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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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of the improvements in JSC and FF of the MAM-based OSCs leads to a substantial enhanced 

PCE of 7.68%, attaining >14% increase in PCE as compared to that of a control cell with an 

s-MoO3 HEL (6.72%). The use of an MAM HEL also results in a reduced series resistance 

(Rs) of ~3.7 Ω⋅cm2, which is smaller than ~5.9 Ω⋅cm2 obtained for the control cell with an s-

MoO3 HEL, suggesting that the MAM hole contact fosters an improved contact at the 

anode/BHJ in the OSCs. Our results also show clearly that PCE of 7.68%, measured for the 

OSCs with an MAM hole contact, also is slightly higher than that of the PEDOT:PSS-based 

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

readily adopted to replace the widely used PEDOT:PSS HEL for application in PEDOT:PSS-

free OSCs. 

The dark J-V characteristics, as shown in the inset of Fig.3(a), clearly illustrate that the 

leakage current density of a control cell with an s-MoO3 HEL is much higher than that of the 

OSC with an MAM HEL. It is known that the structural defects and imperfections in a 

solution-processed metal oxide interlayer result in an undesired higher leakage current and 

thereby an adverse charge collection behaviour. [2] In this work, we also observed that the 

performance of the control cell with a 20 nm thick s-MoO3 HEL is always less than 

satisfactory. Although MoO3 is the same interfacial material in contact with the active layer 

in OSCs with an MAM and an s-MoO3 HTLs, an apparent reduction in the leakage current in 

OSCs with an MAM HEL suggests that MAM layer possesses a more uniform and dense 

structure. Therefore, the OSCs with a 20 nm thick MAM HEL retain a lower leakage current 

compared to that of the control cell with a 20 nm thick s-MoO3 HEL. The reduction in the 

leakage current in the cells reflects the improvement in electron blocking property,[22-24] 

which agrees well with the J–V characteristic measurements in showing that the MAM-based 

OSCs possess a higher JSC and smaller Rs, as shown in TABLE 1. 

The incident photon to current efficiency (IPCE) spectra, measured for the OSCs 
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fabricated with different HELs, are plotted in Fig. 3(b). An increase in the IPCE of the 

MAM-based OSCs over the wavelength range from 350 nm to 750 nm is clearly seen, as 

compared to a control cell with an s-MoO3 HEL. The J–V and IPCE characteristics indicate 

that the use of the MAM hole contact has the benefit to reduce the leakage current through 

improved electron blocking and contact quality at the anode/BHJ interface in the OSCs.  

In order to understand the origin of the improvement in the performance of the MAM-

based OSCs, as compared to that of a control cell with an s-MoO3 HEL, the possible 

contribution of the Au NPs to the absorption enhancement in the MAM-based OSCs was 

analysed. The absorption spectra measured for the MAM and s-MoO3 layers, coated on the 

ITO/glass, and that measured for the organic active layers, costed on the MAM/ITO/glass and 

s-MoO3/ITO/glass substrates, are plotted in Fig. 4(a). There is no observable change in the 

absorption spectra measured for a pair of MAM/ITO/glass and s-MoO3/ITO/glass, and a pair 

of PTB7:PC70BM/MAM/ITO/glass and PTB7:PC70BM/s-MoO3/ITO/glass samples prepared 

using the same conditions adopted in the cell fabrication. The profiles of the electric field and 

the optical absorption in the active layers in OSCs with an MAM HEL and an s-MoO3 HEL 

are calculated using finite-difference time-domain (FDTD) simulation method. The inset in 

Fig. 4(b) indicates that the increased field intensity is present near the vicinity of Au NPs, due 

to the localized plasmonic effect, located mainly within the s-MoO3 layer without extending 

to the organic BHJ region in the cell. FDTD simulation supports the experiment 

measurements, revealing that the use of Au NPs in MAM HEL does not help to increase the 

absorption in the PTB7:PC70BM active layer. The theoretical analysis also is consistent with 

the previous reports in showing that the presence of the localized field enhancement in the 

OSCs, caused by the small-sized noble metal NPs, e.g., Au NPs with a diameter of 15 nm in 

this case, does not contribute to absorption enhancement in the cells.[25] Therefore, it 

becomes clear that the improvement in the performance of the MAM-based OSCs does not 
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come from the absorption enhancement in the active layer. 

Apart from the reduced leakage current and improved electron blocking perspectives, the 

effect of incorporating MAM hole contact on charge extraction probability and charge 

recombination process, playing an important role in determining the performance of 

OSCs,[26, 27] was analysed. The double logarithmic plots of the normalized photocurrent 

density (Jph) and a function of the effective voltage (Veff) across BHJ in the OSCs, fabricated 

with different HELs, are plotted in Fig. 5. The horizontal dashed line in Fig.5 represents the 

normalized saturated photocurrent density, Jsat, as a reference. Jph =JL JD, where JL and JD 

are the current densities measured under AM1.5G irradiation of 100 mW/cm2 and in the dark, 

respectively. Veff = V0 –Vb, where V0 is the built-in potential measured at Jph = 0, and Vb is the 

applied bias. Jsat in the OSCs depends on the charge generation as Jph saturates at high Veff 

(>1.0 V). The voltage dependent ratio of Jph to Jsat reflects the charge extraction probability, 

which is essentially a measure of an overall loss in the photo-excited charges at a given Veff. 

[28] The charge extraction efficiency P can be expressed by:[29]   

,

( , )
( , ) ( )

ph eff
eff

ph sat

J I V
P I V J I=  ,                                           (1) 

where I is the intensity of incident light. At a given light intensity, P in eq.(1) approaches to 

unit at a high Veff, corresponding to the complete collection of the photo-generated 

charges.[30] In this regime, recombination is negligible. The Jph−Veff plots, shown in Fig. 5, 

indicate that high Veff or high internal potential across the active layer in the cells assists in 

the photo-generated charge carriers being swept out efficiently prior to recombination, 

therefore giving rise to an almost 100% collection of the photo-generated charges. When Veff 

in the cell decreases, the photo-generated charge carriers cannot be extracted effectively due 

to the increase in the charge recombination losses, leading to a poor charge collection 
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probability. The recombination process becomes increasingly important in charge extraction 

at low Veff, as P decreases with Veff. At the low Veff range, the photo-generated charge carriers 

cannot be extracted effectively due to the increase in the charge recombination losses, leading 

to a poor charge collection probability.  

As shown in Fig. 5, Jph has a linear dependence on the voltage at a low Veff (<0.2 V) for 

all devices, and saturates towards Jsat at high Veff (>1.0 V). In a low Veff region, the number of 

extracted photo-generated carriers decreases due to the increase in the charge recombination. 

Jph obtained for the device with an s-MoO3 HEL decreases much faster than that of the cell 

with an MAM hole contact at Veff <0.4 V, implying that the loss due to charge recombination 

in the OSCs with an s-MoO3 HEL is obviously much higher in this Veff region. Both types of 

the OSCs have the identical cathode contact and active layer, the change in the Jph−Veff 

characteristics at low Veff region is seemingly associated with the variation in the interfacial 

properties at the anode/BHJ contact. The results reveal that the presence of an MAM HEL 

augments the photocurrent at low Veff, revealing an enhancement in charge collection 

probability at the anode/BHJ interface. It is seen that the Jph−Veff characteristics measured for 

the OSCs with an MAM hole contact and a PEDOT:PSS HEL are almost overlapping, 

indicating that a solution-processed MAM hole contact is a perfect replacement for the 

PEDOT:PSS HEL, offering a chemical stable and process comparable hole contact for 

achieving efficient charge collection in OSCs.  

The charge recombination processes and charge extraction properties in OSCs with 

different HELs of MAM and s-MoO3 were further examined by measuring light intensity (I) 

dependent device characteristics. Light intensity has a strong impact on PCE and other 

characteristics of the cells. The empirical relationship between Jph and I can be expressed 

by:[31, 32] 
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   ��� ∝ (��)	
�� ,                                                           (2) 

where β is the exciton dissociation probability, the exponent α, in eq. (2), approaches to unit 

if all photo-generated charge carriers are collected. The presence of charge recombination in 

the OSCs generally results in α < 1.[33, 34] The space charges, no matter accumulated in the 

bulk or near the electrode/organic interfaces, eventually disappear via bimolecular 

recombination or trap-assisted recombination. Therefore, the deviation of � from unit reflects 

the dissipation of the photo-generated charge carriers due to the bimolecular and trap-assisted 

recombination losses. Charge accumulation in the active layer of an OSC increases with the 

intensity of light, and will be quickly saturated due to the limited trap states. While the charge 

accumulation processes are limited under a “weak” light intensity. Therefore, lower light 

irradiation can be used to analyse the charge accumulation processes in the OSCs.  

The double logarithmic plots of Jph−I characteristics, measured for the OSCs with an 

MAM HEL and an s-MoO3 HEL, are shown in Figs. 6(a) and 6(b). The power law 

dependence of Jph on light intensity is clearly seen. The exponent, α, of the Jph−I 

characteristics decreases with Veff. The exponent values obtained for OSCs with an MAM 

HEL and an s-MoO3 HEL, measured at different Veff of 0.81 V (short circuit current 

condition), 0.24 V (maximum power output) and 0.16 V (near open circuit condition), are 

shown in Figs. 6(a) and 6(b), respectively. It is observed that for the cell with an s-MoO3 

HEL, α decreases from 1.0 at Veff=0.81 V (short circuit current condition) to 0.93 at Veff=0.24 

V (maximum power output), while for OSCs with an MAM HEL, α remains one in the same 

Veff range. At a low Veff of 0.16 V, corresponding to the OSCs operated near the open circuit 

condition, α obtained for the cell with an MAM hole contact is 0.85, which is much larger 

than that obtained for the control cell with an s-MoO3 HEL (0.60). As the cells have the same 

organic/cathode contact and blend system, it can be considered that the charge accumulation 
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behaviour at the organic/cathode contact in OSCs with different HELs is very similar. The 

variation in the exponent of Jph−I characteristics reflects the difference in charge 

accumulation at the anode/organic interfaces. The charge accumulation at the anode/organic 

interface in the cell with an s-MoO3 HEL becomes more notable as compared to the OSCs 

having an MAM hole contact. A relatively high charge recombination in the cell with an s-

MoO3 HEL is then expected. Therefore, it becomes clear that the MAM HEL is more 

favourable for efficient charge collection, demonstrating clearly that the solution processable 

MAM is a good HEL choice for attaining high performance OSCs. 

FF−I characteristics measured for OSCs with an MAM HEL and an s-MoO3 HEL are 

plotted in Fig. 6(c). It shows that FF of the s-MoO3-based cells decreases much faster with 

increase in light intensity, and the FF of the MAM-based OSCs appears to be less dependent 

on light intensity. This suggests that OSCs with a conventional s-MoO3 HEL experience an 

increased trap-assisted recombination loss, which is inferior to charge extraction.[35] Poor 

charge extraction leads to the build-up of space charges and a subsequent drop of the FF with 

increase in light intensity. Improved charge extraction probability facilitates the photo-

generated charge carriers being swept out efficiently prior to recombination, which agrees 

well with the Jph−Veff characteristics shown in Fig. 5. Therefore, a slower change in FF with 

the increase in light intensity is expected for the MAM-based OSCs. 

According to the Langevin recombination theory, the slope of VOC−ln(I) plot should 

equal to kT/q if free carrier recombination is the dominant loss mechanism.[36] However as 

shown in Fig. 6(d), our results indicate a steeper dependence of VOC on ln(I) with a slop of 

1.6 kT/q, obtained for MAM-based OSCs, and that of 1.8 kT/q, obtained for s-MoO3-based 

cells. This suggests that there is an increase in losses associated with the charge trapping and 

trap-assisted recombination processes in the cells.[35] Poor charge extraction induces an 
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imbalance of charges near the vicinity of the electrodes, allowing the charge recombination 

occurs in the presence of excess charges near the electrodes via the trap-assisted 

recombination. Therefore, a steeper slope of the VOC−ln(I) plot is observed in OSCs with an 

s-MoO3 HEL. The findings of this work agree well with the reported results in showing that 

the slope of VOC−ln(I) plot increases with the strength of the trap-assisted recombination over 

Langevin recombination.[37, 38] The less steeper slope of VOC−ln(I) plot measured for OSCs 

with an MAM hole contact also suggests that the loss to the trap-assisted recombination 

process is less significant as compared to that in the control cell with an s-MoO3 HEL.  

4. Conclusions 

In summary, it is demonstrated that the solution-processed MAM HEL is superior to the 

conventional s-MoO3 HEL for application in PEDOT:PSS-free OSCs. The MAM hole 

contact enables an enhanced charge extraction through suppression of charge recombination 

losses and reduced leakage current. It is anticipated that such a versatile solution processable 

hole contact has a practical implication and can be readily adopted for application in other 

optoelectronic devices. 

Acknowledgements 

  This work was financially supported by the Research Grants Council of Hong Kong 

Special Administrative Region, China, General Research Fund (GRF/12303114, 12302817), 

Inter-institutional Collaborative Research Scheme (RC-ICRS/15-16/04) and Shenzhen 

Peacock Plan (KQTD20140630110339343). 

  



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

14 
 

References 

[1] F.C. Krebs, S.A. Gevorgyan, J. Alstrup, J. Mater. Chem.19 (2009) 5442-5451. 

[2] B. Wu, Z.H. Wu, Q.Y. Yang, F.R. Zhu, T.W. Ng, C.S. Lee, S.H. Cheung, S.K. So,  ACS 

ACS Appl. Mater. Interfaces 8 (2016) 14717-14724. 

[3] M. Hambsch, H. Jin, A.J. Clulow, A. Nelson, N.L. Yamada, M. Velusamy, Q.Y. Yang, F. 

Zhu, P.L. Burn, I.R. Gentle, P. Meredith, Sol. Energ. Mat. Sol. C. 130 (2014) 182-190. 

[4] Z.M. Kam, Q.Y. Yang, X.Z. Wang, B. Wu, F.R. Zhu, J. Zhang, J.S. Wu, Org. Electron. 

15 (2014) 1306-1311. 

[5] M.S. Ryu, J. Jang, Sol. Energ. Mat. Sol. C. 95 (2011) 1896-1900. 

[6] X.Z. Wang, X.X. Zhao, G. Xu, Z.K. Chen, F.R. Zhu, Sol. Energ. Mat. Sol. C. 104 (2012) 

1-6. 

[7] M. Jørgensen, K. Norrman, F.C. Krebs, Sol. Energ. Mat. Sol. C. 92 (2008) 686-714. 

[8] Z. Hu, S. Dong, Q. Xue, R. Xu, H.L. Yip, F. Huang, Y. Cao, Org. Electron. 27 (2015) 46-

52. 

[9] C. Girotto, E. Voroshazi, D. Cheyns, P. Heremans, B.P. Rand, ACS Appl. Mater. 

Interfaces 3 (2011) 3244-3247. 

[10] K.H. Wong, K. Ananthanarayanan, J. Luther, P. Balaya, J. Phy. Chem. C 116 (2012) 

16346-16351. 

[11] C. Tao, S. Ruan, G. Xie, X. Kong, L. Shen, F. Meng, C. Liu, X. Zhang, W. Dong, W. 

Chen, J. Phy. Chem. C 94 (2009) 043311. 

[12] Y. Wang, Q. Luo, N. Wu, Q. Wang, H. Zhu, L. Chen, Y.Q. Li, L. Luo, C.Q. Ma, J. Phy. 

Chem. C 7 (2015) 7170-7179. 

[13] S. Murase, Y. Yang, Adv. Mater.  24 (2012) 2459-2462. 

[14] F. Xie, W.C.H. Choy, C. Wang, X. Li, S. Zhang, J. Hou, Adv. Mater. 25 (2013) 2051-

2055. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

15 
 

[15] Y.H. Lou, Z.K. Wang, D.X. Yuan, H. Okada, L.S. Liao, Appl. Phys. Lett. 105 (2014) 

113301. 

[16] Z.H. Wu, B. Wu, H.L. Tam, F.R. Zhu, Org. Electron. 31 (2016) 266-272. 

[17] H.X. Liu, Z.H. Wu, J.Q. Hu, Q.L. Song, B. Wu, H.L. Tam, Q.Y. Yang, W.H. Choi, F.R. 

Zhu, Appl. Phys. Lett.103 (2013) 043309. 

[18] G. Wang, T. Jiu, P. Li, J. Li, C. Sun, F. Lu, J. Fang, Sol. Energ. Mat. Sol. C.  120 (2014) 

603-609. 

[19] J.H. Kim, E.K. Park, J.H. Kim, H.J. Cho, D.H. Lee, Y.S. Kim, Electron. Mater. Lett. 12 

(2016) 383-387. 

[20] M.H. Lee, L.X. Chen, N. Li, F.R. Zhu, J. Mater. Chem. C, 2017, DOI: 

10.1039/C7TC03700G.  

[21] J.S. Jacek J. Jasieniak, Jang Jo, Tom Mates, Alan J. Heeger, Adv. Funct. Mater. 22 

(2012) 12. 

[22] H. Lu, J. Lin, N. Wu, S. Nie, Q. Luo, C.Q. Ma, Z. Cui, Appl. Phys. Lett.106 (2015) 

093302. 

[23] V. Chellappan, G.M. Ng, M.J. Tan, W.P. Goh, F.R. Zhu, Appl. Phys. Lett.95 (2009) 

263305. 

[24] X. Yin, P. Chen, M. Que, Y. Xing, W. Que, C. Niu, J. Shao, ACS Nano, 10 (2016) 

3630-3636. 

[25] F. Xie, W.C.H. Choy, W.E.I. Sha, D. Zhang, S. Zhang, X. Li, C. Leung, J. Hou, Energ. 

Environ. Sci. 6 (2013) 3372-3379. 

[26] B. Wu, Z.H. Wu, H.L. Tam, F.R. Zhu, Appl. Phys. Lett. 105 (2014) 103302. 

[27] S.Y. Khoo, H. Yang, Z. He, J. Miao, K.C. Leong, C.M. Li, T.T. Yang Tan, J. Mater. 

Chem. C 1 (2013) 5402-5409. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

16 
 

[28] W.X. Lan, Y.X. Cui, Q.Y. Yang, M. Lo, C.S. Lee, F.R. Zhu, AIP Adv.  5 (2015) 

057164. 

[29] A.K.K. Kyaw, D.H. Wang, V. Gupta, W.L. Leong, L. Ke, G.C. Bazan, A.J. Heeger, 

ACS Nano, 7 (2013) 4569-4577. 

[30] S.R. Cowan, R.A. Street, S. Cho, A.J. Heeger, Phys. Rev. B, 83 (2011) 035205. 

[31] S.R. Cowan, A. Roy, A.J. Heeger, Phys. Rev. B, 82 (2010) 245207. 

[32] D. Gebeyehu, C.J. Brabec, F. Padinger, T. Fromherz, J.C. Hummelen, D. Badt, H. 

Schindler, N.S. Sariciftci, Synthetic Met. 118 (2001) 1-9. 

[33] I. Riedel, J. Parisi, V. Dyakonov, L. Lutsen, D. Vanderzande, J.C. Hummelen, Adv. 

Funct. Mater. 14 (2004) 38-44. 

[34] P. Schilinsky, C. Waldauf, C.J. Brabec, Appl. Phys. Lett. 81 (2002) 3885-3887. 

[35] Y. Firdaus, E. Vandenplas, A. Khetubol, D. Cheyns, R. Gehlhaar, M.V.d. Auweraer,  J. 

Appl. Phys. 117 (2015) 095503. 

[36] L.J.A. Koster, V.D. Mihailetchi, R. Ramaker, P.W.M. Blom, Appl. Phys. Lett. 86 (2005) 

123509. 

[37] M.M. Mandoc, F.B. Kooistra, J.C. Hummelen, B.d. Boer, P.W.M. Blom, Appl. Phys. 

Lett. 91 (2007) 263505. 

[38] F. Gao, Z. Li, J. Wang, A. Rao, I.A. Howard, A. Abrusci, S. Massip, C.R. McNeill, N.C. 

Greenham, ACS Nano, 8 (2014) 3213-3221. 

  



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

17 
 

Figures and tables 

 

Fig. 1: (a) The cross-sectional view of a PEDOT:PSS-free OSC,  (b) SEM image measured 

for the surface of an MAM layer on ITO substrate, AFM images measured for the surfaces of 

(c) an s-MoO3 layer and (d) an MAM layer coated on the ITO/glass substrates. 

 

 

Fig. 2: (a) The secondary-electron cut-off and (b) the valance band edge of the USP spectra 

measured for the thin films of MAM, s-MoO3 and PEDOT:PSS coated on ITO/glass 

substrates, and (c) schematic diagram illustrating the energy levels of the functional materials 

used in OSCs with different HELs. 
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Fig. 3: (a) J–V characteristics and (b) IPCE spectra measured for a set of OSCs made with 

different HELs of MAM, s-MoO3 and PEDOT:PSS. Inset in Fig.3 (a): Dark J–V 

characteristics of the OSCs, illustrating a high leakage current density in a control OSC with 

an s-MoO3 HEL. 

 

 

 

Fig. 4: (a) Absorption spectra, measured for a pair of 20 nm thick layers of MAM and s-

MoO3 coated on ITO/glass substrates, and a pair of 90 nm thick PTB7:PC70BM blend layers 

coated on MAM/ITO/glass and s-MoO3/ITO/glass substrates, (b) absorption spectra of the 

active layer in OSCs with an MAM HEL, an s-MoO3 HEL and a PEDOT:PSS HEL, 

calculated by FDTD simulation. Inset in Fig. 4(b): Simulated intensity distribution of the 

electric field, at the wavelength of 519 nm, for an OSC with an MAM HEL. 
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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. 


