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A Versatile Solution-processed MoO3/Au Nanoparticles/MoO3 Hole Contact for High 

Performing PEDOT:PSS-free Organic Solar Cells  

 

Weidong Zhang1, Weixia Lan1,*, Min Hsuan Lee2, Jai Singh3 and Furong Zhu2,* 

1National Key Laboratory of Science and Technology on Micro/Nano Fabrication, 

Department of Micro/Nano Electronics, School of Electronic Information and Electrical 

Engineering, Shanghai Jiao Tong University, Shanghai 200240, China 

2Department of Physics, Institute of Advanced Materials, and Institute of Research and 

Continuing Education (Shenzhen), Hong Kong Baptist University, 224 Waterloo Road, 

Kowloon, Hong Kong, China 

3School of Engineering and Information Technology, Charles Darwin University, Darwin, 

NT 0909, Australia 

weixia.lan@sjtu.edu.cn (W.X. Lan), frzhu@hkbu.edu.hk (F.R. Zhu) 

Poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS) hole contact is 

widely used in organic solar cells (OSCs). In this work, we report the effort to develop a 

versatile solution-processed molybdenum trioxide (s-MoO3)/Au nanoparticles (NPs)/s-MoO3 

(MAM) hole contact for application in PEDOT:PSS-free OSCs. The use of Au NPs is to 

improve the adhesion between the two s-MoO3 layers in the MAM hole contact. It shows that 

MAM hole contact enables to enhance the charge extraction through suppression of 

bimolecular recombination, and reduce the leakage current by improvement of contact 

property. Power conversion efficiency of 7.68% was obtained for MAM-based OSCs, with a 

blend system of poly[[4,8-bis[(2-ethylhexyl) oxy]benzo[1,2-b: 4,5-b’] dithiophene-2,6-diyl] 

[3-fluoro-2-[(2-ethylhexyl) carbonyl] thieno[3,4-b]-thiophenediyl]]: [6,6]- phenyl-C70-

butyric-acid-methyl-ester, which is comparable to that of the PEDOT:PSS-based cells 

(7.48%). It demonstrates clearly that solution-processed MAM hole contact can be readily 

adopted to replace the widely used acidic PEDOT:PSS hole contact for application in 

PEDOT:PSS-free OSCs. 
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1. Introduction  

Due to the rapid growth in demand for renewable energy, organic solar cells (OSCs) 

have attracted a significant interest due to their advantages of low cost, large area solution-

fabrication processes.[1-4] Apart from the significant progresses made in the synthesis of 

new organic donors and acceptors, much effort has also been devoted to develop suitable 

solution-processible hole extraction layer (HEL) and electron extraction layer (EEL) for 

enhancing charge extraction probability, and thereby improvement of the power conversion 

efficiency (PCE) of the OSCs. Until now, poly(3,4-ethylenedioxylenethiophene): polystyrene 

sulfonate (PEDOT:PSS) is one of the widely used hole contact materials for application in 

solution processed OSCs.[4] However, a PEDOT:PSS HEL is coated using a highly acidic 

aqueous suspension, which results in corrosion of the indium tin oxide (ITO) electrode. Its 

high hydroscopic property also leads to the encroachment of the moisture in the active layer, 

accelerating the cell degradation.[5-7] Thus, much research has been focused on exploring 

chemical stable and process compatible hole contact materials to replace PEDOT:PSS for 

efficient operation of OSCs. 

Development of solution-processed transition metal oxide, such as WO3, V2O5 and 

MoO3, based hole contact or HEL has attracted a lot of research interests, due to easy 

synthesis, and cost-effective solution fabrication process.[8-11] In particular, thin film of 

solution processable molybdenum trioxide (s-MoO3) is a very promising hole transporting 

material. It is nontoxicity and has a suitable high work function of 5.5 eV-6.7 eV for efficient 

hole extraction.[12-14] Thin film of MoO3 can be prepared through thermal evaporation and 

solution fabrication routes. However, the vacuum sublimation method is not compatible with 

the low-cost solution fabrication process for large area OSCs. Recently, a variety of 

techniques has been applied to develop the solution-processed MoO3 interlayer, due to its 

low-cost scalable fabrication process for large area OSC modules. In comparison with the 
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evaporated MoO3 HEL, the use of the pristine s-MoO3 HEL in OSCs often associates with 

the increase in undesired charge recombination, misalignment of energy levels at the 

ITO/HEL interface, high leakage current, and poor cell performance, caused by its high 

surface defect density and relatively poor charge transporting properties.[15]  

In this work, we report the development of a versatile solution-processed molybdenum 

trioxide (s-MoO3)/Au nanoparticles (NPs)/s-MoO3 (MAM) hole contact for application in 

high efficiency OSCs. The MAM hole contact was prepared by layer-by-layer solution-

fabrication process.  The use of the Au NPs is to improve the adhesion between the two s-

MoO3 layers in the MAM HEL. Compared to a conventional MoO3-based HEL,[15] it 

reveals clearly that the use of the MAM HEL promotes an improved contact quality at the 

ITO/HEL interface and also facilitates an efficient charge extraction probability, enabled by 

the suppression of bimolecular recombination and a reduction in leakage current in the OSCs. 

The combination of these advantages contributes to a substantial enhancement in the short 

circuit current density (JSC) and fill factor (FF), leading to >14% enhancement in PCE of the 

OSCs.  

2. Experiment 

2.1 Materials and preparation 

  Au NPs with a diameter of 15 nm in stabilized suspension were purchased from Sigma-

Aldrich and were used as received. Poly[[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-

b′]dithiophene-2,6-diyl][3-fluoro-2-[(2-ethylhexyl) carbonyl] thieno[3,4-b]-thiophenediyl]] 

(PTB7) (1 Material), the donor, and [6,6]- phenyl-C70-butyric-acid-methyl-ester (PC70BM) 

(Nano C), the acceptor, were blended in a weight ratio of 1:1.5 and dissolved in 

chlorobenzene (CB) (Sigma-Aldrich, 99.8%). The donor/acceptor blend solution was then 

formulated by adding 3% volume ratio of 1, 8-Diiodooctane (DIO) (Sigma-Aldrich) additive 
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and stirred at 60 °C overnight for complete dissolution. 

The molybdenum suspension was used to prepare the s-MoO3 solution, prepared by 

mixing 100 mg molybdenum powder (Sigma-Aldrich) with 10 ml ethanol. The molybdenum 

suspension was stirred for several minutes prior to the addition of 0.35 ml hydrogen peroxide 

(H2O2) (30%) solution in the metal power suspension, allowing for 18 h reaction to form 

MoO3 solution. [14] The MoO3 solution was diluted by ethanol formulating s- MoO3 solution 

with desired concentration of MoO3 NPs for use in OSCs. The solution of ZnO NPs, with a 

diameter around 5.0 nm in methanol, was formulated using zinc acetate dehydrate 

(ZnAc⋅2H2O) and potassium hydroxide (KOH), purchased from Sigma-Aldrich and used as 

received without further modification. 780 mg ZnAc⋅2H2O was first dissolved in 50 ml 

methanol, the solution was then transferred into a three-necked bottle and annealed at 65 oC 

using a water bath. Next, a KOH solution was prepared by dissolving 390 mg KOH powder 

in 30 ml methanol, and was then added gradually into the ZnAc⋅2H2O/methanol solution. The 

reaction between ZnAc⋅2H2O and KOH takes place forming gradually a milky colour 

solution after about 3 h. The white ZnO NPs precipitate at the bottom of the three-necked 

bottle after the reaction is complete, resulting in ZnO NPs with a diameter of ~5 nm. ZnO 

NPs were then purified and re-dissolved in methanol, forming solution with a desired 

concentration of ZnO NPs in methanol, e.g., ~0.01 mol/L. The ZnO EEL in OSCs was 

prepared by solution fabrication process without the post annealing treatment.[16, 17] 

2.2 Device fabrication 

The pre-patterned ITO/glass substrates, with a sheet resistance of 10 Ω/square, were 

cleaned and modified with a solution-processed MAM HEL for application in the OSCs. The 

MAM layer was obtained by spin-coating sequentially using s-MoO3, Au NPs, and s-MoO3 

solutions at a rotation speed of 2000 rpm for 60 s each in air. The s-MoO3 and MAM layers 
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were annealed at 120 °C for 5 min to remove the residual solvent in the films. 

A 90 nm thick PTB7:PC70BM active layer on the surface of MAM/ITO/glass substrates 

was formed on by spin-coating using the donor/acceptor blend solution at a rotation speed of 

2000 rpm for 120 s in a N2-purged glovebox. After drying at room temperature for ~1 h, the 

ZnO EEL was overlaid on the PTB7:PC70BM active layer by spin coating. Finally, samples 

were transferred to an adjacent vacuum evaporator for deposition of a 100 nm thick Ag top 

contact. Ag layer thickness was monitored in-situ using a calibrated Fil-Tech QI8010 quartz 

crystal microbalance. The optimized OSCs have a typical device structure of ITO/MAM (20 

nm)/PTB7:PC70BM (90 nm)/ZnO (20 nm)/Ag (100 nm). The cross-sectional view of the 

OSCs is illustrated in Fig. 1(a). Structurally identical control OSCs with a 20 nm thick s-

MoO3 HEL and a 30 nm thick PEDOT:PSS anode contact also were fabricated for 

comparison studies.  

3. Results and discussion 

The morphology of the MAM interlayer was analysed using scanning electron 

microscopy (SEM) and atomic force microscopy (AFM) measurements. SEM image 

measured for the surface of the MAM layer on ITO is shown in Fig. 1(b). It shows that Au 

NPs distribute evenly in the MAM structure. 3-D AFM images measured for the s-MoO3 and 

an MAM layers coated on the ITO/glass substrates are shown in Figs. 1(c) and 1(d), 

respectively. The s-MoO3 layer has a surface root-mean-square (RMS) roughness of 1.59 nm, 

and that of the MAM layer has a slightly higher RMS of 2.38 nm. Our results demonstrate 

that the performance of the structurally identical OSCs with an MAM HEL is superior to the 

ones with a 20 nm thick s-MoO3 HEL, formed by either one-step spin-coating process or by 

sequential spin-coating two 10 nm thick s-MoO3 layers. Since the diameter of the Au NPs is 

around 15 nm, the results suggest that the second s-MoO3 layer (∼10 nm) enables planarizing 
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the surface of Au NPs/s-MoO3 layer. This implies that the use of Au NPs assists in forming a 

uniform and dense MAM hole contact, which is favourable for efficient hole extraction.  

The surface electronic properties of the MAM, s-MoO3 and PEDOT:PSS layers coated 

on the ITO substrates were investigated by ultraviolet photoelectron spectroscopy (UPS) 

measurements. The corresponding UPS spectra are shown in Figs. 2(a) and 2(b). The work 

function of 5.6 eV for the MAM film is obtained, which is slightly lower than that of the s-

MoO3 layer (5.8 eV), but is evidently higher than that of the PEDOT:PSS layer (5.2 eV). The 

schematic diagram showing the energy levels in OSCs with three different HELs is illustrated 

in Fig. 2(c). It shows that both MAM and s-MoO3 HELs are in favour of providing high 

work-function and the required internal potential across the active layer for hole extraction in 

MoO3-based OSCs.[18, 19] This analysis also consists with a recent observation in showing 

that the presence of s-MoO3 in hole injection layer facilitates the carrier injection in solution-

processed quantum dot light-emitting diodes.[20] For OSCs having an MAM HEL or an s-

MoO3 HEL, charge transfer between the low lying conduction band of the s-MoO3 HEL and 

the highest occupied molecular orbital of the polymer donor supports the efficient hole 

extraction process.[21] 

The J–V characteristics measured for a set of structurally identical OSCs with different 

anode contacts are plotted in Fig. 3(a). Vm in Fig. 3(a) refers to the voltage corresponding to 

the maximum power output. A summary of the performance of the cells made with different 

hole contacts of MAM, s-MoO3 and PEDOT:PSS is listed in TABLE I. It shows that the 

MAM hole contact outperforms the conventional s-MoO3-based HEL for efficient operation 

of OSCs, having a higher JSC of 14.4 mA/cm2 and an improved FF of 73%, as compared to 

that of the cell with an s-MoO3 HEL, e.g., JSC of 13.5 mA/cm2 and FF of 69%. 

The VOC of the OSCs with different HELs remains almost unchanged. The combination 
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Fig. 5: Normalized photocurrent density Jph as a function of the effective bias Veff, measured 

for OSCs with different HELs of MAM, s-MoO3 and PEDOT:PSS. 

 

 

 

Fig. 6: Jph−I plots measured for OSCs with (a) an MAM HEL and (b) an s-MoO3 HEL at 

different Veff of 0.81 V, 0.24 V and 0.16 V, (c) FF−I and (d) VOC−ln(I) plots measured for 

OSCs with an MAM HEL and an s-MoO3 HEL. 
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TABLE I A summary of the performance of OSCs made with different HELs of MAM, s-

MoO3 and PEDOT:PSS. 

HEL 
VOC 

(V) 

JSC 

(mA/cm2) 

FF 

(%) 

PCE 

(%) 

RS 

(Ω⋅cm2) 

MAM 0.73 14.4±0.2 73.0±0.3 7.68±0.20 3.7±0.3 

s-MoO3 0.73 13.5±0.1 69.1±0.4 6.72±0.30 5.9±0.2 

PEDOT:PSS 0.73 14.1±0.1 72.7±0.3 7.48±0.20 3.9±0.2 
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Highlights: 

� A versatile solution-processed s-MoO3/Au nanoparticles/s-MoO3 (MAM) is superior 

to a pure s-MoO3 hole contact for PEDOT:PSS-free organic solar cells 

� The addition of Au NPs to s-MoO3 helps to improve the adhesion in the hole contact.  

� MAM hole contact enables to enhance the charge extraction and reduce the leakage 

current by improvement of contact property. 


