
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

Journal of
 Materials Chemistry A

www.rsc.org/materialsA

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


1

Liquid -Crystalline Ionic Liquids Modified Conductive Polymersas Transparent

Electrode for Indium -Free PolymerSolar Cells

Shuqin Xiaoa, Lie Chena,b, Licheng Tana,b, Yiwang Chen*a,b

aCollege of Chemistry/Institute of Polymers, Nanchang University, 999 Xuefu

Avenue, Nanchang 330031,China

bJiangxi Provincial Key Laboratory of New Energy Chemistry, Nanchang University,

999 Xuefu Avenue, Nanchang 330031,China

Corresponding author. Tel.: +86 791 83968703; fax: +86 791 83969561.E-mail:

ywchen@ncu.edu.cn (Y. Chen)

Abstract

Orderedmicrostructureand high conductivity ofpoly(3,4-ethylenedioxythiophene):

poly-(styrene sulfonate) (PEDOT:PSS, commercial productPH1000) films for

transparentanodewere obtained byliquid-crystalline ionic liquids modification.By

spin-coating 1-hexadecyl-3-methylimidazolium hexafluorophosphate([C16MIm]PF6)

or 1-hexadecyl-3-methylimidazolium tetrafluoroborate ([C16MIm]BF4) on the

PH1000 film, half of the insulating PSS on top surface of the PH1000could be

successfullyremovedand the PEDOTformed ordered and continuous molecular

packing. Theconductivityof the PH1000dramaticallyincreasedfrom 0.4 S cm-1 to

1457.7 S cm-1 for PH1000/[C16MIm]PF6 and 1243.8 S cm-1 for PH1000/[C16MIm]BF4.

At the same time,spontaneousorientation ofthe liquid-crystalline ionic liquids with

liquid-crystallinity further promoted the ordered packing arrangement of both PH1000

and active layer. The power conversion efficiency based on PH1000/[C16MIm]PF6

and PH1000/[C16MIm]BF4 as anodeis comparableto that obtained from the device

with indium tin oxide (ITO) anode. In addition, liquid-crystalline ionic liquids

modification isalso good for the energy alignmentfacilitating charge injection and

transport, without any extrahole transport layer. Furthermore, these novel

liquid-crystalline ionic liquids modification PH1000 anodes have potential

applications in the fabrication ofITO-free large-area flexible printedpolymer solar
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cells.

Keywords: Liquid crystals; Ionic liquids; Transparent electrode;Conductivity;

Polymersolarcells
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1. Introduction

Polymer solar cells (PSCs) known as one of the€printed electronics•, have received

much attentions in recent years, due to its advantages of light weight,mechanical

flexibility, portability, potential for low-cost production of electronic devices

fabricated by a continuoussolution-based roll-to-roll process.1,2 Up to now, the power

conversion efficiency (PCE) ofPSCssingle cells is over 10%.3,4 Currently,fabricating

thehigh-performance devicesmostlydepend on indium tin oxide (ITO) as transparent

electrodes.However, ITO hasintrinsic problemssuch ashigh mechanical brittleness,

scarce indium on earth,poor adhesion to organic and polymeric materialsandinferior

physical properties for hightemperature treatmentand so on.5 Therefore, to meet the

requirementof the roll-to-roll technique andcommercialized production, there isa

strong demand for new transparent conductivity materials to replacetraditionalITO.

Many conductivity materials have beenapplied as transparent electrodesin recent

years, including conducting polymers,6,7 new transparent metal oxide,8 functional

carbon materials9,10 metal nanowires,11-13 andmetalgrids14. Among them,conducting

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

PH1000)has been consideredasa promising candidateto replace ITOdue toits good

optical transparency, solution processabilityand good mechanical flexibility.

Moreover, it canbeapplied to top transparentelectrodeby film-transfermethod. The

high content of insulating species PSS in pristine PEDOT:PSSalwaysleads to a low

conductivity. Doped and post-treatment with various materials, such as organic

solvents,15,16 surfactant,17,18 zwitterion,19 sulfuric acids,7 are found to have

dramaticallyenhanced theconductivityof PEDOT:PSS.PEDOT:PSS doped with acid

treated carbon nanotubesis demonstrated to obtaina high conductivity of 3264.27S

cm‚ 1,20 and theH2SO4 post-treated sample evenhasachievedthehighestconductivity

of 4380 S cm‚ 1,21 accomplished as anode for PSCs and used transfer-printing method

fabricated all-plastic electrodes22. Although the conductivityof PEDOT:PSShas

improved through above mentioned methods, most of the treatmentprocesssuffer

from thedifficult y to perform.
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Ionic liquids are organic/inorganic saltswith negligible vaporpressure,good chemical

stability andlow flammability. Dobbelinet al. reported an increase of conductivity by

adding ionic liquid to PEDOT:PSS.23 Later,Badreet a1. havestudiedtheinfluenceof

several ionic liquids on the conductivity of PEDOT:PSS,24 and found that addition of

1-ethyl-3-methylimidazolium tetracyanoborateto PEDOT:PSS can remarkably

improve the conductivity toa high value of2084 S cm‚ 1. They demonstrated that the

conductivity enhancement resulted from a depletion of insulating PSS and the

formation of highly conductive PEDOT domains.Liquid-crystalline ionic liquids

(LCILs), a classic of ionic liquids with liquid crystalline property, not only possess the

high conductivity of ionic liquid, but alsopresentthe spontaneousorientation of

molecules, which can further optimize the conductivity.For example,

liquid-crystallineionic liquid 1-hexadecyl-3-methylimidazolium hexafluorophosphate

([C16MIm]PF6) shows the increased conductivity upon heating, with2.6 ×10-3 S cm-1

at 100 oC and2.5 ×10-3 S cm-1 at 120oC.25 The LCILs may induce PEDOT to form

ordered microstructure, resulting in increaseof the conductivity of the PEDOT:PSS.

Inspired by this, herein, two LCILs, [C16MIm]PF6 and

1-hexadecyl-3-methylimidazolium tetrafluoroborate([C16MIm]BF4) are employedto

modify PEDOT:PSS(PH1000) films as transparent anodes(PH1000/LCIL) for high

performanceITO-free devices(the devices architectures,chemical structures of two

LCILs are shown inFigure 1). Spin-coating LCILs solutionon surface ofPH1000

films can effectively reducethe content ofinsulating PSS on top of PH1000films,

favoring assembly of PEDOT with ordered microstructure. The spontaneous

orientation of the LCILs with liquid crystalline property can further promote the

ordered, continuously molecular packingof PEDOT, resulting in a dramatically

improvedconductivityof LCIL modified PH1000electrode. Meanwhile,LCILs in the

interface of the anode and active layercanalso increasecrystallinity of upper active

layer. As a result, ITO-free devices withPH1000/LCILs as transparentanode has

realized a significantly improved performancecompared withthe one withpristine

PH1000. In addition, the better energy alignment developed PH1000/LCILs anode
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can further simplify the ITO-device structure without incorporationof any extrahole

transport layer(HTL).

2. Results and Discussion

FilteredPH1000was spin-coated on glassby 1000 rpm for60 s, and the obtained film

with thickness about80 nm was annealed on a hot plate in ambient atmosphere at 120

oC for 20 min.Then, the liquid-crystalline ionic liquids (LCILs) [C16MIm]PF6 or

[C16MIm]BF4 with a concentration of1.75mg mL-1 (in DMF) werespin-coated on the

driedPH1000films to prepareLCILs modified PH1000 films, followed by annealing

on a hot plate in ambient atmosphere at 125 oC for 25 min. The details of fabrication

are describedin the experimentalsection.Figure S1 compares the transmittance of

PH1000, PH1000/[C16MIm]PF6 and PH1000/[C16MIm]BF4 films on quartzsubstrate.

LCILs modified PH1000 filmsshowthetransmittanceof approaching to 90%, similar

to the untreated film, indicating that LCILs treatment haslittle influence on

transparencyof PH1000 films.

The work functions of PH1000with and without theLCILs treatmentweremeasured

by Kelvin probe method(Figure S2 a and Table S1). The work functionof the

pristinePH1000is in accordance with the reported value. 26 Comparing withthat of

pristine PH1000, the work function of thePH1000 with [C16MIm]PF6 and

[C16MIm]BF4 modification slightly decrease. As shown inFigure S2 b, the work

functionvalueindicated thatthemodified film wasstill a goodhole injectionmaterial

for polymer donor (such as P3HT).The same resultwasalsoobtained by ultraviolet

photoelectronspectroscopy(UPS)measurements(Figure S3 andTable S1).

The hydrophilic property of PH1000layers before and after modification ofLCILs is

measured by contact angle measurement,as shown inFigure S4. Pristine PH1000

film showsthehydrophilic property withacontact angle of64o. WhenPH1000film is

modified by LCILs of [C16MIm]PF6 and [C16MIm]BF4, the contact anglesare

enhanced to 80o and 78o, respectively, due to the hydrophobic property of theLCILs.
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The hydrophobic surface can promote the formation ofintimate contact between

electrode and active layer, and protect the device out ofoxygen and water attack,

consequentlyleading to the improved chargeinjection and device stability.

Since theLCILs can influence the conductivity of the PEDOT:PSS,a four point probe

was performed to investigate the conductivity change of the PH1000 before and after

LCILs modification.The pristine PH1000 shows anelectrical conductivity of0.4 S

cm-1 with a high sheet resistanceof 3.15×105 ƒ sq-1. After modified byLCILs, the

conductivityof PH1000/[C16MIm]PF6 remarkablyincreases to 1457.7 S cm-1 with a

sharply droppedsheet resistance of98 ƒ sq-1. And [C16MIm]BF4 also exerts the

similar influence on the conductivity of PH1000, that is,PH1000/[C16MIm]BF4

achieves an improvedconductivityof 1243.8 S cm-1 with a reducedsheet resistance of

134ƒ sq-1. (Figure 2 andTable S2).

To explore the conductivity enhancement and find out the role ofLCILs, the nature of

the liquid crystalwasobserved by thepolarized optical microscopy (POM) (Figure

S5). Compared to pristine PH1000 film without anybirefringence, PH1000/LCIL

films show obvious bright liquid crystal phase, illustrating an ordered packing

arrangement of the molecules. Such ordered molecular packing is very helpful for the

enhancement of the film conductivity. Moreover, the liquid crystal phasein

PH1000/[C16MIm]PF6 film is brighter than thatin the PH1000/[C16MIm]BF4 film,

indicating a better liquid crystalline property.As a result,the PH1000/[C16MIm]PF6

hasthehigherconductivitythanPH1000/[C16MIm]BF4.

Besidesliquid crystalline property, thesubstantially morphological change is also

found to be an important factor for the conductivity enhancement.Figure 3 shows the

atomic force microscope(AFM) topography ofa 5 µm×5 µm of the area ofthe

pristine PH1000film and PH1000/LCIL films. In AFM images, all of the films have

quite smooth surface,the bright region is associated with PEDOT domains, and the

dark regions denote the softstructure arising from excess PSS.27 After LCILs
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modification, the dark PSS regionsof the PH1000decrease, while the bright PEDOT

regions increaseandbecomecontinuous, interpreting that some of theinsulatingPSS

chainsin PH1000 film surfacehas beenremovedduring spin-coating oftheLCILs on

PH1000.Theenrichmentof continuous PEDOT domainson PH1000 film surfacecan

provide the efficient conducting channels for charges, whichshould be responsible for

the enhancement inthe conductivity of the modified PH1000films. This resultsare

consistent withtheliterature.24 In addition, with respect to PH1000/[C16MIm]BF4 film,

[C16MIm]PF6 treated films shows more larger PEDOT domains (bright domains),

thereby causing a further enhancement in the conductivity. The improvedmorphology

and conductivity of the PH1000/LCIL electrode would be favorable forthe

improvement of the photovoltaic performance.

The morphological change of theLCILs modified PH1000 originating from

enrichmentof PEDOT by the removal of PSS has been further confirmed byX-Ray

photoelectron spectroscopy (XPS)measurement.Figure 4a and b showsS(2p) and

F(1s)XPS spectra ofthe PH1000 films before and afterLCILs treatment. As shown in

Figure 4a, the S(2p) peaks observed at the binding energy of 168.0 eV corresponds to

the sulfur signal of-SO3H from PSS, while the peaks at the 164.7 eV and 163.5 eV

assign tothe sulfur signal from PEDOT.From the figure we can see that the intensity

of peaks of PEDOT afterLCILs modification is much stronger than that of

unmodified one,especiallyfor the [C16MIm]PF6 modified film. The ratio of PEDOT

to PSS inPH1000solution is about 1:2.5, but thecalculatedratio of PEDOT to PSS in

the PH1000 film is 1:4.79, due to that PSS tends toaggregateon the film surface

resulting in a higher content of PSS on the surface than in the bulk.28,29 However, the

ratio of PEDOT to PSS sharply increased to 1:2.36for thePH1000/[C16MIm]PF6 film

and 1:2.86 for the PH1000/[C16MIm]BF4 film, with 51% and40% reduction of PSS

from the film surface,respectively. Moreover, the peaks of the PEDOT shift to lower

binding energy, indicative of a strong interaction in the film after modification.These

results suggest thathalf of PSS has been successfully removed and replaced byLCILs

due to the interaction between anion group ofLCILs and thiophene units of PEDOT.

The removal of the insulator PSS from PH1000 film surface helps formation of
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continuous PEDOT domains and increases conductivity of theLCILs-modify PH1000

films. As shownin Figure 4b, the peaks of F(1s) can be clearly observed at 686eV of

the PH1000/[C16MIm]PF6 film. Table S3 showed the contentof F atom on films.

Compared to thepristine PH1000 film(0.06%), the content of F atomis 0.65% and

0.12% on the surface of thePH1000/[C16MIm]PF6 and PH1000/[C16MIm]BF4 film,

respectively. The content of F atom of the pristinePH1000film is muchlower than

that of the modification film. So the F signal of the pristine filmmust come from

measurement error. These provedthe liquid-crystalline ionic liquidsstay on the

surface of PEDOT:PSS after spin coatingÿ�and theamount of[C16MIm]PF6 staying on

the surface of the filmshould be largerthan thatof [C16MIm]BF4. To investigate the

liquid-crystalline ionic liquidsacting on the films during spin coating, depth profiling

of XPS was carried out.Figure 4c ande showthatthe S(2p) peaksof PSS inthe films

after 60 s and 120 s sputteringare obviously decreased in comparisonto the films

without etching treatment. Table S3andFigure 4d and f showthat the F(1s) peaks

completely disappeared in both pristine PH1000 film andPH1000/[C16MIm]BF4 film

after 60 s and 120 s sputtering. But thecontentof F atom is 0.34% and 0.31%of the

PH1000/[C16MIm]PF6 films after etchingfor 60 s and 120s, respectively. Therefore,

it is concluded that[C16MIm]PF6 not onlyaffect the surface of PH1000 film, but also

act onbulk of the film, but the [C16MIm]BF4 modificationonly affect on the surface

of the PH1000 film.The results of XPS depth profiling indicated that[C16MIm]PF6

may inducePEDOTto form continuous, orderedmicrostructureof the film.

To gain deeperinsight into the morphology change of the PH1000 caused by LCILs

treatment,transmission electron microscopy(TEM) was performed on all of the

PH1000 films. Asshown inFigure 5, the dark and bright domainsare assigned to

PEDOT-rich regions and PSS-rich regions in the films,respectively.30 The pristine

PH1000 has a lot ofnon-continuous dark nano-fibrils and dotsattributing to PEDOT

film (Figure 5a). In PH1000/[C16MIm]PF6 (Figure 5b) and PH1000/[C16MIm]BF4

(Figure 5c) films, dark domainsincreaseand bright domainsdecrease. Moreover,

dark nano-fibrils become more distinct in PH1000/[C16MIm]PF6 than in
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PH1000/[C16MIm]BF4. It indicates that LCILs can induce PEDOT to formordered

microstructure and favorable molecular packing. The continuous and ordered

nano-fibrils of PEDOTshouldcontributeto thedramaticallyenhanced conductivityof

the films. The ordered microstructureand favorable molecular packing also can be

discerned by X-ray diffraction (XRD) patterns (Figure S6). The low angle reflections

at 2„=3.3° and 6.4° correspond to the lamella stacking distance d(100)of two distinct

alternate orderings of PEDOT and PSS,31 whereas the two high angle reflections at

2„=17.8° and 25.6° are indexed to the amorphous halo of PSS and the interchain

planarring-stacking distance d(010)of PEDOT, respectively.21 After PH1000 films

modified by LCILs, the peak at2„=3.3° shows an increased intensity in the XRD

spectra, indicatingtheimproved crystallinityof PEDOT in PH1000/LCIL films. From

the POM, AFM, TEM and XRD results,the mechanism ofmicrostructure of PH1000

induced byLCILs can be schematically illustrated inFigure 5d.

Thehighly conductive and transparentLCILs modified PH1000 filmswereapplied as

the transparent anode in PSC deviceswith a wide studied and stable donor:acceptor

blend of poly(3-hexylthiophene) (P3HT) and [6,6]-phenyl-C61-butyric acid methyl

ester (PC61BM) as active layer. The conventional structure is

glass/PH1000/LCIL/P3HT:PC61BM/LiF/Al with devices effective area of 18mm2.

Figure S7 presents the current density vs. voltage (J-V) characteristics of

conventional devicesunder AM 1.5G illumination at an irradiation intensity of 100

mW cm-2, and related parametersare summarized inTable 1. When the pristine

PH1000film is used as transparent anode, the device exhibits very poor photovoltaic

performance because of itshigh series resistance (RS) and an associatedextremely

low conductivity. However, incorporation ofthePH1000/[C16MIm]PF6 anodeinto the

device achieves the highestpower conversion efficiency(PCE) of 2.50%, with a

short-current density (Jsc) of 6.22mA cm-2, an open-circuit voltage (Voc) of 0.60 V, and

an fill factor (FF) of 66.5%.This value isevenhigher thanthat of ITO-based device

(2.40%). PH1000/[C16MIm]BF4 based device also yields the equalPCE to the

ITO-basedone (2.40% vs 2.40%). It is worthy to note that different fromthe
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efficiency obtained fromthe ITO-based device, the decentPCEfrom PH1000/LCIL is

without incorporation of theP VP Al 4083ashole-transporting layer(HTL). Figure

S7 also comparesthe J-V curves and related parametersof devices base on

PH1000/LCILs electrodewith and withoutP VP Al 4083HTL. Inserting a layer ofP

VP Al 4083 HTL into the devices based onPH1000/LCILs electroderesults ina

significant decreasein the PCE together with a dramatic drop inFF. From theTable 1

we also can see thatcompared with the devices withP VP Al 4083HTL, the ones

only with PH1000/LCIL showsrelatively lower RS and higher shuntresistance (RSH)

values.The work function of thePH1000/LCILs electrodeis high enough tomatch

well with active layer. Meanwhile, as seen from the SEM image(Figure S8), the

hydrophobicPH1000/LCILfilm covered by thehighly hydrophilic P VP Al 4083film

exhibit a relatively coarse surface, showing that theP VP Al 4083doesnot facilitate

the formation ofhomogeneousfilms. Therefore, without incorporation of extra HTL,

the LCIL-modified PH1000 electrodecould realizea favorableenergy alignment in

the device. Enabling the simplified ITO-free devicestructure by LCIL-modified

PH1000 electrode is compatible with the large-scalecommercialproduction.

The electricalconductivityof the PH1000 modified by LCILs is higher than that of

the pristine PH1000, but lower than that of ITO. However, the PCE of the ITO-free

device base onPH1000/[C16MIm]PF6 as transparent anodes is higher than that of

device base on ITO anodes(Figure S7 and Table 1). As reported earlier,the

orientation ofLCILs canenhance thecrystallization of P3HT.32 To further elucidate

the effect of the PH1000/LCIL on improvement ofphotovoltaic performance, the

morphology change of the active layer induced byLCILs is determined.The TEM

images of theP3HT:PC61BM films are shown in Figure 6. As Compared with the

morphology of P3HT:PC61BM films on pristine PH1000 (Figure 6a) and

PH1000/LCIL (Figure 6b and c), the active layer deposited on the

PH1000/[C16MIm]PF6 (Figure 6b) and PH1000/[C16MIm]BF4 (Figure 6c) exhibit

distinct nano-fibrils in the TEM images. The formation of nano-fibrils should be

ascribed to the improved crystallization of P3HT inducing by the orientation ofLCILs,
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thereby,the carrier transportcan be improved.To further demonstratethis point, a

small amount ofLCILs (1mg/mL) was directly blended with the P3HT andPC61BM.

As revealedby the TEM image ofP3HT:PC61BM:[C16MIm]PF6 (Figure S9a) and

P3HT:PC61BM:[C16MIm]BF4 (Figure S9b) films spin-coated on the pristine PH1000,

both of them form similarnano-fibril morphology. Thesefindings prove thatdue to

the orientation of liquid crystalline molecules,LCILs at the interface of thePH1000

and active layercan induce the self-assembly of both PEDOT and the P3HT to

improve theircrystallization, thus contributing tothe PCEenhancement.

To investigate thevalidity of thePH1000/LCIL films as transparent anodein different

active layer materials, the device based on low bandgap donor materialsuch as

thieno[3,4-b]-thiophene/benzodithiophene (PTB7) blended with [6,6]-phenyl

C71-butyric acid methyl ester (PC71BM) were fabricated. The cathode interlayer

material is poly [(9,9-bis(3 -́(N,N-dimethylamino) propyl)-2,7-fluorene)-alt-

2,7-(9,9-dioctylfluorene)] (PFN). The conventional structure is

glass/anode/PTB7:PC71BM/PFN/Al with devices effectivearea of 18 mm2. The J-V

curves and photovoltaic parametersof PTB7:PC71BM devices based on the

PH1000/LCIL and pristine ITOtransparent anodeare shown inFigure 7a andTable

1, respectively.The PCEsof the devices with PH1000/LCIL electrodes areslightly

lower thanthat from the device with traditional ITOelectrode(5.5%). The slight

inferior performance of PH1000/LCIL-based device compared to that of ITO-based

one is mainly due to the slight decreases of bothJscandVoc. However,the efficiency

still shows relatively high PCE 4.6%for PH1000/[C16MIm]PF6 and 4.5% for

PH1000/[C16MIm]BF4. This suggests that PH1000/LCIL is anuniversalelectrode to

replace ITO for high performance PSCs. Furthermore, the IPCE spectra inFigure 7b

is in good accordance withtheJsc values.

3. Conclusions

In summary,two highly conductiveLCILs [C16MIm]PF6 and[C16MIm]BF4 have been

successfully incorporated in ITO-free PSCs byspin-coatingon the surfacePH1000
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films as transparent anodesfor high performancePSCs. LCILs modification can

removehalf of the insulating PSS on top surface of the PH1000 andinduce the

formation of PEDOTwith ordered and continuous molecular packing. At the same

time,spontaneousorientation of theLCILs with liquid crystalline property can further

promote the ordered packing arrangementof both PH1000 and active layer. As a

result, compared to the pristine PH1000, theLCILs modified PH1000 possesses

dramatically improved conductivity.Consequently, a high performance ITO-free

device based onLCIL-modified PH1000 anode without extra HTL has been realized.

It also should be noted thatPH1000/LCIL has auniversalapplicationas anode for

versatile ITO-free devices. These findings indicate that solution-processed

PH1000/LCIL electrodeshows great potential applications in the fabrication of highly

efficient PSCs as well as large-area, flexible printed PSCs.

4. Experimental Section

Materials: PEDOT:PSSaqueous solutions (PH1000) wasboughtfrom Heraeus Ltd.

with a PEDOT:PSS concentration of 1.3 wt%by weight dispersed in H2O.

1-hexadecyl-3-methylimidazolium hexafluorophosphate ([C16MIm]PF6) and

1-hexadecyl-3-methylimidazolium tetrafluoroborate ([C16MIm]BF4) were bought

from Energy Chemical andthe center for green chemistry, LICP, CAS, respectively.

The P3HT (4200E)was bought from Rieke Metals Inc and PC61BM (99.5%) were

bought from American Dye Source, Inc. ThePTB7andPC71BM werepurchased from

1-material Chemscitech Inc. (St-Laurent, Quebec, Canada)andSolarmer Energy Inc,

respectively. All purchasedmaterials were used as received.

Preparation characterization of PH1000and PH1000/LCIL films: Glasssubstratesof

area 1.5×1.5cm2 were successivelycleaned in acetone, detergent water, thrice

deionized water for 15 min eachand isopropyl alcoholby ultrasonic agitation, and

then dried in N2. PH1000filtered through a 0.45 µm syringe filter was spin-coated at

1000 rpm for 60 s onglass which were treated with UV for 20 minutes prior to spin

coating. The obtained films (thickness~80 nm) were annealed on ahot plate in

ambient atmosphere at 120 oC for 20 min. By spin-coated LCIL DMF solution
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(1.75mg mL-1) on the dried PH1000 films at 2000 rpm for 60 s to afford the

PH1000/LCIL films, Then themodifiedfilms were annealed on a hot plate in ambient

atmosphereat 120 oC for 25 min. The PH1000/[C16MIm]PF6 films with a thickness

about of 70 nm, and thePH1000/[C16MIm]BF4 films with a thickness about of 60 nm.

The thickness of[C16MIm]PF6 layer and[C16MIm]BF4 is about of 20 nm and 10 nm,

respectively.

Fabrication of PSCs:PSCs devices were fabricated usingPH1000andPH1000/LCIL

films as the transparent anodeson glass, and P3HT:PC61BM, PTB7:PC71BM were

chosen as active layer for comparison. The P3HT:PC61BM (1:1 by weight) active

blend layer with a thickness of 100 nm was prepared by spin-coating the

dichlorobenzene (DCB) solution at 800 rpm for 30 s and then 1400 rpm for 2s. The

devices are annealed at 150oC for 10 min on hotplate in a glove box. The

PTB7:PC71BM (1:1.5 by weight) active blend layer were prepared by spin-coating

mixed solvent ofchlorobenzene-1,8-diiodoctane(97:3 by volume) solution at 1000

rpm 2 min.The cathode interlayermaterial poly [(9,9-bis(3 -́(N,N-dimethylamino)

propyl)-2,7-fluorene)-alt-2,7-(9,9-dioctylfluorene)](PFN) was dissolved in methanol

underthe presence of small amount of acetic acidof 0.1mg/mLwas spin-coated onto

the top of the obtainedactive layerat 5000rpm for60s to form a thin interlayer. Then

100 nm Alis evaporated through a shadow mask under 10-5.

Supporting Infor mation

The detailed experimental sections, transmittance, the work functionmeasurement,

the contact angle measurements, theelectrical propertyof the films, polarized optical

micrographs ofthe films,F atom content offilms surface, X-ray diffractograms, J-V

curves of P3HT:PC61BM BHJ-PSC devices,SEM images and TEM images of

P3HT:PC61BM blend with LCIL are in Supporting Information. This information is

available free of charge via the Internet at http://pubs.acs.org.
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Figure 1 a) Device architectures of the ITO-free BHJ-PSC devices using

PH1000/LCIL films as the transparent anode, the chemical structures of LCIL b)

[C16MIm]PF6 and c)[C16MIm]BF4.
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Figure 2 Conductivities ofpristine PH1000 film, [C16MIm]PF6 or [C16MIm]BF4

modified PH1000films.
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Figure 3 AFM topography image of film:(a) PH1000film; (b) PH1000/[C16MIm]PF6

film and (c)PH1000/[C16MIm]BF4 film. All the imagesare 5µm×5µm.
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Figure 4 The S(2p) XPS spectra ofpristine PH1000 film, [C16MIm]PF6 or

[C16MIm]BF4 modified PH1000film (a) without etching, (c) after etching for 60 s, (e)

after etching for 120 s;The F(1s) XPSspectra ofpristine PH1000 film,[C16MIm]PF6

or [C16MIm]BF4 modified PH1000film (b) without etching, (d) after etching for 60 s,

(f) after etching for 120 s.
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Figure 5 TEM topography image of (a)pristinePH1000film, and(b) [C16MIm]PF6

and(c) [C16MIm]BF4 modified PH1000film, respectively. (d)Schematic illustration

of the mechanism ofMicrostructure of PH1000Induced byLCILs.
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Table 1 Summary of the Photovoltaic performance of P3HT:PC61BM or

PTB7:PC71BM Solar Cells with Various transparent anodes. All devices with an

effective area of 18 mm2.

Devices(18mm2)

Jsc

(mA

cm-2)

Voc

(V)

FF

(%)

PCE

(%)

Average

PCE (%)
RS(‡

cm2 )

RSH (‡

cm2)

Glass/ITO/ P VP Al 4083/P3HT:PC61BM/LiF/Al 6.15 0.62 63.0 2.4 2.35 4.84 1723.4

Glass/PH1000/P3HT:PC61BM/LiF/Al 0.33 0.59 25.4 0.05 0.03 1549.9 1793.8

Glass/PH1000/[C16MIm]PF6/P3HT:PC61BM/LiF/Al 6.22 0.60 66.5 2.5 2.50 4.6 1673.8

Glass/PH1000/[C16MIm]PF6/P VP Al 4083/P3HT:PC61BM/LiF/Al 6.37 0.62 52.6 2.1 2.05 16.7 978.7

Glass/PH1000/[C16MIm]BF4/P3HT:PC61BM/LiF/Al 6.46 0.61 60.3 2.4 2.35 5.9 627.6

Glass/PH1000/[C16MIm]BF4/P VP Al 4083/P3HT:PC61BM/LiF/Al 6.16 0.61 53.8 2.0 1.90 7.0 572.0

Glass/ITO/PVP Al 4083/PTB7:PC71BM/PFN/Al 12.54 0.73 60.0 5.5 5.35 4.36 4696.06

Glass/PH1000/[C16MIm]PF6/PTB7:PC71BM/PFN/Al 10.54 0.72 60.3 4.6 4.50 8.48 370.63

Glass /PH1000/[C16MIm]BF4/PTB7:PC71BM/PFN/Al 11.19 0.72 56.1 4.5 4.35 9.18 392.75
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Figure 6 TEM images of P3HT:PC61BM films obtained from spin-coated on (a)the

pristine PH1000, the PH1000 film modified with(b) [C16MIm]PF6 and (c)

[C16MIm]BF4.
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Figure 7 (a) J-V curves of PTB7:PC71BM BHJ-PSC deviceswith an effective area of

18 mm2, using ITO,PH1000/[C16MIm]PF6 and PH1000/[C16MIm]BF4 films as the

transparent anodes. The measurements were carried out under AM 1.5G illumination

at an irradiation intensity of 100 mW cm-2. (b) IPCE spectra of the solarcells with

ITO, PH1000/[C16MIm]PF6 and PH1000/[C16MIm]BF4 films as the transparent

anodes base on PTB7:PC71BM active layer.
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