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Poly(3,4-ethylenedioxythiophene)-poly(styrenesudfie) (PEDOT:PSS) hole contact is
widely used in organic solar cells (OSCs). In tiwsrk, we report the effort to develop a
versatile solution-processed molybdenum trioxid®&O3)/Au nanoparticles (NPs)/s-MaO
(MAM) hole contact for application in PEDOT:PSSdr&©SCs. The use of Au NPs is to
improve the adhesion between the two s-M&Yers in the MAM hole contact. It shows that
MAM hole contact enables to enhance the chargeaetn through suppression of
bimolecular recombination, and reduce the leakageent by improvement of contact
property. Power conversion efficiency of 7.68% wasained for MAM-based OSCs, with a
blend system of poly[[4,8-bis[(2-ethylhexyl) oxy}mo[1,2-b: 4,5-b’] dithiophene-2,6-diyl]
[3-fluoro-2-[(2-ethylhexyl) carbonyl] thieno[3,4-thiophenediyl]]: [6,6]- phenyl-C70-
butyric-acid-methyl-ester, which is comparable twtt of the PEDOT:PSS-based cells
(7.48%). It demonstrates clearly that solution-pssed MAM hole contact can be readily
adopted to replace the widely used acidic PEDOT:P8E contact for application in

PEDOT:PSS-free OSCs.



1. Introduction

Due to the rapid growth in demand for renewablerggneorganic solar cells (OSCs)
have attracted a significant interest due to thdirantages of low cost, large area solution-
fabrication processes.[1-4] Apart from the sig@fit progresses made in the synthesis of
new organic donors and acceptors, much effort h&s lzeen devoted to develop suitable
solution-processible hole extraction layer (HEL)daglectron extraction layer (EEL) for
enhancing charge extraction probability, and thegiiefprovement of the power conversion
efficiency PCE) of the OSCs. Until now, poly(3,4-ethylenedioxydtimophene): polystyrene
sulfonate (PEDOT:PSS) is one of the widely usea loaintact materials for application in
solution processed OSCs.[4] However, a PEDOT:PSSE idEoated using a highly acidic
agueous suspension, which results in corrosiomefindium tin oxide (ITO) electrode. Its
high hydroscopic property also leads to the endnvent of the moisture in the active layer,
accelerating the cell degradation.[5-7] Thus, muesearch has been focused on exploring
chemical stable and process compatible hole comtatérials to replace PEDOT:PSS for

efficient operation of OSCs.

Development of solution-processed transition metatde, such as W% V,0s and
MoOgs, based hole contact or HEL has attracted a loteséarch interests, due to easy
synthesis, and cost-effective solution fabricatmmocess.[8-11] In particular, thin film of
solution processable molybdenum trioxide (s-Mp@ a very promising hole transporting
material. It is nontoxicity and has a suitable hvgbrk function of 5.5 eV-6.7 eV for efficient
hole extraction.[12-14] Thin film of Mo©can be prepared through thermal evaporation and
solution fabrication routes. However, the vacuurblistation method is not compatible with
the low-cost solution fabrication process for largeea OSCs. Recently, a variety of
techniques has been applied to develop the solptiocessed Mo®interlayer, due to its
low-cost scalable fabrication process for largead@®SC modules. In comparison with the
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evaporated Mo®HEL, the use of the pristine s-M@®IEL in OSCs often associates with
the increase in undesired charge recombinationaligisnent of energy levels at the
ITO/HEL interface, high leakage current, and poeHl performance, caused by its high

surface defect density and relatively poor chargesporting properties.[15]

In this work, we report the development of a valsatolution-processed molybdenum
trioxide (s-MoQ)/Au nanoparticles (NPs)/s-MaQMAM) hole contact for application in
high efficiency OSCs. The MAM hole contact was pneg by layer-by-layer solution-
fabrication process. The use of the Au NPs igriprove the adhesion between the two s-
MoOs layers in the MAM HEL. Compared to a conventiohdbOs-based HEL,[15] it
reveals clearly that the use of the MAM HEL pronsotan improved contact quality at the
ITO/HEL interface and also facilitates an efficiefiarge extraction probability, enabled by
the suppression of bimolecular recombination aneaction in leakage current in the OSCs.
The combination of these advantages contributes $abstantial enhancement in the short
circuit current densityJs:) and fill factor £F), leading to >14% enhancementHGE of the

OSCs.

2. Experiment

2.1 Materials and preparation

Au NPs with a diameter of 15 nm in stabilizedparssion were purchased from Sigma-
Aldrich and were used as received. Poly[[4,8-big(l2ylhexyl)oxy]benzo[1,2-b:4,5-
b'ldithiophene-2,6-diyl][3-fluoro-2-[(2-ethylhexyl) arbonyl] thieno[3,4-b]-thiophenediyl]]
(PTB7) @ Material), the donor, and [6,6]- phenyl&butyric-acid-methyl-ester (RGBM)
(Nano C), the acceptor, were blended in a weight ratio 10£.5 and dissolved in
chlorobenzene (CB) (Sigma-Aldrich, 99.8%). The déemxeptor blend solution was then

formulated by adding 3% volume ratio of 1, 8-Diiedtane (DIO) (Sigma-Aldrich) additive



and stirred at 60 °C overnight for complete dissotu

The molybdenum suspension was used to prepare-kheQOs solution, prepared by
mixing 100 mg molybdenum powder (Sigma-Aldrich) twit0O ml ethanol. The molybdenum
suspension was stirred for several minutes pridhéoaddition of 0.35 ml hydrogen peroxide
(H202) (30%) solution in the metal power suspensiomvalg for 18 h reaction to form
MoOs solution. [14] The Mo@solution was diluted by ethanol formulating s- M@Dlution
with desired concentration of M@NPs for use in OSCs. The solution of ZnO NPs, \aith
diameter around 5.0 nm in methanol, was formulatsihg zinc acetate dehydrate
(ZnAc2H,0) and potassium hydroxide (KOH), purchased frogni-Aldrich and used as
received without further modification. 780 mg ZnAd,O was first dissolved in 50 ml
methanol, the solution was then transferred intoree-necked bottle and annealed af®5
using a water bath. Next, a KOH solution was pregpdry dissolving 390 mg KOH powder
in 30 ml methanol, and was then added gradualtytimt ZnA¢2H,O/methanol solution. The
reaction between ZnA2H,O and KOH takes place forming gradually a milky acol
solution after about 3 h. The white ZnO NPs preatpi at the bottom of the three-necked
bottle after the reaction is complete, resultingZimO NPs with a diameter of ~5 nm. ZnO
NPs were then purified and re-dissolved in methafmiming solution with a desired
concentration of ZnO NPs in methanol, e.g., ~0.0dl/lm The ZnO EEL in OSCs was

prepared by solution fabrication process withoetgbst annealing treatment.[16, 17]

2.2 Device fabrication

The pre-patterned ITO/glass substrates, with atsteséstance of 1@/square, were
cleaned and modified with a solution-processed MAEL for application in the OSCs. The
MAM layer was obtained by spin-coating sequentialéyng s-MoQ, Au NPs, and s-Mo9

solutions at a rotation speed of 2000 rpm for &&ah in air. The s-Mofand MAM layers



were annealed at 120 °C for 5 min to remove thiduas solvent in the films.

A 90 nm thick PTB7:P&BM active layer on the surface of MAM/ITO/glass strates
was formed on by spin-coating using the donor/acedgend solution at a rotation speed of
2000 rpm for 120 s in aMNpurged glovebox. After drying at room temperatime~1 h, the
ZnO EEL was overlaid on the PTB7:)R3BM active layer by spin coating. Finally, samples
were transferred to an adjacent vacuum evaporataddposition of a 100 nm thick Ag top
contact. Ag layer thickness was monitoraesitu using a calibrated Fil-Tech QI8010 quartz
crystal microbalance. The optimized OSCs have Ea&ygevice structure of ITO/MAM (20
nm)/PTB7:PG:BM (90 nm)/ZnO (20 nm)/Ag (100 nm). The cross-samwdl view of the
OSCs is illustrated in Fig. 1(a). Structurally itieal control OSCs with a 20 nm thick s-
MoO; HEL and a 30 nm thick PEDOT:PSS anode contact asce fabricated for

comparison studies.

3. Resultsand discussion

The morphology of the MAM interlayer was analyseding scanning electron
microscopy (SEM) and atomic force microscopy (AFMjeasurements. SEM image
measured for the surface of the MAM layer on ITGh®wn in Fig. 1(b). It shows that Au
NPs distribute evenly in the MAM structure. 3-D ARMages measured for the s-Mgpand
an MAM layers coated on the ITO/glass substrates slrown in Figs. 1(c) and 1(d),
respectively. The s-Moglayer has a surface root-mean-square (RMS) rowshoiel.59 nm,
and that of the MAM layer has a slightly higher RM52.38 nm. Our results demonstrate
that the performance of the structurally ident©@&Cs with an MAM HEL is superior to the
ones with a 20 nm thick s-Ma@EL, formed by either one-step spin-coating precasby
sequential spin-coating two 10 nm thick s-Md@yers. Since the diameter of the Au NPs is

around 15 nm, the results suggest that the sectm33 layer (1LO nm) enables planarizing



the surface of Au NPs/s-MaQayer. This implies that the use of Au NPs assisferming a

uniform and dense MAM hole contact, which is fa\ahle for efficient hole extraction.

The surface electronic properties of the MAM, s-Madd PEDOT:PSS layers coated
on the ITO substrates were investigated by ulttaviphotoelectron spectroscopy (UPS)
measurements. The corresponding UPS spectra annshadrigs. 2(a) and 2(b). The work
function of 5.6 eV for the MAM film is obtained, wdh is slightly lower than that of the s-
MoOs layer (5.8 eV), but is evidently higher than tbaithe PEDOT:PSS layer (5.2 eV). The
schematic diagram showing the energy levels in O&@sthree different HELs is illustrated
in Fig. 2(c). It shows that both MAM and s-Me@®IELs are in favour of providing high
work-function and the required internal potentiedcss the active layer for hole extraction in
MoOs-based OSCs.[18, 19] This analysis also consigts aviecent observation in showing
that the presence of s-M@@® hole injection layer facilitates the carriejection in solution-
processed quantum dot light-emitting diodes.[20] B8&Cs having an MAM HEL or an s-
MoOs; HEL, charge transfer between the low lying conaucband of the s-Mo9HEL and
the highest occupied molecular orbital of the payndonor supports the efficient hole

extraction process.[21]

The J-V characteristics measured for a set of structurdiytical OSCs with different
anode contacts are plotted in Fig. 3§).in Fig. 3(a) refers to the voltage correspondimg t
the maximum power output. A summary of the perfarogaof the cells made with different
hole contacts of MAM, s-Mo®and PEDOT:PSS is listed in TABLE I. It shows thia¢
MAM hole contact outperforms the conventional s-Mdfased HEL for efficient operation
of OSCs, having a highde: of 14.4 mA/cni and an improvedF of 73%, as compared to

that of the cell with an s-MofHEL, e.g.,Jsc of 13.5 mA/cri andFF of 69%.

The Voc of the OSCs with different HELs remains almostharged. The combination
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Fig. 5: Normalized photocurrent densiy as a function of the effective bislg;, measured

for OSCs with different HELs of MAM, s-Mo£and PEDOT:PSS.
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TABLE | A summary of the performance of OSCs maudih wifferent HELs of MAM, s-
MoO3; and PEDOT:PSS.

LEL Voc Jsc FF PCE Rs
V) (mA/cn?) (%) (%) (Qrent)
MAM 0.73 14.40.2 73.0:0.3 7.68t0.20 3.720.3
s-MoG; 0.73 13.50.1 69.1-0.4 6.72£0.30 5.950.2
PEDOT:PSS 0.73 14.1+0.1 72.7+0.3 7.48+0.20 3.950.2
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Highlights:

» A versatile solution-processed s-MoO3z/Au nanoparticles/'s-MoOs; (MAM) is superior
to a pure ssMoOj; hole contact for PEDOT:PSS-free organic solar cells

» Theaddition of AuNPsto s-MoO; 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.



