑃𝑃

𝑉𝑂𝐶 × 𝐽𝑆𝐶
 

Power conversion efficiency (PCE) describes the efficiency of the solar cell, and it is 

determined by the ratio of the output power (Pout) (generated electrical energy per unit time) 

to the input power (Pin) (incoming electromagnetic radiation per unit time) [18, 19]. 

𝑃𝐶𝐸 = (
𝑃𝑜𝑢𝑡

𝑃𝑖𝑛
) × 100 =

𝐹𝐹 × 𝑉𝑂𝐶 × 𝐽𝑆𝐶

𝑃𝑖𝑛
× 100 

 

Interfacial layers (e.g., ETLs and HTLs) are generally utilized to tailor the work function of 

electrodes for charge carrier collection maximization, modify the interface to alter the 

photoactive layer morphology, and minimize charge carrier recombination (improving the 

charge selectivity) at the interface between the active layer and transport layer [20]. Besides, 

the interfacial layers help to form an ohmic contact between electrodes and active layers, and 

tune the energy level alignment between electrodes and active layer to facilitate the charge 

extraction [21, 22]. HTLs, also called anode interfacial layer (AIL), facilitate hole extraction 

and transportation while blocking electrons flux. Hole transport materials are deposited 

between the photoactive layer and the anode improving the device performance. HTLs, used 

in conventional polymer solar cells (PSCs), were first reported in the late 1990s after a 

similarly reported experimentation in organic light-emitting diodes (OLEDs) [23, 24]. For hole 

transport materials; some important characteristics are required, as for example a high 

conductivity, high transparency since the sunlight is absorbed by the photoactive layer through 

the HTL on anode, solution processability and favorable stability, high work function, since 

the energy level of materials should be appropriate for charge collection and predominant good 

hole mobility [25].  
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1.2 Problem Statement 

Nowadays, the interest in a greener energy supply increases to combat climate change and 

mitigate the negative consequences of the consumption of fossil fuels. Furthermore, the need 

for renewable and sustainable energy supplies appears to be essential to not endangering future 

generations. Although renewable energy sources as wind, hydropower, solar, and biomass still 

represent a small fraction of energy sources [3]. The research community is focused in 

achieving high efficiency and low cost of production of emerging clean energy sources. Solar 

cells produce electrical energy directly from solar radiation. OSCs have some advantages such 

as fast production, low-cost manufacturing processes and a reduced energy payback time [26]. 

The interfacial layers as HTLs allow for improving the device performance and stability of 

OSCs [23]. In this sense, HTLs based on conducting polymers and small organic molecules 

offer the opportunity to enhance OSCs' device performance. 

An extensive state-of-the-art review is reported in this work, focusing on the conducting 

polymers and small organic molecules and their composites used as HTLs in OSCs. The 

contribution of HTLs to the photovoltaic device performance is explored, leading to 

improvements in device parameters as Voc, Jsc, FF, PCE, and device stability. 

 

1.3 General and Specific Objectives 

- General Objective 

To generate a state-of-the-art review in the hole transport layer based on conducting polymers 

and small organic molecules in organic solar cells. 

- Specific Objectives 

To compile and analyze the most relevant reported research over the last five years about: 

Conducting polymers and their composites used as HTL in OSCs. 

Conjugated polyelectrolyte materials used as HTL in OSCs. 

Small organic molecules used as HTL in OSCs. 
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2 STATE-OF-THE-ART REVIEW 

2.1 Conducting polymers and their composites 

2.1.1 PEDOT and its modifications 

Poly(3,4-ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS) (see the structure in 

Figure 11) is the most common conducting polymer [27] used as hole transporting material in 

organic solar cells (OSCs) due to its easy solution processing, suitable work function (WF) 

around 5.1 eV, high conductivity, good transparency, good mechanical properties and adapted 

wettability on the bulk heterojunction (BHJ) layer. For instance, patterning interfacial 

PEDOT:PSS layer formed by a nanoimprinting technique using poly(dimethylsiloxane) 

(PDMS) stamp was employed on OSCs based on poly(3-hexylthiophene):phenyl-C61-butyric 

acid methyl ester (P3HT:PCBM) showing an increased PCE of 1.53% (compared to a PCE of 

1.1% for a reference device made of spin-coated PEDOT:PSS directly onto ITO glass 

substrate) [28]. Also, when PEDOT:PSS was incorporated on an inverted OSC based on 

P3HT:O-IDTBR with evaporated Ag back electrode showed an enhanced device performance 

[29]. The incorporation of PEDOT:PSS into P3HTN:PEG-C60 based OSCs increased the Voc 

to 1.3 V, but the FF decreased concerning a device employing bare ITO [30]. The OSC showed 

a PCE of 0.23% attributed to the large collection barrier. 

PEDOT:PSS has strong acidic nature due to the polystyrene sulfonate (PSS) (pH ~ 2), which 

deteriorates the anode material and the photoactive layer affecting the performance and 

stability of the device. Besides, this polyelectrolyte has high affinity for environmental water 

(hygroscopic) making necessary to encapsulate the OSC´s before durability test; humidity is a 

major problem in these devices. According to that, different modifications to PEDOT:PSS 

layer have been developed to overcome these issues. Some post-treatments to PEDOT:PSS 

layer have been tested using solvents [31], surfactants [32], and by exchange of PSS with less 

acidic dopants as well as the addition of small molecules [33–36]. These modifications aim to 

reach a uniform morphology, increase the interface contact, and produce a neutral pH hole-

transporting polymer to improve the stability and cell performance. The use of a layer 

composed of PEDOT and grafted sulfonated-acetone-formaldehyde lignin (GSL) instead of 

PSS resulted in a better photovoltaic performance than conventional PEDOT:PSS [35]. GSL 

is a less acidic copolymer of lignin. A quite homogeneous surface of the HTL for a cell 

architecture ITO/PEDOT:GSL/PTB7-Th:PC71BM/poly[(9,9bis(3'-(N,N-

dimethylamino)propyl)-2,7-fluorene)-alt-2,7-(9,9dioctylfluorene)] (PFN)/Al resulted in a 
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PCE of 8.47%. PEDOT:PSS treatment with solvents as isopropanol (IPA) also shows a better 

performance mainly due to more uniform morphology, increased current density, and 

improved cell light absorption [31]. 

2-Methoxyethanol (EGME) and dimethyl sulfoxide (DMSO) solvents were added to a 

PEDOT:PSS solution. The conductivity after doping is about seven times higher and the OSCs 

based on P3HT:PCBM improved the PCE from 2.8% to 3.9% owing to increased Jsc 16.5 mA 

cm-2 and FF of 38.0% [37]. Another approach includes the addition of commercial surfactants 

such as Zonyl FS-31, which improves the wettability of the interface between the hydrophobic 

photoactive layer and the PEDOT:PSS HTL [32]. The fluorination of PEDOT:PSS HTL by 

fluorinated molecules showed an increased device efficiency [34]. On the other hand, a PSS-

free, stable PEDOT HTL was obtained by using solid-state polymerization resulting in robust, 

stable, and solution-processable OSCs based on PCDTBT:PC71BM [38]. Water-soluble 

polyelectrolyte poly(4-(2,3-dihydrothieno[3,4-b][1,4]dioxin-2-yl-methoxy)-1-butanesulfonic 

acid) (PEDOT-S), which shows the same PEDOT backbone containing an 

ethoxyalkylsulfonate branch, showed better performance than conventional PEDOT:PSS 

layers [36]. PEDOT-sulfonated polyelectrolyte complexes also were tested as anode buffer 

layer [39]. Different commercial grade of PEDOT:PSS and additive solvent EG were used to 

form a hybrid PEDOT:PSS (PH 1000:Al 4083) layer tested as HTL and anode electrode for 

inverted OSCs based on P3HT:PCBM [40].  

An OSCs based on PTB7-Th:PC71BM was built using a hole transport double layer made of 

pyridine-based tetrathiafulvalene derivative (TTF-py) on PEDOT:PSS [41]. This modification 

resulted in an increased short circuit current (Jsc) of 17.19 mA cm-2and PCE of 9.37%. The 

anode configuration showed a WF of 5.28 eV for the TTF-py layer resulting in a closer valance 

band toward the donor material (see Figure 3). PEDOT:PSS/TTF-py had better wetting and 

enhanced hole mobility, resulting in charge loss reduction and charge recombination 

suppression. Furthermore, TTF-py molecular structure allowed molecular π-π stacking and 

form an orderly molecular arrangement for hole transfer. TTF-py modification also improve 

the device stability retaining 96% of the initial PCE after storing for 28 days by the suppression 

PEDOT:PSS permeation.  
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Figure 3. (a) Schematic illustration of device structure ITO/PEDOT.PSS/TTF-py/PTB7-Th:PC71BM/ZnO/Al. (b) 

Schematic diagram of the effect of the device with the TTF-py modified PEDOT:PSS as HTL [41]. 

 

Other modifications on PEDOT:PSS have introduced an inorganic transition metal salt, such 

as nickel formate dihydrate (NFD) to tune the surface free energy (γs) and control the molecular 

orientation in the BHJ [42]. An enhanced PCE of 10.76% was achieved for the PM6:PC71BM-

based OSCs. The NFD:PEDOT:PSS HTL had a WF of 5.01 eV that well-matched the donor 

material and a tuned increased γs of 68.96 mN m-1, which leads to increased FF and Jsc. 

Polymeric donor material PM6 preferred face-on molecular orientation. In a BHJ, enhanced 

molecular stacking is promoted with an increased γs of PEDOT:PSS induced by NFD. This 

modification improved the molecular orientation along charge transport direction; thus carrier 

mobility was enhanced, and the charge recombination was suppressed. The modified HTL was 

also tested in non-fullerene OSCs based on PM6: IT-4F obtaining enhanced PCE of 14.08% 

with FF of 78.75%.  

Oxoammonium salts (TEMPO+ Br-, 2,2,6,6-tetramethylpiperidine-1-oxoammonium) was 

tested as a p-type dopant of PEDOT:PSS layers resulting in an enhanced PCE of 16.1% in 

OSCs based on PM6:Y6 [33]. PEDOT:PSS was further oxidized by oxoammonium salt 

improving the doping level of PEDOT:PSS. Doped PEDOT:PSS (TEMPO+ Br-) possess 

higher conductivity and better energy alignment. Metallo phthalocyanines (PC) such as vapor 

deposited vanadylphthalocyanine (VoPC), NiPC and SnPC were tested as buffer layers with 

PEDOT:PSS enhancing the efficiency of P3HT:PCBM-based OSCs [43]. 

PEDOT:PSS:In2S3 was also employed as HTL material for OSCs based on PBDB-T:ITIC and 

PM6:Y6, these showed an enhanced PCE of 11.22%, and 15.89%, respectively [44]. Improved 

device performance was observed as a result of increased Jsc and FF, and reduced Rs with 

bimolecular recombination suppression due to partial removal of PSS from the surface. PEDOT 
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also suffered a benzoic (coil structure)-quinoid (linear structure) transition which delocalized 

charge carriers enhancing the layer conductivity. Furthermore, device performance stability 

showed a retained PCE of 36% for modified HTL after 48 hours compared to a non-modified 

PEDOT:PSS HTL which showed a retained PCE less than 10% . OSCs based on 

ITO/PEDOT:PSS-Dopamine (DA)/ PM6:Y6/ poly[[2,7-bis(2-ethylhexyl)-1,2,3,6,7,8-

hexahydro-1,3,6,8-tetraoxobenzo[lmn] [3,8]phenanthroline-4,9-diyl]-2,5-thiophenediyl[9,9-

bis[3'((N,N-dimethyl)-N- ethylammonium)]propyl]-9H-fluorene-2,7-diyl]-2,5-thiophenediyl] 

(PNDIT-F3N)/Ag showed an increased PCE from 16.01% to 16.55% [45]. DA-doped 

PEDOT:PSS layer showed an enhanced conductivity ascribed to (i) a more regular stack by the 

enhanced intermolecular packing of DA:PSS, (ii) an increased WF of 5.14 eV compatible with 

highest occupied molecular orbital (HOMO) level of PM6 donor polymer, and (iii) enhanced 

film uniformity. PEDOT:PSS-DA was also tested for devices based on different active layers 

such as PBDB-T:ITIC, PM6: IDIC, and P3HT:PCBM resulting in improved performances as 

well.  

PEDOT:PSS was also used together with various polymers as HTLs, such as nanoimprinted 

poly(methylmethacrylate) (PMMA) [46], and conjugated polyelectrolytes e.g., poly[(9,9-bis(4-

sulfonatobutyl sodium) fluorene-alt-phenylene)-ran-(4,7-di-2-thienyl-2,1,3-benzothiadiazole-

alt-phenylene)] (PSFP-DTBTP), that resulted in a PCE improvement of 13% for 

PCDTBT:PC71BM-based OSCs [47]. For instance, a porous organic polymer, poly(carbazolyl 

triphenylethylene) derivative (PTPCz) obtained by electropolymerization was used in the HTL 

PEDOT:PSS/PTPCz for OSCs based on PTB7:PC71BM, resulting in an smooth surface 

morphology, increased WF of 5.23 eV, Jsc, and FF, reduced series resistance Rs and increased 

shunt resistance Rsh reaching an improved PCE of 8.54% [48]. Electropolymerized 

polytriphenylcarbazole fluoranthene (p-TPCF) and PEDOT:PSS was used for OSCs based on 

PTB7-Th:PC71BM obtaining enhanced Jsc, FF, Voc and a PCE of 8.99% [49]. Modification of 

PEDOT:PSS with a neutral conjugated polymer electrolyte poly[9,9-bis(4′-

sulfonatobutyl)fluorene-alt-thiophene] (PFT-D) composite layer improved the device 

performance (PCE from 7.8% to 8.2%) and the half-lives of PTB7-Th:PC71BM-based OSCs 

[50]. PFT-D molecular dipole screen the attraction between PEDOT and PSS chains as well 

the –SO3
- ions of PFT-D acts as a conjugate base of PSS improving current generation. Poly(3-

hexylthiophene)-b-poly(p-styrenesulfonate) (P3HT50-b-PSS23) block polymer were 

incorporated between HTL PEDOT:PSS and the active layer P3HT:PCBM [51]. The OSCs 

with P3HT-b-PSS interfacial layer improved PCE by 12% due to increased Voc and FF that 
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compensate for the decreased Jsc caused by the light absorption of the P3HT block. The energy 

level matching was improved, HOMO level of P3HT-b-PSS (-4.68 eV) was higher than P3HT 

of active layer, which facilitates the hole transport. In addition, P3HT-b-PSS film had a 

smoother surface than PEDOT:PSS enhancing the interfacial contact, thereby, improving the 

FF of the device. 

 

Modification of the commonly used PEDOT:PSS with metallic nanoparticles (NPs) contributes 

with some features as an enhanced localized field and light scattering by the localized surface 

plasmon resonance (LSPR) that improves the absorption of the active layer. NPs also assist in 

the charge transport at the interface [52]. NPs are synthetized by different method such as 

chemical reduction, polyol method [53], and ultrasonochemical synthesis [52, 54]. Hao et al. 

reported a mixed AuNPs (rod, bone-like, cube and spheres shape) doped in PEDOT:PSS HTLs 

in OSCs based on PTB7:PC71BM [55]. Addition of mixed AuNPs generated wide absorption 

spectra covering from the visible to the near-infrared region and induced an increase of 

enhancement of internal field in the active layer resulting in improved absorption and enhanced 

device performance up to 9.26%. AuNPs also contributed to decrease the bulk resistance of 

PEDOT:PSS. Periodic Ag nanodot (Ag ND) arrays were fabricated by laser interference 

lithography (LIL) between ITO and PEDOT.PSS layers in OSCs based on PTB7:PC70BM (see 

Figure 4) [56]. This HTL showed improved performance PCE of 10.11%, increased Jsc of 23.26 

mA/cm2, and enhanced external quantum efficiency (EQE) induced by the plasmonic and light 

scattering effect. LSPR band matched optimally with the absorption of the photoactive layer, 

increasing its light-absorption. 

 

 

Figure 4. (a) Schematic diagram of an OPV device with Ag NDs. (b) J-V characteristics of devices with and 

without Ag NDs. (c) EQE spectra of PV devices [56]. 
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AuNPs and AgNPs blended with PEDOT:PSS were used as HTLs in OSCs [57]. Both 

PEDOT:PSS:NPs showed an enhanced device performance in comparison to pristine 

PEDOT:PSS with an optimized PCE of 5.65% for PEDOT:PSS:AuNPs HTL in OSCs based 

on rrP3HT:PC71BM. Better devices performance was obtained with NPs because of the surface 

plasmon effect (at the visible region for AuNPs) that increases the photoabsorption length, 

scattering and incident light trapping. Segmented silver nanowires (AgNWs) were incorporated 

in a PEDOT:PSS HTL in OSCs with configuration ITO/PEDOT:PSS:Ag 

NWs/P3HT:PC61BM/ZnO/Al [53]. These OSCs exhibited enhanced device performance with 

a PCE of 3.3%, increased Jsc and FF due to LSPR and optical scattering properties from the 

AgNWs. Sah et al. reported the fabrication of OSCs based on PTB7-Th:PC71BM with 

bimetallic Ag-Au-Ag nanorods (NRs) in PEDOT:PSS HTLs [58]. These devices showed 

improved performances up to 7.36% by an increased FF and Jsc. The enhancement was ascribed 

to an improved charge transport, broad absorption region covering visible to near-infrared 

region, light scattering induced absorption enhancement, electric field enhancement, and 

improved EQE by LSPR effect. 

Incorporation of copper, a cheaper and more abundant material, as Cu-Au NPs in PEDOT:PSS 

for OSC based on P3HT:PC61BM and PTB7-Th:PC71BM showed improved PCEs of 3.63% 

and 8.48%, respectively [59]. Cu-AuNPs:PEDOT:PSS presented an absorption enhancement 

by LSPR and light scattering effect. The improved PCE in the device was attributed to an 

increased Jsc, higher hole mobility, and reduced Rs obtained with Cu-AuNPs:PEDOT:PSS 

indicating better hole transport properties. However, the FF decreased compared to pristine 

PEDOT:PSS HTL, mainly due to an induced charge recombination by the NP doping. Adedeji 

et al. employed copper sulfide NPs in PEDOT:PSS HTLs to fabricate OSCs based on 

P3HT:PC61BM [60]. These devices showed an enhanced PCE of 4.51% (an increase of 115% 

over the pristine PEDOT:PSS) and good stability, retaining up to 40% of their initial PCEs 

after 48 h. CuNPs exhibited surface plasmon resonance absorption near-infrared region and 

induced electric field beneficial to exciton dissociation and photon harvesting. The 

incorporation of nickel sulphide NPs in PEDOT:PSS layers exhibited an enhanced device 

performance of 6.03% in OSC based on P3HT:PC61BM [52]. An improved photogenerated 

current was attributed to the effective trapping of light through scattering and improved charge 

collection. OSCs using NiS NPs in HTL showed reduced Rs indicative of an improved 

conductivity at the interface, and improved optical transparency enhancing the internal 

quantum efficiency. Furthermore, the device showed higher hole mobility, thus reduced carrier 
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recombination and enhanced charge transport. PCE enhancement was ascribed to the LSPR 

absorption (in the visible and infrared region) and light scattering process. 

ZnSTe quantum dots (QDs) incorporated into PEDOT:PSS HTL showed an improved device 

performance in OSC based on P3HT:PC71BM, due to improved mobility and enhanced light 

absorption attributed to surface plasmon resonance [61]. Zhang et al. reported OSCs based on 

PTB7-Th:PC71BM and PM6:IT-4F with high PCEs of 9.11% and 12.81%, respectively, by the 

insertion of black phosphorous quantum dots (BPQDs) on PEDOT:PSS [62]. BPQDs is a 2D 

p-type semiconductor, which inside the device formed a cascade band structure between the 

anode and active layer. The valance band of BPQDs (-4.92 eV) was higher than the valance 

band of donor polymers PTB7-Th (-5.24 eV) and PM6 (-5.5 eV), providing enough driving 

force for the hole injection from the active layer to the BPQDs layer (see Figure 5. The energy 

level diagrams of the components in the devices [62].Figure 5). The increased efficiency in 

devices with BPQDs interfacial layer was attributed to an increased Jsc and FF due to excellent 

hole mobility in BPQDs and better energy alignment in the device, indicating improved charge 

extraction and exciton dissociation. 

 

 

Figure 5. The energy level diagrams of the components in the devices [62]. 

 

Other metal NPs incorporated in PEDOT:PSS involve Al micro-stars [63], Al NPs [64], and 

Au NPs [65–67], gold nanorods (Au NRs) [68], and Au QDs [69]. 

Up-conversion NP process converts low-energy photons into high-energy photons (in the 

absorption region of organic polymers) to enhance the optical-to-electrical conversion 

performance [70]. Mei et al. incorporated sodium yttrium fluoride (β-NaYF4):Er3+,Yb3+ up-
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conversion NPs into PEDOT:PSS HTLs in OSCs based on P3HT:PC61BM resulting in 

enhanced Jsc and PCE of 3.02% [71]. These results were ascribed to light scattering and 

photoluminescence (PL) emission from up-conversion NPs. The silver-zinc bimetallic NPs 

layer was incorporated between the PEDOT:PSS HTL and the photoactive layer of 

P3HT:PCBM [72]. The OSCs exhibited an improved PCE of 3.6%, which is 90% higher than 

the reference device. This was attributed to LSPR of the Ag:Zn NPs which enhanced the optical 

absorption and charge carriers collection. Another modification to PEDOT:PSS was reported 

by Michalska et al. using wet ultra-sonochemical synthetized titanium dioxide TiO2 anatase 

decorated with Ag NPs [54]. TiO2/Ag solution was added to PEDOT:PSS HTL in OSCs based 

on P3HT:PCBM showing an improved PCE of 2.07%. Gold nanoparticles (Au NPs) on 

PEDOT:PSS in vacuum-free OSCs improved the device performance resulting from the 

increased Jsc [73]. The absorption of the active layer and the device PCE was enhanced, 

especially by Au nanorods' presence. 

 

Many studies have been focused on improving the performance of PEDOT:PSS HTL by 

addressing the acidic and hygroscopic nature of PEDOT:PSS that affects the stability and 

efficiency of the photovoltaic devices. Incorporating metal oxides (MO) can enhances the 

stability, efficiency, and electron blocking properties of the HTL. Among these MOs that have 

been incorporated in PEDOT:PSS are vanadium oxides (V2O5) [74, 75], sol-gel synthesized 

VOx [76], continuous spray pyrolyzed synthesized molybdenum oxide (MoO3) [77], and 

tungsten oxide (WO) [78, 79]. 

Spin-coated V2O5 nanowires, prepared by hydrothermal method, on PEDOT:PSS as HTL of 

OSCs based on P3HT:PCBM showed increased device parameters, improved Voc and FF [80]. 

The PCE improved a 15.58% in comparison with PEDOT:PSS reference cell. The lowest 

unoccupied molecular orbital (LUMO) level of V2O5 (2.4 eV) is higher than P3HT LUMO, 

thus better electron blocking than pristine PEDOT:PSS (see Figure 6 (b)). Modified HTL had 

increased incident light paths by reflection and refraction caused by V2O5 nanowires.  
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Figure 6. (a) Structure of polymer photovoltaic cell based on PEDOT:PSS/V2O5 HTL. (b) Schematic energy level 

alignment of V2O5 over PEDOT:PSS layer [80]. 

 

Li et al. reported a PCE of 9.44% for OSCs with V2O5:PEDOT:PSS as HTL due to an enhanced 

Jsc and FF, smaller Rs, and larger Rsh [81]. The incorporation of V2O5 offered an effective path 

for exciton extraction and suppress charge recombination reflected by a larger hole mobility 

and a higher conductivity. The composite HTL surface was uniform and smooth related to 

V2O5 nanoparticles filling the pinholes in PEDOT:PSS. Furthermore, better wetting and 

physical contact were obtained between the photoactive layer and the HTL as well as enhanced 

crystallinity of the active layer. 

Molybdenum oxide (MoOx) NPs/PEDOT:PSS HTLs were blade coated in inverted OSCs 

based on PTB7-Th:PC60BM resulting in enhanced PCE of 7.4% and increased FF [82]. The 

modification of PEDOT:PSS with MoO3 mitigated the degradation of non-fullerene OSCs 

based on PM6:IT-4F by suppressing the interfacial reaction between PEDOT:PSS and IT-4F 

[83]. MoO3-PEDOT:PSS hybrid HTL improved the device's operational stability which was 

five times longer than reference devices. The hybrid HTL also improved the hole mobility 

favoring the charge extraction. Zinc oxide doped single carbon nanotubes (CNT) were 

incorporated in PEDOT:PSS as anode buffer layer (ZnO:CNT/PEDOT:PSS), showing 

excellent transmittance and a smooth morphology [84]. P3HT:PCBM based cell with an HTL 

containing 2.5% ZnO:CNT showed an improved PCE of 4.1%, enhanced Jsc and FF, and 

reduced Rs. CNT provided surface homogeneity, and ZnO prevented humidity uptake. The 

device parameters decreased at a slower rate than PEDOT:PSS devices under a nitrogen 

environment. Zheng et al. fabricated fullerene-free OSCs with tungsten oxide WOx NPs in 
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PEDOT:PSS as HTL [78]. The system architecture ITO/WOx:PEDOT:PSS/PM6:IT-4F/PFN-

Br/Al achieved a high FF of 80.79%, consequently an enhanced PCE of 14.57%. A more 

balanced hole and electron mobility of BHJ on WOx:PEDOT:PSS measured as a ratio 𝜇𝑒 𝜇ℎ⁄  of 

0.88 which contributed to increased FF. The longer lifetime of carriers and faster extract time 

of WOx:PEDOT:PSS also benefited the device parameters. WO3/PEDOT:PSS bilayer was used 

as HTL in inverted SMD2: ITIC-Th based OSCs [79]. An optimized cell achieved a high PCE 

of 10.3%, with enhanced Jsc, Voc, and FF. The WO3/PEDOT:PSS device presented increased 

Rsh and decreased Rs by a well-matched energy level alignment, high hole mobility, a more 

balanced charge carrier transport, and increased photostability. Furthermore, flexible inverted 

OSC modules were fabricated by slot-die coating achieving a PCE of 5,25% and a power output 

of 419.6 mW. A layer of hydrogen molybdenum bronze (HxMoO3) with PEDOT:PSS layer 

was also used in an all solution-processed non-fullerene OSCs based on PM6:IDIC:Y6 [85]. 

Phosphomolybdic acid (PMA) in PEDOT:PSS layers were tested in different organic fullerene-

based OSC showing good performances [86]. 

 

Graphene oxide (GO), a two-dimensional carbon material, has also been investigated to 

modified PEDOT:PSS as hole transport materials in different OSCs.  Oleyamine-

functionalized GO/PEDOT:PSS layer on PBDB-T:ITIC [87], PEDOT:PSS treated with GO 

layers on PTB7:PC71BM devices [88], on P3HT:PC60BM devices [89], on P3HT:PCBM 

devices [90], on inverted P3HT:PCBM OSCs [91], on inverted P3HT:PC71BM OSCs [92], and 

reduced GO-germanium QDs modified PEDOT:PSS on P3HT:PCBM [93]. Raj et al. reported 

the fabrication of PTB7:PC70BM-based OSCs with PEDOT:PSS:GO resulting in enhanced 

PCE of 7.68% [94]. The modified HTL showed a fine fiber-like structure that improved the 

conductivity. GO showed to increase the device resistance degradation. GO is generally 

prepared by variations of the Hummers method using graphite powder as starting material [95], 

[96]. PEDOT:PSS:GO was also tested on P3HT:PC61BM based OSCs showing an increased 

Jsc, FF, and a 14% higher PCE than a reference device [97]. GO in the HTL reduced the 

HOMO-LUMO gap and the Rs, improved the hole mobility and the energy level matching. A 

double-decked GO/PEDOT:PSS HTL in PCDTBT:PC71BM based OSCs was reported by 

Rafique et al. [98]. The modified HTL provided a better hole extraction and transportation by 

a suitable WF of GO (4.9 eV) and PEDOT:PSS (5.1 eV) that well-matched energy levels (see 

Figure 7 (a) and (b)). This device showed an improved PCE of 4.28% ascribed to an increased 

charge carriers mobility, Jsc, Voc, and FF, and a reduced Rs. Besides, better stability than 
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PEDOT:PSS was reached, since GO served as a barrier that protected ITO corrosion due to the 

acidic nature of PEDOT:PSS (see Figure 7 (c)). Similarly, improved photovoltaic stability was 

achieved with GO/PEDOT:PSS HTLs in P3HT:PC60BM devices [99]. This device showed an 

increased Rsh and a decreased Rs, which facilitate the hole transportation. The composite HTL 

was smooth and uniform, contributing to an improved device performance with a PCE of 

4.82%. Nitrogen-doped graphene quantum dots (nGQDs) were blended with PEDOT:PSS 

HTLs in PTB7:PC71BM based OSCs resulting in an enhanced PCE of 8.5% [100]. The 

modified HTL improved the charge carrier transport, increased the hole mobility, and 

suppressed charge recombination. The nitrogen doping led to a high content of quaternary 

nitrogen, enhancing the electrical conductivity of GQDs. UV-ozone (UVO) treated 

GO/PEDOT:PSS bilayer in OSCs based on PCDTBT:PC71BM presented an improved PCE of 

5.24% [101]. An increased Jsc, Voc, and FF obtained in the cells using the modified HTL and 

improved ambient stability retaining above 90% of initial PCE after 240 h. The enhanced 

conductivity was ascribed to the reduction of oxygen content in GO after UVO treatment. 

Electrochemically synthesized graphene was incorporated on PEDOT:PSS HTLs in OSC based 

on P3HT:PCBM resulting in a 66.7% increased PCE compared to a reference device [102].  

 

 

Figure 7. (a) Scheme of the OSCs with GO, PEDOT:PSS HTLs. (b) Energy band diagram of material used. (c) 

Stability test of OSCs over 250h [98]. 

 

Other modifications on PEDOT:PSS have also been reported with a graphene analog, the two-

dimensional transition metal dichalcogenides. For instance, hybrid PEDOT:PSS/WS2 was 

incorporated as HTL in OSCs [103]. PEDOT:PSS worked as an effective exfoliating agent to 

WS2 2D structure. The photovoltaic device based on P3HT:PC61BM and PTB7-Th:PC71BM 

exhibited enhanced PCE of 3.07 and 7.24%, respectively, attributed to increased Jsc and FF as 
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well as to enhanced hole mobility and enhanced conductivity of PEDOT:PSS/WS2 layer. 

Besides, PEDOT:PSS/WS2-based OSCs had improved stability, it kept 77.3% of initial PCE 

after 36 days. Koo et al. fabricated PTB7:PC71BM based OSCs with tungsten diselenide 

(WSe2) / PEDOT:PSS HTLs (Figure 8(a)) showing an enhanced PCE of 8.5 [104]. The 

composite HTL exhibited a homogeneous film formation. WSe2 negative surface-induced the 

segregation of PEDOT and PSS, which enhanced the layer conductivity. Furthermore, 

photoluminescence peak intensity decreased, indicating diminished recombination (see Figure 

8 b). Thus, PEDOT:PSS-WSe2 showed improved hole transport ability and a better charge 

extraction than the reference device. Oleyamine-functionalized molybdenum disulfide MoS2 

has also been reported in the modification of PEDOT:PSS HTLs [105]. 

 

 

Figure 8. (a) Device structure with WSe2 -PEDOT:PSS HTL and (b) Steady state PL spectra measured from 

structure of glass/PEDOT:PSS or P- WSe2/PTB7:PC71BM [104]. 

 

Boronic acid functionalized multi-walled CNs (bf-MWCNTs) doped PEDOT:PSS HTLs 

showed excellent hole mobility and electrical conductivity [106]. The OSC with 

PEDOT:PSS:bf-MWCNTs showed reduced Rs and increased Rsh exhibiting excellent hole 

collectivity. An enhanced of 28% PCE for PCDTBT:PC71BM based OSC was attributed to an 

increased Jsc and FF. PL intensity of HTL doped with bf-MWCNTs was reduced, indicating an 

enhancement in charge transport from the active layer. The WF increased to 5.39 eV that well-

matched with the HOMO energy level of PCDTBT. Graphitic carbon nitrile (g-C3N4) was used 

as a secondary dopant for PEDOT:PSS in OSCs based on PM6:Y6, leading to an improved 

PCE of 16.38% [107]. The g-C3N4:PEDOT:PSS HTL showed a higher conductivity, an 

improved charge transport and a suppressed charge recombination. This modified HTL had 
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increased hole mobility leading to more balanced charge transport. The g-C3N4 insulated the 

PSS moiety, so the conducting PEDOT chain was exposed. Zhang et al. reported unzipped 

single-walled carbon nanotubes (uSWNT) / PEDOT:PSS double-decked HTLs in PM6:IT-4F 

based OSCs [108]. Optimized HTLs with 0.1 mg mL-1 uSWNTs resulted in improved PCE of 

14.60% attributed to an increased Jsc of 23.39 mA cm-2 and FF of 73,17%. Moreover, the 

modified HTL exhibited increased conductivity and increased hole transport efficiency. 

Two-dimensional titanium carbide (Ti3C2Tx) bilayer was incorporated into PEDOT:PSS HTLs 

in non-fullerene PBDB-T:ITIC, and PM6:Y6 OSCs [109]. This bilayer enhanced the 

conductivity of PEDOT:PSS by a reduced coulombic attraction between PEDOT and PSS, 

causing the conformational transition of PEDOT from the coil to linear structures. The HTL 

roughness increased upon Ti3C2Tx incorporation, which enlarged the contact area between 

HTL and the photoactive layer. The hole mobility increased as a result of the interconnected 

conducting network between PEDOT and Ti3C2Tx. The PL peak was reduced, indicating 

improved hole transmission. As a consequence, the PCE of devices improved to 11.02% and 

14.55% for PBDB-T:ITIC and PM6:Y6 based OSCs, respectively. Moreover, 

PEDOT:PSS/Ti3C2Tx HTLs enhanced the nitrogen atmosphere's long-term stability remaining 

79.67% of the initial PCE after 300 h. 

 

2.1.2 Other conjugated polymers and composites 

Another approach aims to replace the use of PEDOT:PSS with different conjugated polymers. 

Conjugated polyelectrolytes (CPE) composed of conjugated backbone and side chains 

containing ionic groups have been used as HTL materials due to their good solubility in polar 

solvents. The structure of these used as HTL are shown in Figure 9. For example, thiophene 

based CPE, poly[1,4-bis(4-sulfonatobutoxy)benzene-thiophene] PhNa-1T self-doped in a 

neutral state achieves an increased WF of 5.21 eV resulting in PCEs of 9.89% and 8.38% for 

ITO/PhNa-1T/PTB7-Th:PC71BM/fullerene derivative (bis-C60)/Ag and ITO/PhNa-

1T/PTB7:PC71BM/TiO2/Al cells, respectively [110]. The enhanced device performance was 

ascribed to improved interfacial properties, a high WF, and a smoother surface resulting in a 

favorable contact, improved charge extraction, and an efficient hole collection. Similarly, 

PhNa-DTBT is based on a weakly electron-donating 2-phenyl thiophene, an electron-acceptor 

2,1,3-benzothiadiazole and sulfonate sodium salt as an ionic functional group, was used in 

OSC based on PTB7-Th:PC71BM, reaching a PCE of 9.29% [111]. PhNa-DTBT shows a high 
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electrical conductivity, improved Jsc and FF, and high WF (5.39 eV). The device also shows 

improved stability with a retained PCE of ca. 40% after 96 h. A pH neutral self-doped polymer 

based on phenyl and thienyl units, poly[2,6-(4,4-bis-(propane-1-sulfonate sodium)-4H-

cyclopenta[2,1-b ;3,4-b' ]dithiophene)-alt-(4,4′-biphenyl)] (PCP-Na) was used as HTL for 

PBDT-TS1:PC71BM-based OSCs [112]. PCP-Na had a suitable HOMO level, smoother 

surface and a high electrical conductivity by the presence of polaronic states (radical cations). 

PCP-Na exhibited appreciable hole collection and charge transport properties. The 

photovoltaic device using PCP-Na showed a PCE of 9.89% that resulted mainly from an 

enhanced FF. Following the same line, pH neutral poly[9,9-bis(4′-sulfonatobutyl)fluorene-alt-

selenophene] (PFSe) (see structure in Figure 9) was used as HTL in OSCs with architecture 

ITO/PFSe/PTB7:PC71BM/PFN/Al exhibiting a PCE of 7.2% [113]. An increased Jsc and FF 

was ascribed to a strong dipole moment at the interface. A WF of 5.15 eV of PFSe assured a 

good ohmic contact and a better matching energy level. Moreover, the air stability of the cell 

was improved by the neutral nature of HTL polymer. Xu et al. reported a pH-neutral 

conjugated polyelectrolyte, 3,4-dithia-7H-cyclopenta[a]pentalene and thienyl units (PCPDT) 

used in OSCs based on PTB7-Th:PC71BM with a PCE of 9.3% [114]. Improved device 

performance by using PCPDT HTL was attributed mainly to a reduced leakage current and Rs. 

A tuned WF of -4.87 eV, enhanced transmittance, improved and homogeneous mobility of 

HTL was related to the strong p-type self-doped nature of this HTL. Moreover, the hole layer 

showed improved interface compatibility, evidenced by the reduced surface energy (30.7 mN 

m-1). The use of PCPDT-K HTL in OSC based on P3HT:PCBM showed improved device 

performance (PCE of 3.11%), increased Jsc, reduce Rs, a smooth surface, and better stability 

than a PEDOT:PSS reference device [115]. PCPDffPhSO3K a neutral CPE based on 3,4-

dithia-7H-cyclopenta[a]pentalene and 1,4-difluorobenzene units was used as HTL for OSCs 

ITO/HTL/PTB7-Th:PC71BM/PFN/Al OSCs resulting in PCE of 9.5% [116]. The self-doping 

effect in PCPDffPhSO3K improved its conductivity. A WF around -5.18 eV ensured a better 

energy level alignment achieving a higher Voc, Jsc, and hole mobility. Lee et al. utilized 

poly[9,9-bis(4’-sulfonatobutyl)fluorene-alt-thieno[3,2-b]thiophene] (PFtT-D) HTLs showing 

a PCE of 8.3% for OSCs based on PTB7-Th:PC71BM [117]. The WF of the modified electrode 

with PFtT-D was 5.19 eV that resulted in superior ohmic contact due to well-matched energy 

levels facilitating the hole transportation. The modification of WF is attributed to the molecular 

dipole orientations. The device showed an improved lifetime because of the neutral nature of 

CPE; the PCE slowly decreased with a half-live of 153 h.  
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PCPDTK0.50H0.50-TT another neutral self-doped CPE was used as HTL for the OSCs based on 

PM6:Y6:PC71BM [118]. Potassium ions were exchanged to protons through ion-exchange 

chromatography using acid sulfonated polystyrene resin. PCPDTK0.50H0.50-TT HTL had a 

higher WF and increased mobility, and it also exhibited a higher hole extraction efficiency. 

The device performance with this HTL was improved with a PCE of 16.3%. The Voc increased 

due to the improved hole mobility, and the Jsc and FF were also improved ascribed to reduced 

carrier recombination and reduced bulk resistance. The device showed improved stability, the 

PCE was retained by a longer time than with PEDOT:PSS. These OSCs showed is compatible 

with large-area printing technique. OSCs with an area of 1.0 cm2 prepared by wire-bar coating 

obtained a PCE greater than 10%. 

 

 

Figure 9. Molecular structure of some conjugated polyelectrolytes for HTL. 

 

The structure of some conjugated polymers used as HTL for OSCs are shown in Figure 11. A 

HTL nanocomposite made of fluorene conjugated polymer, poly[(9,9-bis(3′-(N,N-
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dimethylamino)propyl)-2,7-fluorene)-alt-2,7-(9,9-dioctyl)fluorene] and nickel oxide 

(PFN/NiOx) showed a power conversion efficiency of 6.2% in OSCs based on PBDTTBO-

C8:PC71BM (see Figure 10 (a), (b)) [119]. The device performance improvement was related 

to the interaction between PFN and NiOx, p-doping effect in NiOx improved FF, and good 

energy alignment. A blend of 5,6-difluorobenzothiadiazole conjugated polymer and metal 

oxide (Cu2O/FBT-TH4) gave a PCE of 9.56% for OSCs based on PffBT4T-2OD:PC71BM 

[120]. A better charge transfer properties and stability were determined maintaining the 75% 

of the original PCE up to 30 days that was attributed to the hydrophobic character of the HTL. 

Poly(3,4-dimethoxythiophene) (PDMT) deposited via oxidative chemical vapor deposition 

was also used as hole transport materials in OSCs [121]. 

 

 

Figure 10. (a) Device structure with HTL of PFN modified NiOx, (b) J-V curves of ITO/HTL/PBDTTBO-

C8:PC71BM/Ca/Al devices [119]. 

 

Awada et al. fabricated OSCs based on hydrophobic triethoxysilane terminated poly(3-

hexylthiophene) (P3HT-Si) (Figure 11) HTLs exhibiting a slightly enhanced device stability 

[122]. Some other polymers and composites used as hole transport layers include 

P3HT:SWCNTs [123], and polyaniline / gold and silver NPs composite (Au10Ag10PANI), 

which showed improved conductivity, improved WF, and increased PCE in P3HT:PCBM 

based OSCs [124]. The interconnected network of grafted carbon nanotubes, polythiophenic 

agents, and conjugated PANI bottlebrushes (CNT-g-PDDT:P3ThEt-g-PANI) were used as 

HTL in OSCs based on PBDT-DTNT:PC61BM showing smooth morphology, low sheet 

resistance, and a PCE of 5.65% [125]. A network of carbon nanotubes and 

polythiophene/polyaniline bottlebrushes (CNT:P3ThEt-g-PANI) was tested as HTL in OSCs 

based on P3HT:PC71BM reaching an improved PCE of 5.30% [126]. Another approach 
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involves the use of low acidic water-stable PSS doped PANI as HTL based on P3HT: ICBA 

OSCs [127]. PANI:PSS layer presented a well-matched WF, higher conductivity, 

transmittance around 90% and led to PCE of 4.5%. Additionally, PANI:PSS HTL had also 

been tested for indoor photovoltaics [128, 129]. The OSCs based on P3HT:ICBA showed a 

lower PCE than a device using PEDOT:PSS, but possessed better stability over 1176 hours, 

retaining 39% of its initial PCE. PANI was also tested with graphene oxide (GO) as an acid-

free composite HTL in OSCs based on P3HT:PCBM and PCDTBT:PC71BM resulting in 

optimized performance for the nanocomposite with a GO loading of 7.3 wt% [130]. A hole 

transporting bilayer of copper(I) thiocyanate and poly[(9,9-dioctylfluorenyl-2,7-diyl)-alt-(4,4'-

(N-(4-butylphenyl)))] (CuSCN/TFB) was tested in OSCs based on non-fullerene PM6:Y6 and 

fullerene PTB7-Th:PC71BM by Dong et al. [131]. Better photovoltaic performance with 

CuSCN/TFB bilayer than with pristine CuSCN HTL was related to enhanced Jsc and FF. The 

decreased roughness and increased contact angle of the bilayer favored the interfacial contact 

of the HTL and the active layer, leading to better energy matching and device performance (up 

to 15.10%). Furthermore, the CuSCN/TFB based device presented improved hole mobility, 

higher exciton dissociation efficiency and lower recombination loss which contributed to its 

enhanced charge transportation and extraction, and exciton dissociation. 

 

Figure 11. Molecular structures of some conjugated polymers for HTLs. 

 

Table 1 summarizes the parameters of some OSCs with conducting polymers used as HTLs. 
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Table 1. Device characteristics of some representative OSCs with different conducting polymers as HTLs. 

Anode configuration Deposition technique Remaining architecture cell VOC (V) JSC (mA cm-2) FF (%) PCE (%) Ref. 

PEDOT modifications 

PEDOT:PSS/Ag slot-die-coating flextrode/P3HT:O-IDTBR 0.71 8.07 67.3 3.80 [29] 

ITO/PEDOT:PSS spin coating P3HTN:PEG-C60/Cs2CO3/Ag 1.31 0.55 33.4 0.24 [30] 

ITO/PEDOT:PSS/IPA spin coating P3HT:PC71BM/Al 0.60 11.76 54.9 3.87 [31] 

PEDOT:PSS-FS-31/Ag slot-die coating ITO/ZnO/P3HT:ICBA 0.80 10.55 48.0 4.06 [32] 

ITO/PEDOT:PSS:TEMPO+Br- spin coating PM6:Y6/PFN-Br/Ag 0.82 27.18 72.6 16.10 [33] 

ITO/PEDOT:PSS:FOS spin coating PTB7:PC70BM/Ca/Al 0.70 16.94 69.3 8.26 [34] 

ITO/PEDOT:GSL spin casting PTB7-Th:PC71BM/PFN/Al 0.77 15.82 68.7 8.47 [35] 

ITO/PEDOT-S spin coating P3TI:PC71BM/LiF/Al 0.73 12.80 72.0 6.70 [36] 

Ag/ssp-PEDOT spin coating PCDTBT:PC71BM/Al 0.46 9.30 38.9 1.70 [38] 

ITO/PEDOT-polyelectrolyte electrodeposition P3HT:PCBM/LiF/Al 0.51 6.70 31.6 1.93 [39] 

PEDOT:PSS(PH 1000:Al 4083:EG) spin coating ITO/ZnO/P3HT:PCBM 0.58 6.91 51.2 2.04 [40] 

ITO/PEDOT:PSS/TTF-py spin coating PTB7-Th:PC71BM/ZnO/Al 0.79 17.19 70.6 9.37 [41] 

ITO/PSS:PEDOT:PSS 
spin coating 

PDCBT:PC71BM/PFN-Br/Al 0.83 12.44 77.2 7.97 
[42] 

ITO/NiFD:PEDOT:PSS PM6:PC71BM/PFN-Br/Al 0.98 13.82 79.4 10.76 

ITO/PEDOT:PSS:VoPC 
spin casting/ thermal 

evaporation 
P3HT:PCBM/Al 0.60 14.80 53.0 3.61 [43] 

ITO/PEDOT:PSS:a-In2Se3 spin coating 
PBDB-T:ITIC/PFN-Br/Al 0.91 17.31 71.1 11.22 

[44] 
PM6:Y6/PFN-Br/Al 0.84 25.47 74.5 15.89 

ITO/PEDOT:PSS-DA spin coating PM6:Y6/PNDIT-F3N/Ag 0.84 25.52 77.1 16.55 [45] 

FTO/PMMA/PEDOT:PSS 
nanoimprinting/ spin 

coating 
PTB7:PC70BM/TiOx/Al 0.73 16.30 68.2 8.12 [46] 

ITO/PEDOT:PSS:PSFP-DTBTP spin coating PCDTBT:PC71BM/(Ca)/Al 0.88 9.46 66.3 5.26 [47] 

ITO/PEDOT:PSS/PTPCz 
spin coating/ 

electrodeposition 
PTB7:PC71BM/Ca/Al 0.74 16.23 71.1 8.54 [48] 

ITO/PEDOT:PSS/p-TPCF 
electrochemical cyclic 

voltammetry 
PTB7-Th:PC71BM/PFN-Br/Al 0.80 16.98 66.2 8.99 [49] 

ITO/PEDOT:PSS+PFT-D spin coating PTB7-Th:PC71BM/PFN/Al 0.77 14.90 71.3 8.20 [50] 



24 

 

ITO/PEDOT:PSS/P3HT-b-PSS spin casting P3HT:PCBM/Al 0.60 7.47 63.9 2.80 [51] 

PEDOT:PSS with NPs 

ITO/PEDOT:PSS-NiS spin coating P3HT:PC61BM/LiF/Al 0.58 18.65 55.9 6.03 [52] 

ITO/PEDOT:PSS:Ag NWs spin coating P3HT:PC61BM/ZnO/Al 0.60 9.95 55.8 3.30 [53] 

ITO/PEDOT:PSS:TiO2/n-Ag spin casting P3HT:PCBM/Al 0.61 5.94 57.0 2.07 [54] 

ITO/PEDOT:PSS+Au NPs spin coating PTB7:PC71BM/Al 0.74 18.30 68.0 9.26 [55] 

ITO/Ag ND/PEDOT:PSS LIL/ spin coating PTB7:PC70BM/LiF/Al 0.73 23.26 61.0 10.11 [56] 

ITO/PEDOT:PSS+Au NPs spin coating 

rrP3HT:PC61BM/BCP/LiF/Al 0.59 13.90 62.0 4.99 

[57] 
rrP3HT:PC71BM/BCP/LiF/Al 0.58 16.10 61.0 5.65 

rrP3HT:PC61BM/BCP/LiF/Al 0.58 13.10 62.0 4.94 

rrP3HT:PC71BM/BCP/LiF/Al 0.58 14.70 61.0 5.29 

ITO/PEDOT:PSS:Ag-Au-Au NRs spin coating 
P3HT:PC61BM/Ca/Al 0.62 10.11 69.0 4.34 

[58] 
PTB7:PC71BM/Ca/Al 0.73 16.87 60.0 7.36 

ITO/PEDOT:PSS:Cu-Au NPs spin coating 

P3HT:PC61BM/Ca/Al 0.64 10.91 52.3 3.63 

[59] PTB7-Th:PC61BM/Ca/Al 0.80 15.50 57.9 7.13 

PTB7-Th:PC71BM/Ca/Al 0.79 17.78 60.1 8.48 

ITO/CuS:PEDOT:PSS spin coating P3HT:PC61BM/LiF/Al 0.55 14.78 55.4 4.51 [60] 

ITO/PEDOT:PSS+ZnSTe spin coating P3HT:PC71BM/Al 0.61 7.51 44.0 2.03 [61] 

ITO/PEDOT:PSS/BPQD spin coating 
PTB7-Th:PC71BM/PFN/Al 0.80 16.40 69.4 9.11 

[62] 
PM6:IT-4F/PFN/Al 0.85 21.14 71.3 12.81 

ITO/PEDOT:PSS+Au NPs spin coating P3HT:PCBM/Al 0.61 9.94 53.3 3.23 [65] 

ITO/Au NPs/PEDOT:PSS spin coating P3HT:PCBM/Al 0.66 9.58 51.1 3.25 [66] 

ITO/AuNPs/PEDOT:PSS spin coating P3HT:PCBM/Al 0.59 7.16 61.0 3.45 [67] 

ITO/PEDOT:PSS-AuNRs spin coating PTB7-Th:PC71BM-Au NRs/LiF/Al 0.80 17.90 68.8 9.89 [68] 

ITO/AuQDs:PEDOT:PSS spin coating P3HT:PCBM/Al 0.62 7.83 54.0 3.54 [69] 

ITO/PEDOT:PSS:(NaYF4:Er3+,Yb3+) 

UC NPs:PEDOT:PSS 
spin coating P3HT:PC61BM/Ca/Al 0.60 9.44 53.0 3.02 [71] 

ITO/PEDOT:PSS/AgZn NPs spin coating P3HT:PCBM/LiF/Al 0.55 14.00 47.0 3.60 [72] 

ITO/PEDOT:PSS+AuNRs spin coating PTB7:PC61BM/E-GaIn 0.75 9.43 67.1 4.50 [73] 
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PEDOT:PSS with MO 

ITO/PEDOT:PSS/V2O5 spin coating P3HT:PCBM/Ca/Al 0.63 9.34 64.0 3.75 [75] 

VOx:PEDOT:PSS/Ag spin coating ITO/ZnO/TPD-3F:IT-4F 0.87 16.90 69.4 10.20 [76] 

ITO/PEDOT:PSS-MoO3 spray deposition PTB7:PC71BM/Al 0.69 15.20 48.3 5.11 [77] 

ITO/WOx:PEDOT:PSS spin coating PM6:IT-4F/PFN-Br/Al 0.87 20.73 80.8 14.57 [78] 

WO3/PEDOT:PSS/Ag spin coating ITO/ZnO/SMD2:ITIC-Th 0.90 17.30 66.0 10.30 [79] 

ITO/PEDOT:PSS/V2O5 spin coating P3HT:PCBM/Al 0.66 9.30 58.0 3.56 [80] 

ITO/V2O5: PEDOT:PSS spin coating PTB7-Th:PC71BM/PDINO/Al 0.80 16.83 70.1 9.44 [81] 

PEDOT:PSS+MoO3 NPs /Ag 
spin coating/ blade 

coated 
ITO/ZnO/PTB7-Th:PC60BM 0.78 14.99 63.0 7.39 [82] 

ITO/PEDOT:PSS-MoO3 spin coating PM6:IT-4F/ZnO/Ag 0.86 21.71 70.6 13.19 [83] 

ITO/ZnO:CNT/PEDOT:PSS spin coating P3HT:PCBM/LiF/Al 0.53 14.00 55.0 4.10 [84] 

AgNWs/PEDOT:PSS/HxMoO3 transfer printing PM6:IDIC:Y6/ZnO/AgNWs@PI 0.83 21.00 68.0 11.90 [85] 

PMA:PEDOT:PSS/Al spin coating 

ITO/ZnO/P3HT:PC61BM 0.61 9.17 64.0 3.44 

[86] 
ITO/ZnO/PTB7-Th:PC71BM 0.79 17.10 68.0 8.88 

ITO/ZnO/PffBT4T-2OD:PC71BM 0.77 18.44 64.0 8.75 

PMA:PEDOT:PSS/Ag NWs doctor-blade coating ITO/ZnO/PTB7-Th:PC71BM 0.78 11.28 57.0 5.01 

PEDOT:PSS with GO 

ITO/GOs/PEDOT:PSS spin coating PBDB-T:ITIC/PFN/Al 0.90 15.10 65.7 8.93 [87] 

Glass/GO/PEDOT:PSS 
chemical vapour 

deposition/ drop casting 
PTB7:PC71BM/ZnO/ZnMgO/Al 0.75 16.10 69.5 8.40 [88] 

ITO/GO/PEDOT:PSS spin coating P3HT:PC60BM/PCBM/Al 0.48 13.62 68.0 4.52 [89] 

ITO/PEDOT:PSS-GO spin coating P3HT:PCBM/LiF/Al 0.53 14.00 38.0 2.80 [90] 

PEDOT:PSS/GO/Ag spin coating ITO/ZnO/P3HT:PCBM 0.52 12.57 47.0 3.06 [91] 

GO/PEDOT:PSS/Au spin coating ITO/ZnO/P3HT:PC71BCM 0.58 7.59 62.5 2.75 [92] 

ITO/PEDOT:PSS-rGO-Ge QDs spin coated P3HT:PCBM/LiF/Al 0.51 10.30 46.0 2.40 [93] 

ITO/PEDOT:PSS:GO spin coating PTB7:PCBM/PFN/Al 0.75 14.90 67.5 7.68 [94] 

ITO/PEDOT:PSS :GO spin casting 
PTB7:PC71BM/Al 0.65 15.17 53.0 5.22 

[97] 
P3HT:PC61BM/Al 0.60 7.87 50.0 2.44 
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ITO/GO/PEDOT:PSS spin coating PCDTBT:PC71BM/Al 0.82 10.44 50.0 4.28 [98] 

ITO/PEDOT:PSS :GO spin coating P3HT:PC60BM/ZnO/Au 0.49 15.42 64.0 4.82 [99] 

ITO/GO/PEDOT:PSS spin coating PCDTBT:PC71BM/Al 0.85 10.82 57.0 5.24 [101] 

ITO/PEDOT:PSS-graphene spin coating P3HT:PCBM/Al 0.58 8.30 52.0 2.50 [102] 

ITO/PEDOT:PSS/WS2 spun coated 
P3HT:PC61BM/Ca/Al 0.57 8.39 64.6 3.07 

[103] 
PTB7-Th:PC71BM/PFN/Al 0.79 15.67 58.6 7.24 

ITO/PEDOT:PSS-WSe2 spin coating PTB7:PC71BM/Al 0.78 16.60 65.5 8.50 [104] 

ITO/PEDOT:PSS/MoS2 spin coating P3HT:PCBM/LiF/Al 0.67 9.02 62.2 3.74 [105] 

ITO/PEDOT:PSS:bf-MWCNTs spin coating PCDTBT:PC71BM/LiF/Al 0.88 12.51 63.1 6.95 [106] 

ITO/g-C3N4:PEDOT:PSS spin coating PM6:Y6/PFN-Br/Ag 0.84 26.71 73.0 16.38 [107] 

ITO/uSWNTs/PEDOT:PSS spin coating PM6:IT-4F/PFN-Br/Al 0.85 23.39 73.2 14.60 [108] 

ITO/PEDOT:PSS/Ti3C2Tx 
selectively etching/ spin 

coating 

PBDB-T:ITIC/PFN-Br/Al 0.91 17.08 70.9 11.02 
[109] 

PM6:Y6/PFN-Br/Al 0.83 25.63 68.4 14.55 

Other conjugated polymers 

ITO/PhNa-1T spin coating 
PTB7:PC71BM/TiO2/Al 0.75 16.17 68.6 8.38 

[110] 
PTB7-Th:PC71BM/bis-C60/Ag 0.79 16.98 71.1 9.89 

ITO/PhNa-DTBT spin coating PTB7-Th:PC71BM/TiO2/Al 0.79 16.92 69.5 9.29 [111] 

ITO/PCP-Na spin coating PBDT-TS1:PC71BM/Mg/Al 0.80 17.46 70.6 9.89 [112] 

ITO/PFSe spin casting PTB7:PC71BM/PFN/Al 0.68 14.40 69.0 7.20 [113] 

ITO/PCPDT-T spin casting PTB7-Th:PC71BM/PFN/Al 0.77 18.92 63.5 9.30 [114] 

ITO/CPE-PCPDT-K spin coating P3HT:PCBM/Al 0.61 7.88 63.0 3.11 [115] 

ITO/PCPDffPhSO3K spin coating PTB7-Th:PC71BM/PFN/Al 0.79 18.08 67.0 9.50 [116] 

ITO/PFtT-D spin coated PTB7-Th:PC71BM/PFN/Al 0.76 16.00 68.4 8.30 [117] 

ITO/PCPDTKH-TT wire-bar coating PM6:Y6:PC71BM/PFN/Al 0.85 25.10 75.9 16.30 [118] 

ITO/NiOx:PFN spin casting PBDTTBO-C8:PC71BM/Ca/Al 0.71 13.75 63.7 6.20 [119] 

ITO/Cu2O/FBT-TH4 sputtered method PffBT4T-2OD:PC71BM/PDINO/Al 0.77 17.50 70.7 9.56 [120] 

ITO/P3HT-Si 
grafting onto, spin 

coating 
P3HT:PC61BM/Ca/Al 0.49 10.71 61.0 3.18 [122] 

FTO/PEDOT:PSS/P3HT:SWCNTs spin coated P3HT:PCBM/Al 0.55 8.48 54.0 2.52 [123] 
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ITO/Au-Ag-PANI spin coating P3HT:PCBM/Al 0.48 8.50 61.0 2.44 [124] 

ITO/CNT-g-PDDT:P3ThEt-g-PANI spin coating 

PBDT-DTNT:PC61BM/LiF/Al 0.71 12.84 62.0 5.65 

[125] PBDT-TIPS-DTNT-

DT:PC61BM/LiF/Al 
0.69 11.59 60.0 4.80 

ITO/CNt:P3ThEt-g-PANI spin coating P3HT:PC71BM/LiF/Al 0.68 12.85 60.7 5.30 [126] 

ITO/PANI:PSS spin coating P3HT:ICBA/Ca/Al 0.84 8.50 62.4 4.50 [127] 

ITO/CuSCN/TFB spin coating 
PM6:Y6/BCP/Al 0.85 24.45 72.7 15.10 

[131] 
PTB7-Th:PC71BM/PFN/Al 0.79 16.42 66.3 8.56 
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2.2 Small organic molecules 

As an alternative to conjugated polymers, small organic molecules can be used as HTLs for 

photovoltaic applications [20]. The molecular structure of small molecules used as HTL are 

shown in Figure 14. For instance, (NDP9) doped N,N’-((diphenyl-N,N’-bis)9,9,-dimethyl-

fluoren-2-yl)-benzidine (BF-DPB) was used as hole transport material in OSC based on zinc 

phtalocyanine (ZnPC):fullerene C60 [132]. Spin-coated BF-DPB HTLs over AgNWs electrodes 

exhibited a PCE of 4.4%. BF-DPB smoothed AgNWs topography. However, the Voc was low, 

explained by an unfavorable direct contact of p-doped HTL and the BHJ. Cheng et al. 

fabricated NiOx / 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4-TCNQ) 

composite HTLs, for the fabrication of OSCs without pre-treatment of ITO nor post-treatment 

on the HTL [133]. The device performance (PCE of 3.59%) of one-step ethanol processed 

NiOx:F4-TCNQ in P3HT:PC61BM based OSCs was 15.8% better than one-step PEDOT:PSS 

based OSCs. NiOx:F4-TCNQ HTL was also used on PTB7-Th:PC71BM based OSCs resulting 

in an enhanced PCE of 8.59% (see Figure 12 (b)).  

 

 

Figure 12. (a) Device structure of OSC, and (b) J-V characteristics under AM 1.5 G solar spectrum of OSCs with 

a structure of ITO/HTL(PEDOT:PSS or NiOx:F4-TCNQ )/Active layer/Ca/Al [133]. 

 

A planar quinoid molecule, 2,2’,6,6’-tetraphenyl-dipyranylidene (DIPO-Ph4) was tested as an 

anodic interfacial layer with PEDOT:PSS in P3HT:PCBM OSCs [134]. Vacuum deposited 

DIPO-Ph4 (10 nm thickness) / spin-coated PEDOT:PSS (5 nm thickness) HTL increased OSCs' 

current and enhanced efficiency to 4.6%. DIPO-Ph4 needle-like morphology increased the 

contact area between the active layer and the anode with high hole conductivity. 1,3,4,5,6,7-
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Hexaphenyl-2-{3’-(9-ethylcarbazolyl)}-isoindole (HPCzI) HTLs exhibited improved 

performance in comparison to MoO3 based OSCs, reaching a PCE of 1.69% for CuPC:C60 

based OSCs, due to larger FF and Jsc [135]. An additional improvement (PCE of 1.71%) was 

observed when MoO3 doped HPCzI was used as HTL due to higher hole mobility. N, N′-bis(1-

naphthalenyl)N,N′-bis-phenyl-(1, 1′-biphenyl)-4, 4′-diamine (NPB) was incorporated as HTL 

on inverted P3HT:PC71BM OSCs resulting in a PCE of 2.63%, a Jsc of 9.49 mA cm-2 and low 

Rs [136]. These results suggested the formation of ohmic contact between the photoactive layer 

and anode, which contributed to the hole extraction efficiency. Alternatively, NPB layer was 

inserted between MoO3 layer and the photoactive layer in an inverted OSCs based on 

P3HT:PC61BM [137]. The PCE was enhanced from 3.20% to 3.94%, owing to the increased 

Jsc and reduced Rs by an improved charge transportation and reduced recombination at the 

interface. MoO3 p-doped 4,4′-N,N′-dicarbazole-biphenyl (CBP:MoO3) was also utilized as 

HTLs in inverted P3HT:PC61BM based OSCs [138]. 3,6,11,14-Tetramethoxyphenylamine- 

dibenzo[g,p]chrysene (MeOPhN-DBC) layer was incorporated between MoO3 and active layer 

P3HT:PC61BM inverted OSCs showing an enhanced PCE of 3.68%, attributed to improved Jsc 

and FF, and small leakage current [139]. Liu et al. reported a tetrathiafulvalene derivative with 

four carboxyl groups (TTA) as an HTL in OSCs [140]. This HTL displayed a well-matched 

energy level (Figure 13 (b)) and an enhanced PCE of 9.09% in comparison to a PEDOT:PSS 

based OSC (see Figure 13(c)). The improved FF and JSC were related to the smooth surface of 

the TTA layer, improved charge transfer and hole mobility, and reduced charge recombination. 

Finally, Table 2 summarizes the device parameters of some OSCs with small organic molecules 

used as HTLs. 

 

 

Figure 13. (a) Illustration of OSCs structure based on TTA, (b) energy level diagram of different layers, and (c) 

J-V curves of devices with TTA and PEDOT:PSS as HTLs [140]. 
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Figure 14. Molecular structure of some small organic molecules used for HTL. 
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Table 2. Device characteristics of some representative OSCs with different small organic molecules as HTLs 

Anode configuration Deposition technique Remaining architecture cell VOC (V) JSC (mA cm-2) FF (%) PCE (%) Ref. 

ITO/BF-DPB:NDP9 
spin coating 

ZnPC:C60/Al 0.51 7.50 55.00 2.10 
[132] 

Ag NWs/BF-DPB:NDP9 ZnPC:C60/Al 0.49 7.60 55.00 2.10 

ITO/NiOx:F4-TCNQ spin coating 
P3HT:PC61BM/Ca/Al 0.59 9.89 61.60 3.59 

[133] 
PTB7-Th:PC71BM/Ca/Al 0.78 16.80 65.20 8.59 

ITO/DIPO-Ph4/PEDOT:PSS vacuum deposition/ spin coating P3HT:PC61BM/LiF/Al 0.60 11.50 47.00 4.60 [134] 

NPB/Ag vacuum deposition ITO/ZnO/P3HT:PC71BM 0.57 9.49 48.90 2.63 [136] 

NPB/MoO3/Ag thermal evaporation ITO/PEIE/P3HT:PC61BM 0.60 10.04 63.00 3.94 [137] 

ITO/TTA spin coating PTB7-Th:PC71BM/ZnO/Al 0.80 16.56 69.04 9.09 [140] 

ITO/HPCzI 
thermal evaporation 

CuPC:C60/C60/TPBi/Al 0.49 6.22 53.00 1.62 
[135] 

ITO/MoO3:HPCzI CuPC:C60/C60/TPBi/Al 0.49 6.63 53.00 1.71 

MeOPhN-DBC/MoO3/Al vacuum deposition FTO/TiO2/P3HT:PC61BM 0.63 12.44 47.00 3.68 [139] 
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3 CONCLUSIONS AND RECOMMENDATIONS 

3.1 CONCLUSIONS 

This literature review of conducting polymer used as HTLs showed that the most used 

conjugated polymer is the PEDOT:PSS and their composites such as PEDOT:PSS with NPs, 

with MOs and with GO either in bilayer or composite monolayer. PANI was the second choice 

of conducting polymers as HTLs. The different modification to PEDOT:PSS in many cases 

increases the JSC, improves the conductivity, and decreases the recombination loss of the device. 

In general, the addition of metallic NPs to PEDOT:PSS enhances the absorption ability of the 

photoactive layer, increases the conductivity, and improves the charge carrier collection by 

increasing the device performance. The incorporation of metal oxides mainly helps to (i) 

increase the stability of the device (e.g., MoO3) by mitigating the degradation, (ii) serves as an 

electron blocking layer (e.g., V2O5), and (iii) suppress the charge recombination. On the other 

hand, GO addition to PEDOT:PSS improves the conductivity and increases the device 

resistance to degradation. Furthermore, CPEs were also used as HTL for OSCs; in general, 

these materials, were pH neutral layers that improved the stability of the devices and showed 

high electrical conductivity and good interface compatibility. Small organic molecules had also 

been used as HTLs with less prominence. 

 

3.2 RECOMMENDATIONS 

As it has been shown PEDOT:PSS has some limitations in terms of device stability, so the 

replacement of PSS is recommended as a good alternative since PSS provides a strong acidic 

nature that causes the degradation.  

Also, conjugated polymer composites with NP, MO, and GO are recommended instead of only 

PEDOT:PSS. These conjugated polymer composites enhance the conductivity and improve 

other parameters of the photovoltaic device. Composites of PEDOT:PSS and metallic NP are 

recommended when needed to enhance the current through the increase of of the photoactive 

layer's absorption capability. Composites of PEDOT:PSS and MO are recommended because 

they tend to increase the device's stability and function as effective electron blocking materials. 

Composites of PEDOT:PSS and GO are recommended to increases the conductivity and 

stability of the device. 
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To avoid the acidic nature of PEDOT:PSS is also recommended to use conjugated 

polyelectrolytes as HTLs. CPEs are neutral, conductive, and present good compatibility with 

the other layers. 

Also, it is recommended that research around HTL focus on processability, stability, and 

efficiency of the photovoltaic device and not just in one of these areas. So, it is important that 

research of conducting polymers as HTLs focuses on contributing to OSCs' stability; this can 

be achieved by the use of PEDOT:PSS composites with MO and CPE.  

Furthermore, it is recommended that the deposition technique of layers be compatible with roll-

to-roll processing to ensure that it can be large-area manufactured, making OSCs more 

competitive, as slot-die coating and knife-over-edge coating and printing techniques. 
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