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Abstract

Orderedmicrostructureand high conductivity opoly(3,4ethylenedioxythiophene):
poly-(styrene sulfonate) (PEDOTPSS canmercial productPH1000) films for
transparenanodewere obtained byiquid-crystalline ionic liquids modification. By
spirtcoating 1-hexadecy3-methylimidazolium hexafluorophosphaffC1sMIm]PFe)

or 1-hexadecy3-methylimidazolium tetrafluoroborate ([CisMIm]BFs) on the
PH1000 film, half of the insulating PSS on top surface of the PH1060ld be
successfullyremovedand the PEDOTformed ordered and continuous molecular
packing. Theconductivity of the PH100Gdramaticallyincreasedrom 0.4 S crit to
1457.7 S cm for PH1000[C16MIm]PFs and 1243.8 S cthfor PH1000fC16MIm]BF ..
At the same timespontaneousrientation ofthe liquid-crystallineionic liquids with
liquid-crystallinity further promotd the ordered packing arrangement of both PH1000
and active layer. The power conversion efficiency based on PHOREMIM]PFe
and PH1000[C1sMIm]BF4 as anodas comparableo that obtained from the device
with indium tin oxide (ITO) anode. Inaddition liquid-crystalline ionic liquids
modification isalso good for the energy alignmentacilitating charge injection and
transport, without any extrahole transport layer Furthermore these novel
liquid-crystalline ionic liquids modification PH1000 anode have potential

applications in the fabrication dTO-free large-area flexible printegpolymer solar
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cells.
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1. Introduction

Polymer solar cells (PSCs) known as one of@rented electronics have received
much attentios in recent years, due to its advantages of light weigtgchanical
flexibility, portability, potential for lowcost production of electronic devices
fabricated by a continuos®lutionbased roHto-roll process:? Up to now, the power
conversion efficiency (PCE) ¢fSCssingle celsis over 10%>* Currently, fabricaing
thehigh-performance devicawnostlydepend a indium tin oxide (ITO) as transparent
electrodesHowever, TO hasintrinsic problemssuch ashigh mechanical brittleness
scarce indium on eartppor adhesion to organic and polymeric mateaaldinferior
physical properties for higtemperature trémentand so orf Therefore, to meet the
requirementof the roltto-roll technique anccommercialized productigrthere isa

strong demand for new transparent conductivity materials to regpéatitonal ITO.

Many conductivity materials have beeapplied as transparent electrodes recent
years including conducting polymefs, new transparent metal oxigefunctional
carbon materiafg® metal nanowired"*®* andmetalgrids'. Among themconducting
polymer poly(3,4ethylenedioxythiophene):poly(styrensulfonate) (PEDOTPSS
PH1000)has been consideredsa promising candidat® replace ITOdue toits good
optical transparengysolution processabilityand good mechanical flexibility
Moreovey it canbe applied to top transparentlectrodeby film-transfermethod The
high content of insulating species PSS in pristine PEDOT#&N8&ysleads to a low
conductivity Doped and podreatment with various materials, such as organic
solvents'™® surfactant”® zwitterion'® sulfuric acids’ are found to have
dramaticallyenhancd the conductivityof PEDOTPSS.PEDOT:PSS doped with ati
treated carbon nanotubesdemonstrated to obtaa high conductivity of 3264.23
cm 1,2% and theH,SQu posttreatd sample evehasachievedhe highestconductivity
of 4380 S cm',? accomplished as anode for PSfhd usedransferprinting method
fabricated alplastic electrodes. Although the conductivityof PEDOT:PSShas
improved through above mentioned methpasost of the treatmentprocesssuffer

from thedifficulty to perform
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lonic liquids are organic/inorganic sakegth negligible vapopressuregood chemical
stability andlow flammability. Dobbelinet al reported an incresa of conductivity by
adding ionic liquid to PEDOT:PS® Later, Badreet al havestudiedtheinfluenceof
several ionic uids on the conductivity of PEDOT:P$Sand found that addition of
1-ethyl3-metylimidazolium tetracyanoboratdo PEDOT:PSS can emarkably
improve the conductivity ta high value 0f2084 S cm'. They demonstrated that the
conductivity enhancement resulted from a depletion of insulating PSS and the
formation of highly conductive PEDOT domainisiquid-crystalline ionic liquids
(LCILSs), a classic ofanic liquids with liquid crystalline properfynot only possess the
high conductivity of ionic liquid, but alsopresentthe spontaneourientation of
molecules which can further optimize the conductivityFor example,
liquid-crystallineionic liquid 1-hexadecy3-methylimidazolium hexafluorophosphate
([C16MIm]PFs) shows the increased conductivity upon heating, @iéhx10°> S cm*

at 100°C and25 x10° S cmt at 120°C.?® The LCILs may induce PEDOT to form
ordered microstructure resuting in increaseof the conductivity of the PEDOT:PSS.
Inspired by this, herein, two LCILs, [C16MIM]PFe and
1-hexadecy3-methylimidazolium tetrafluoroboratg[C16MIm] BF4) are employedto
modify PEDOT:PSSPH100Q films astransparent anodd®H1000/LCIL)for high
performancdTO-free deviceqthe devices architecturegshemical structureof two
LCILs are shown inFigure 1). Spin-coating LCILs solutioron surface oPH1000
films can effectively reducehe content ofinsulating PSS on top of PH106ims,
favoring assembly of PEDOT with ordeed microstructure The spontaneous
orientation of the LCILs with liquid crystalline property can further promote the
ordeed continuousy molecular packingof PEDOT resuling in a dramatically
improvedconductivityof LCIL modified PH100Glectrode Meanwhile LCILs in the
interface of the amde and active layeranalso increaserystallinity of upper active
layer As a result, ITGfree devices withPH1000LCILs as transparentanode has
realized a significantly improve performancecompared withthe one withpristine

PH100Q In addition the better energy alignment developed PH1000/LCILs anode
4
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can further simply the ITO-device structure without incorporatiaf any extrahole

transport laye(HTL).

2. Results and Digussion

Filtered PH1000was spincoated on gladsy 1000 rpm foi60 s and the obtained film
with thickness abol80 nm was annealed on a hot plate in ambient atmospheg at 1
°C for 20 min. Then, the liquid-crystalline ionic liquids (LCILS) [C1ieMIMm]PFs or
[C16MIm] BF, with a concentration of.75mgmL™ (in DMF) werespin-coated on the
dried PH1000film s to prepareLCILs modified PH1000 filmsfollowed by anneahg

on a hot plate in ambient atmosphere 2& 4C for 25 min. The detad of fabrication
are describedin the experimentalsection. Figure S1 compares the transmittance of
PH100Q PH1000[C1sMIm]PFs and PH100QC16MIm] BF4 films on quartzsubstrate.
LCILs modified PH1000 filmshowthetransmittancef approacing to 90% similar

to the untreated Ifn, indicating that LCILs treatment hasdlittle influence on

transparencyf PH1000 films

The work functios of PH1000with and without the_CILs treatmentveremeasured
by Kelvin probe methodFigure S2 a and Table S1). The work functionof the
pristine PH1000is in accordance with the reported valthieComparing withthat of
pristine  PH1000,the work function of thePH1000 with [CisMIm]PFs and
[C1eMIm] BF4+ modification slightly decrease As shown inFigure S2 h the work
functionvalueindicated thatthe modified film wasstill a goodhole injectionmaterial
for polymer donor (such as P3HT)he same resultvas also obtaired by ultraviolet

photoelectrorspectroscopyUPS)measurementd-igure S3 andTable SJ.

The hydrophilic property of R1000layers béore and after modification dfCILs is
measured by contact angle measuremasshown inFigure $4. Pristine PH1000
film showsthe hydrophilic property witta contact angle o64°. WhenPH1000film is
modified by LCILs of [CisMIm]PFs and [CisMIM]BF4, the contact anglesare

enhancd to 80° and 78, respectivelydue to the hydrophobic property of th€ILs.
5
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The hydrophobic surface can promote the formationimimate contact between
electrode and active yar, and protect the device out okygenand water attack,

consequentlyeading to the improved charggection and device stability.

Since thd_CILs can influence the conductivity of the PEDOT:P&%qur point probe
was performed to investigate thenduoictivity change of the PH1000 before and after
LCILs modification. The pristine PH1000 shows a&thectrical conductivity 004 S
cmit with a high &eet resistancef 3.15<1% f sq'. After modified byLCILs, the
conductivity of PH1000[C1éMIm]PFs remarkablyincrease to 1457.7 S cm with a
sharply droppedsheet resistance @8 f sg*. And [C1eMIm]BF4 also exerts the
similar influence on the conductivity of PH1000, that P11000[C1eMIm]BF4
achieves an improvezbnductivityof 1243.8 S cim with a reducedheet resistance of

134f sq’. (Figure 2 andTable SJ.

To explore the conductivity enhancement and find out the ral€log, the nature of
the liquid crystalwas obsened by the polarized optical microscopyP©OM) (Figure
S5). Compared to pristine PH1000 film without abyrefringence PH1000LCIL
films show obvious bright liquid crystal phase illustrating an ordered packing
arrangement of the molecsleSuch ordered metular packing is very helpful for the
enhancment of the film conductivity Moreover, the liquid crystal phasan
PH1000[C16MIm]PFs film is brighter than thatin the PH100QC1eMIm]BF: film,
indicating a better liquid crystalline proper#ys a resultthe PH1000[C1eMIm]PFs
hasthe higherconductivitythanPH1000[{C1sMIm] BF4.

Besidesliquid crystalline property, thesubstantially morphological change is also
found to be an important factor for the conductivity enhancerémire 3 shows the
atomic foce microscopgAFM) topography ofa 5 umx5 um of the area otthe
pristine PH100Gilm and PH100Q/CIL films. In AFM images, & of the films have
guite smooth surfacehe bright regionis associated with PEDOT domajrend the

dark regions denote the softructure arising from excess P3SAfter LCILs
6
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modification, he dark PSS regionsd the PH100@ecreasewhile the bright PEDOT
regions increasandbe@mmecontinuousinterpreing that ®me of theinsulatingPSS
chainsin PH1000 film surfacéas beememovedduring spincoating ofthe LCILs on
PH21000.The enrichmenbf continuous PEDOT domaire PH1000 film surfacean
provide the efficient conducting channels for charges, wsicluld be responsible for
the enhancement ithe conductivity of the motied PH1000films. This resultsare
consistent withthe literature?* In addition with respect to PH100@16MIm]BF 4 film,
[C1eMIM]PFs treated films shows more larger PEDOT domains (bright domains),
thereby causing a further enhancement in the condyctiie improvednorphology
and conductivity of the PH10QO0ZIL electrode would be favorable forthe
improvement of the photoltaic performance.

The morphological change of theClLs modified PH1000 originating from
enrichmentof PEDOT by the removal of$5 has been further confirmed KyRay
photoelectron spectroscopy (XP@easurement-igure 4a andb showsS(2p) and
F(1s)XPS spectra ahe PH1000 filns before and aftet CILs treatmentAs show in
Figure 4a, the S(2p) peaks observed at the bindinggnef 168.0 eV corresponds to
the sulfur signal ofSOsH from PSS, while the peaks at the 164.7 eV and 163.5 eV
assign tahe sulfur signal from PEDOTFrom the figure we can see thhetintensity

of peaks of PEDOT aftetCILs modification is much strongethan that of
unmodified onegspeciallyfor the [C1eMIM]PFs modified film. The ratio of PEDOT
to PSS inPH1000solution is about 2.5, but thecalculatedatio of PEDOT to PSS in
the PH1000 film is 1:479, due to that PSS tends &ggregateon the film surface
resulting in a higher content of PSS on the surface than in th&®8tilKowever, the
ratio of PEDOT to PSS sharply increased &36for the PH1000[C1sMIm]PFg film
and 1:286 for the PH1000[C1sMIm]BF; film, with 51% and40% reduction of PSS
from the film surfacerespectivelyMoreover, the peaks of the PEDOT shift to lower
binding energy, indicative of a strong interaction in the film after modificalibese
results suggest thaalf of PSS has been successfully removed and replack@ g
due to the interaction between anion groufp.GfLs and thiophene units of PEDOT.

The removal of the insulator PSS from PH1000 film surface helps formation of

7



Journal of Materials Chemistry A

continuous PEDOT domains and increases conductivity di@ies-modify PH1000
films. As shownin Figure 4b, the peak of F(1s) can be clearly observed at 686of
the PH1000[C16MIm]PFs film. Table S3 showed the contentof F atomon films.
Comparel to thepristine PH1000 film(0.06%9, the content of F atoris 0.65% and
0.12% on the surface of tHH1000[C1eMIm]PFs and PH1000{C1eMIm]BF4 film,
respectively The content of F atom of the pristif#H1000film is muchlower than
that of the modification film. Sohe F signal of the pristine filbmustcome from
measurement erroiThese provedhe lIquid-crystalline ionic liquidsstay on the
surface of PEDOT:PSS after spin coajimgd heamount o C1sMIm]PFs stayng on
the surface of the filnshould be largethan thatof [C16MIm]BF4. To investigate the
liquid-crystalline ionic liquidsacting on the fms during spin coating, depth profiling
of XPS was carried ouigure 4c ande showthatthe S(2p) peaksf PSS inthe films
after 60 s and 120 s sputteriage obvioudy decrease in comparisonto the films
without etching treatmeniTable S3andFigure 4d andf showthatthe F(19) peaks
completely disappeared in both pristine PH1000 film BHA000[C1sMIm]BF4 film
after 60 s and 120 s sputterirgut thecontentof F atom is 0.34% and 0.3186 the
PH1000[C1sMIMm]PFsfilms after etchingor 60 s and 12@, respeavely. Therefore,
it is concluded thafCieMIm]PFs not onlyaffect the surfae of PH1000 film, but also
act onbulk of the film, but he [C16MIm] BFs modificationonly affecton the surface
of the PH1000 film.The results of XPS depth profilingdicated thafCisMIm]PFs

may inducdPEDOTto form continuous, orderemicrostructureof the film.

To gain deepeinsightinto the morphology change of the PH1000 ealsy LCILs

treatment,transmission electron microscogf¥EM) was performed on all of ¢h
PH1000 films. Asshown inFigure 5, the dark and bright domairege assigned to
PEDOTrich regions and PSBch regions in the filmsrespectively® The pristine
PH1000 has a lot afon-continuous dark nanfibrils and dotsattribuing to PEDOT
film (Figure 5a). In PH1000/C1eMIm]PFs (Figure 5b) and PH100QC1sMIm]BF4

(Figure 5c¢) films, dark domainsincreaseand bright domainglecrease Moreover,

dark nanefibrils become more distinct in PH1000Z1eMIm]PFs than in
8
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PH1000[C1sMIm]BF4. It indicates that LCILs can induce PEDOT to forrardered
microstructure and favorable molecular packingrhe continuous and orded
nanafibrils of PEDOTshouldcontributeto the dramaticallyenhancd conductivityof
the films. The ordeed microstructureand favorable molecat packing also can be
discerred by Xray diffraction (XRD) patternsHigure S6). The low angle reflections
at 2,=3.3° and 64° correspond to the lamella stacking distance d(d®®yo distinct
alternate orderings of PEDOT and PX%Syhereas the two high angle reflections at
2,=17.8° and 25.6° are indexed to the amorphous halo of PSS anohtérchain
planarring-stacking distance d(01@f PEDOT, respectivel§t After PH1000 films
modified byLCILs, the peak aR,=3.3 shows an increased intensity in the XRD
spectra, indicatingheimproved crystallinityof PEDOT in PH100Q/CIL films. From
the POM, AFM, TEM and XRD resultthe mechanism ahicrostructure of PI1000

induced byLCILs can be shematially illustrated inFigure 5d.

Thehighly conductive and transpardr®ILs modified PH1000 filmsvereapplied as
the transparent anode in PSGrideswith a wide studied and stibdonor:acceptor
blend of poly(3-hexylthiophene) (P3HT) and [6;§henytCesi-butyric acid methyl
ester (PGi:BM) as active layer The conventional structure is
glass/PH100Q/CIL/P3HT:PGiBM/LiF/Al with devies effective aa of 18mn¥.
Figure S7 presents the current density vs. voltageV) characteristics of
conventional deviceander AM 1.5G illumination at an irradiation intensity of 100
mW cni?, and related parameterare summarized iTable 1. When the pristine
PH1000film is used as transparent anode, the device exhibits very poor photovoltaic
performance because of itggh series resistanc®d) and an associate@éxtremely
low conductivity However, incorporation ahe PH1000[C1sMIm]PFs anodeinto the
device achiees the highestpower conversion efficiencyPCE of 2.50%, with a
shortcurrent densityJs) of 6.22mA cm?, an opercircuit voltage Yoc) of 0.60 V, and
an fill factor (FF) of 66.5%This value isevenhigher thanthat of ITObased device
(2.40%). PH10M/C1sMIm]BF4 based device also yields the equCE to the

ITO-basedone (2.40% vs 2.40%)It is worthy to note that different fronthe
9
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efficiency obtained fronthe ITO-based device, theedentPCEfrom PH1000LCIL is
without incorporation of thé VP Al 4083 as hole-transporting laygHTL). Figure
S7 also compareghe J-V curves and related parametersf devices base on
PH1000LCILs electrodewith and withoutP VP Al 4083HTL. Insating a layer ofP
VP Al 4083 HTL into the devices based dPH1000LCILs electroderesults ina
significant decreasia the PCE together with a dramatic drog-fa From theTable 1
we also can see thabmpared with the devices with VP Al 4083HTL, the ones
only with PH1000LCIL showsrelatively lower Rs and higter shuntresigance Rsh)
values.The work function of thd®H1000LCILs electrodeis high enough tomatch
well with active layer Meanwhile asseen from the SEM imag@-igure S8), the
hydrophobidPH1000/LCILfilm covered by thénighly hydrophilic P VP Al 4083ilm
exhibit a relatively coarse surface, showing thatRheéP Al 4083doesnot facilitae
the formation ohomogeneoufilms. Therefore, without incorporation of extra HTL,
the LCIL-modified PH1000 electrodeould realizea favorableenergy alignment in
the devie. Enabing the simplified ITO-free devicestructure by LCIL-modified

PH1000 electrode is compatible with the lasgalecommercialproduction

The electricalconductivity of the PH1000 modifed by LCILs is higher than that of
the pristine PH10Q0but lower thanthat of ITO. However, he PCE of the ITGfree
device base o®PH1000/[GeMIMm]PFe as transparent anodes is higher than that of
device base on ITO anodd€bigure S7 and Table 1). As reported earlierthe
orientation ofLCILs canenhance therystallization of P3HT? To further elucidate
the effect of the PH100DLIL on improvement ofphotovoltaic performare the
morphology change of the active layer inducedLiB}Ls is determinedThe TEM
images of theP3HT:PG:BM films are shown in Figure 6. As Compared with the
morphology of P3HT:P&BM films on pristine PH1000 Higure 6a) and
PH1000LCIL (Figure 6b and c), the active layer deposited on the
PH1000[C16MIMm]PFs (Figure 6b) and PH100QC1sMIm]BFs (Figure 6c) exhibit
distinct nanefibrils in the TEM images. The formation of nasibrils should be

ascribed to the improved crystallization of P3HT indgdy the orientation oECILs,
10
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thereby,the carrier transportan be improvedTo further demonstratehis point, a
small amount of.CILs (1mg/mL) was diectly blended with the P3HT arRiCs1BM.

As revealedby the TEM image of P3HT:PGiBM:[CisMIm]PFe (Figure S9a) and
P3HT:PG1BM:[C1eMIm] BF4 (Figure S9b) films spincoated on the pristine PH1Q00
both of them form similananacfibril morphology Thesefindings prove thatdue to
the orientation of liquid crystalline moleculdsCILs at the interface of th€H1000
and active layercan induce the selfassembly of both PEDOT and the P3HT to

improve theircrystallization thus contributing téhe PCEenhancement

To investigaé the validity of thePH1000LCIL films as transparent anodedifferent
active layer materials, the device bdsen low bandgap donor materiglich as
thieno[3,4b]-thiophene/benzodithiophene (PTB7) blended with [pl&gnyl
Czi-butyric acid methyl ester (P@BM) were fabricated The cathode interlayer
material is poly [(9,9bis(3-(N,N-dimethylamino) propyh2,7-fluorenejalt-
2,7-(9,9-dioctylfluorene)] (PEN). The conventional  structure IS
glassanodéPTB7:PG1BM/PFN/AI with devices effectivarea of 18 mrh The J-V
curves and photovoltaic parameterof PTB7:PGiBM devices based on the
PH1000LCIL and pristine ITQransparent anodge shown irFigure 7a and Table
1, respectivelyThe PCEsof the devices with PH1000CIL electrodes arslightly
lower thanthat from the device with traditional IT@lectrode(5.5%) The slight
inferior performance of PH1000CIL -based device compared to that of fb@sed
one is mainly due to the slight decreases of Begand Voc. However,the efficiency
still shows relatively high PCE 4.6%for PH1000/[GeMIm]PFs and 4.5% for
PH1000/[GeMIm]BF4. This suggests that PH10Q@IL is anuniversalelectrode to
replace ITO for high performance PSCs. Furthermde|RCE spectra ifrigure 7b

isin good accordance withe Jsc values.

3. Conclusions
In summarytwo highly conductiveLCILs [C1eMIm]PFs and[C1sMIm] BF4 have been

successfully incorporated in IFidee PSCs byspin-coatingon the surfacePH1000
11
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films as transparent anodésr high performancePSCs LCILs modification can
remove half of the insulating PSS on top surface of the PH1000 iaddce the
formation of PEDOTwith ordered and continuous molecular packing. At the same
time, spontaneousrientation of the_CILs with liquid crystalline property can further
promote the ordered packing arrangemehtoth PH1000 and active layeks a
result, compared to the pristine PH1000, tl@lLs modified PH1000 possesses
dramatically improved conductivityConsequently, a high performance Fi®@e
device based ohCIL-modified PH1000 anode without extra HTL has been realized.
It also should be noted th&H1000LCIL has auniversalapplicationas anode for
versatile ITOfree devices. These findings indicate that solutioprocessed
PH1000LCIL electrodeshows great poteiad applications in the fabrication of highly
efficient PSCs as well as largeea, flexible printed PSCs.

4. Experimental Section

Materials: PEDOT:PSSqueous solutiond?H100Q wasboughtfrom Heraeus Ltd.
with a PEDOT:PSS concentration of 1.3 wtby weght dispersed in bD.

1-hexadecy3-methylimidazolium  hexafluorophosphate ([CieMIm]PFs)  and

1-hexadecy3-methylimidazolium tetrafluoroborate ([C1MIm]BF4) were bought
from Energy Chemical anthe center for green chemistry, LICP, CABspectively.
The BHT (4200E)was bought from Rieke Metals Inc and ff8M (99.5%) were
bought from American Dye Source, Inc. TREB7andPC71BM werepurchased from
1-material Chemscitech Inc. (gaurent, Quebec, Canada)d Solarmer Energy Inc

respectivelyAll purchasednaterials were used as received.

Preparation characterization of ##L000and FH100QLCIL films: Glasssubstrate®f
area 1.5x1.5cm? were successivelycleanedin acetone, detergent water, thrice
deionized water for 15 min ea@nd isopropyl alcohoby ultrasonic agitationand
then dried in M. PH1000filtered through a @5 um syringe filter was sptooated at
1000 rpm for 60 s oglass which were treated with UV for 20 minutes prior to spin
coating. The obtained films (thicknes88 nm) were annealed on leot plate in

ambient atmosphere ad °C for 20 min By spincoated LCIL DMF solution
12
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(1.75mg mL™Y) on the dried A1000 films at 2000 rpm for 60 s to afford the
PH1000LCIL films, Then themodifiedfilms were annealed on a hot plate in ambient
atmospherat 120 °C for 25 min. The PH1000/[GsMIm]PFs films with a thickness
about of 70 nm, and tHeH1000/[GeMIm]BF 4 films with a thickness about of 60 nm.
The thickness ofC1eMIm]PFslayer andC1eMIm]BF4 is about of 20 nm and 10 nm,

respedtwely.

Fabrication of PSCsPSCs devices were fabricated usiftg1000andPH1000LCIL
films as the transparent anodes glass and P3HT:P&BM, PTB7:PGiBM were
chosen as active layer for comparison. The P3H&BI@ (1:1 by weight) active
blend layer with a thickness of0Q nm was prepared by spooating the
dichlorobenzene (DCB) solution at 800 rpm for 30 s and then 1400 rpmsfof i
devices are annealed at 18Q for 10 min on hotplate in a glove box. The
PTB7:PGieM (1:1.5 by weight) active blend layer were prepai®y spinrcoating
mixed solvent ofchlorobenzend,8-diiodoctane(97:3 by volume) solution at 1000
rom 2 min. The cathode interlayematerial poly [(9,9-bis(3-(N,N-dimethylamino)
propyl)}-2,7-fluoreneialt-2,7-(9,9-dioctylfluorene){PFN) was dissolved in ethanol
underthe presence of small amount of acetic axi@.1mg/mLwas spircoated onto
the top of the obtaineaktive layerat 5000rpm for60 sto form a thin interlayeThen
100 nm Alis evaporated through a shadow mask undér 10

Supporting Infor mation

The detailed experimental sectipisansmittance, the work functiomeasurement
the contact angle measuremeiite electrical propertyf the films, polarized optical
micrographs othe films,F atom content ofilms surface, Xray diffractogramsJ-V
curves of P3HT:P&EBM BHJ-PSC devicesSEM images and TEM images of
P3HT:PG1BM blend with LCIL are in Supporting Information. This information is

available free of charge via the Internet at http://pubs.acs.org.

Acknowledgements
This work was finaaially supported by the National Science Fund for Distinguished

Young Scholars (51425304), National Natural Science Foundation of China

13



Journal of Materials Chemistry A Page 14 of 26

(51273088, 51263016 and 5147307%5)d National Basic Research Program of China
(973 Progran2014CB260409). Shuqin Xiaand Lie Chen contributed equally to this

work.

References

(1) Forrest, S. R. The path to ubiquitous and-mygt organic electronic appliances
on plasticNature2004 428 911-918

(2) Park,H. J; Kang, M. G, Ahn, S. H; Guo, L. J. AFacileRouteto PolymerSdar
Cells with Optimum Morphology Readily Applicableto a Roll-to-Roll Process
without Sacrificing High Device Performance Adv. Mater. 201Q 22,
E247E253

(3) Liu, Y. H.; Zhao, J. B,; Li, Z. K.; Mu, C.; Ma W.; Hu, H. W,; Jiang, K.; Lin, H.
R.; Ade, H.; Yan,H. Aggregation and morphology control enablesiltiple
cases of higlefficiency polymer solar cellfNat. Commun2014, 5, 52935300.

(4) He, Z. C.; Xiao, B.; Liu, F.; Wu, H. B.; Xiao, S.; Wang, C.; Russell, T. P.; Cao, Y.
Singlejunction polymer solar cells ith high efficiency and photovoltagéat
Photon 2015 9, 174179.

(5) Inganas O. Organic photovoltaics: Avoiding indiud. Nat. Photon.2011, 5,
201~202.

(6) Ouyang, J.Yang, Y. Conducting polymer as transparent electric gldv.
Mater.2006 18, 2141,2144.

(7) Xia, Y. J; Sun, K; Ouyang, J. Y. SolutiofProcessed Metallic Conducting
Polymer Films as Transparent Electrode of Optoelectronic DeAcks Mater.
2012 24, 24362440

(8) Hagendorfer, H Lienau, K; Nishiwaki, S; Fella, C M.; Kranz, L; Uhl, A. R;;
Jaeger, D Luo, L.; Gretener, G Buecheler, S et.al. Highly Transparent and
Conductive ZnO: Al Thin Films from a Low Temperature Aqueous fwolut
Approach Adv. Mater2014, 26, 632636.

(9) Tung V. C,; Chen, L. M.; Allen, M. J.; Wassei, J. K.; Nelson, Kanet R. B,

Yang Y. Low-Temperature Solution Processing of Graphene,Carbon Nanotube
14



Page 15 of 26

(10)

(11)

(12)

(13)

(14)

(15)

(16)

(17)

Journal of Materials Chemistry A

Hybrid Materials for HighPerformance Transparent Condust Nano Letters
2009 9, 1949 1955

Konios D.; Petridis C.; Kakavelakis G; Sygletoy M.; Sawa, K.; Stratakis E.;
Kymakis, E. Reduced Graphene Oxide Micromesh Electrodes for Large Area,
Flexible, Organic Photovoltaic DeviceAdv. Funct. Mater. 2015, DOI:
10.1002/adfm.201404046

Yang L. Q.; Zzhang T.; Zhou, H. X.; Price, S. C.; Wiley, B. JYou, W.
SolutionProcessed Flexible Polymer Solar Cells with Silver Nanowire
ElectrodesACS Appl. Mater. Interface)11, 3, 40754084

Gug, F; Zhy, X. D.; Forberich, K; Krantz, J.; Stubhan, TSalinas, M.; Halik,

M.; Spallek, S.; Butz, B.; Spiecker, Eet. al. ITO-Free and Fully
SolutionProcessed Semitransparent Organic Solar Cells with High Fill Factors.
Adv EnergyMater. 2013 3, 10621067.

Jin, Y. X.; Li, L.; Cheng Y. R.; Kong, L.Q.; Pei, Q. B.; Xiao, F.Cohesively
Enhanced Conductivity and Adhesion of Flexible Silver Nanowire Networks by
Biocompatible Polymer Sdbel Transition Adv. Funct. Mater.2015 25,
1581-1587.

Han B.; Pei K.; Huang Y. L.; Zhang X. J; Rong Q. K, Lin, Q. G; Gug, Y. F,

Sun T. Y, Guog C. F; Carnahan, D.et al. Uniform Selorming Metallic
Network as a HiglPerformance Transparent Conductive Electrédab: Mater.
2014 26, 873877.

Kim, Y. H.; Sachse, CMachala, M. L, May, C,; Muller-Meskamp, L. Leo, K.
Highly Conductive PEDOT:PSS Electrode with Optimized Solvent andidder
PostTreatment for ITGFree Organic Solar Celladv. Funct. Mater2011, 21,
10761081

Alemu, D; Wei, H. Y, Ho, K. C; Chu, C. W. HighlyConductive PEDOT:PSS
Electrode bySimple Film Treatment withMiethanol for ITOGFreePolymer Solar
Cells. Energy Environ. Sck012 5, 96629671

Vosgueritchian, M. Lipomi, D. J; Bao, Z. A. Highly Conductive and

Transparent PEDOT:PSS Films with a Fluorosurfactant for Stretchable and
15



(18)

(19)

(20)

(21)

(22)

(23)

(24)

(25)

(26)

Journal of Materials Chemistry A Page 16 of 26

Flexible Transparent Electrodésdv. Funct. Mater2012 22, 421-428.

Zharg, W. F; Zhao, B. F.He, Z. C; Zhao, X. M; Wang, H. T, Yang, S. E.Wu,
H. B.; Cao, Y. HighEffciency ITO-Free Polymer Solar Cells Using Highly
Conductive PEDOT:PSSirfactant Bilayer Transparent Anodes Energy
Environ. Sci2013 6, 19561964.

Xia, Y. J; Zhang, H. M; Ouyang, J. Y. HighlyConductive PEDOT:PS&ilms
Prepared Through aTreatment with Zwitterions and Their Application in
PolymerPhotovoltaicCells. J. Mater. Chem201Q 20, 97439747.

Hu, X. T.; Chen L.; Zhang Y.; Hu, Q.; Yang J L.; Chen Y W. Largescale
Flexible and Highly Conductive Carbon Transparent Electrodes viat@&aill
Process and Its High Performance ismale ITOfree PSCsChem. Mater2014
26, 62936302

Kim, N.; Kee, S; Lee, S. H. Lee, B. H; Kahng, Y. H; Jo, Y.R.; Kim, B. J; Lee,
K. Highly Conductive PEDOT:PSS Nanlrils Induced by SolutiofProcessed
Crystallization Adv. Mater2014 26, 22682272

Kim, N.; Kang H; Lee J H.; Kee S; Lee S H.; Lee K Highly Conductive
All-Plastic Electrodes Fabricated Usimg Novel Chemically Controlled
TransferPrinting Method Adv. Mater2015 DOI: 10.1002/adma.2015000.78
Dobbelin M.; Marcilla, R.; Salsamendi, M.; PozGonzalo, C.; Carrasco, P. M;
MecerreyesD. Influence of lonic Liquids on the Electrical Conductivityda
Morphology of PEDOT:PSS Film&€hem. Mater2007, 19, 21472149.

Badre C.; Marquant L.; Alsayed A. M.; Hough, L. A. Highly Conductive
Poly(3,4ethylenedioxythiophene):Poly(styrenesulfonate) Films Using
1-Ethyl-3-methylimidazolium Tetracyanoborate lorLiquid. Adv Funct Mater.
2012 22, 2723t2727.

Roche, JD.; Gordon, CM.; Imrie, C. T.; Ingram, M D.; KennedyA. R.; Celsq
F. L.; Triolo, A. Application of Complementary Experimental Techniques
Characterization of the Phase Behaviof©@fsmim][PFs] and [Gsmim][PFg].
Chem. Mater2003 15, 3089-3097.

Zhou, Y. H.; Cheun, H.; Choi, S.; Potscavage, WJr].FuentesHernandez, C.;
16



Page 17 of 26

(27)

(28)

(29)

(30)

(31)

(32)

Journal of Materials Chemistry A

Kippelen, B.Indium Tin Oxide-Free andMetalFree SemitransparenOrganic
Solar Cells. Appl. Phys. Lett201Q 97, 153304

Peng, B. Guo, X; Cui, C. H; Zou, Y. P, Pan, C. Y. Li, Y. F. Performance
Improvement of Polymer Solar Cells by Using a SolventTreated
Poly(3,4-ethylenedioxythiophendoly(styrene sulfonate) Buffer Layer Appl.
Phys. Lett2011, 98, 243308.

Lee T. W, Chung, Y. S.Control of the Surface Composition of a
ConductingPolymer Complex Film to Tune the Work FunctioAdv. Funct.
Mater.2008 18, 22462252

Na, S. I; Wang, G Kim, S. S; Kim, T. W,; Oh, S. H; Yu, B. K, Lee, T; Kim,
D. Y. Evolution of Nanomorphology andAnisotropic Conductivity in
SolventModified PEDOT:PSSFilms for Polymeric Anodes ofPolymer Solar
Cells. J. Mater.Chem.2009 19, 90459053

Hsiao, Y S.; Whang, W T.; Chen C. P; Chen Y. C. High-conductivity
poly(3,4ethyleneibxythiophene):poly(styrene sulfonatefilm for use In
ITO-free polymer solar celld. Mater. Chem2008 18, 59485955

Kim, N.; Lee,B. H.; Choi, D.; Kim, G; Kim, H.; Kim, J. R.; Lee,J.; Kahng,Y.
H.; Lee K. Role of Interchain Coupling in the MetalliState of Conducting
PolymersPhys. Rev. Let2012 109, 1064051064009.

Zhou, W. H.; Shi, J. M,; Lv, L. J.; Chen L.; Chen Y. W. A mechanistic
investigation of morphologgvolution in P3HTPCBM films induced by liquid
crystalline molecules under extainelectric field Phys. Chem. Chem. Phys.

201517, 387-397.

17



Journal of Materials Chemistry A Page 18 of 26

Figure 1 a) Device architectures of the I[fitee BHJIPSC devices using
PH1000/LCIL films as the transparent anode, the chemical structures of LCIL b)
[C16MIM]PFs and c)[C1sMIm] BF4.
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Figure 2 Conductivities ofpristine PH1000 film, [CieMIm]PFes or [C1sMIM]BF4
modified AH1000films.
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Figure 3 AFM topography image of film¢a) PH1000film; (b) PH100Q[C1eMIm]PFs
film and (c)PH1000[C1sMIm]BF4film. All the imagesare S5pumx5um.
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Figure 4 The S() XPS spectra ofpristine PH1000 film,[CieMIm]PFs or
[C1eMIM]BF4 modified RH1000film (a) without etching, (c) after etching for 60 s, (e)
after etching for 120 sfhe F(13 XPSspectra ofpristine PH1000 film[C1sMIm]PFe

or [C1eMIm]BF4 modified RH1000film (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 (g)ristine PH1000film, and(b) [C1sMIMm]PFs
and (c) [C1eMIm]BF4 modified PH1000film, respectively. (dchematic illustration

of the mechanism d¥licrostructure of PI1000Induced by CILs.
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Table 1 Summary of the Photovoltaic performance of P3HFEBE! or

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

effective area of 18 mfMm

Jsc Average
Voc FF PCE Rs(¥f Rsii(t

Devices(18mn¥) (MmA PCE (%)
V) (%) (%) cn¥)  crY)

cm?)

Glass/ITO/ P VP Al 408B3HT:PG:BM/LiF/Al 6.15 0.62 63.0 24 235 484 17:3.4
Glass/PH1000/P3HT:RBM/LIiF/Al 0.33 059 254 005 0.03 1549.9 1/9-.8
Glass/PH1000/[@MIMm]PFe/P3HT:PG1BM/LIF/Al 6.22 0.60 66.5 25 2.50 46 16728
Glass/PH1000/[¢MIm]PF/P VP Al4083/P3HT:P@BM/LIF/Al  6.37 0.62 526 2.1 2.05 16.7 973.7
Glass/PH1000/[@GMIM]BF4/P3HT:PG1BM/LiF/Al 6.46 0.61 60.3 2.4 2.35 59 62/6
Glass/PH1000/[&MIm]BF4/P VP Al 4083/P3HT:P&BM/LIF/AlI  6.16 0.61 53.8 2.0 1.9 7.0 5:2.0
Glass/ITO/P/P Al 4083/PTB7:PC;:BM/PFNAI 1254 073 600 55 535 436 4€4.06
Glass/PH1000/[GMIm]PFs/PTB7:PC;1BM/PFNAI 10.54 072 60.3 46 450 848 370.03
Glass /PH1000/[GMIm]BF4/PTB7:PC1BM/PFNAI 11.19 072 56.1 45 435 918 39275
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Figure 6 TEM images of P3HT:P&BM films obtained from spitoated on (ajhe
pristine PH1000, the PH1000 film modified witftb) [CieMIM]PFs and (c)
[C16MIM] BF4.
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Figure 7 (a) JV curves of PTB7:P&BM BHJ-PSC devicesvith an effective area of
18 mn¥, using ITO,PH1000/[GeMIm]PFs and PH1000/[GeMIM]BF 4 films as the
transparent anodes. The measurements were carried out under AM 1.5G illumination
at an irradiation intensity of 100 mW &n(b) IPCE spectra of the solaells with

ITO, PH1000/[GeMIMm]PFs and PH1000/[GeMIM]BF4 films as the transparent

anodes base on PTB7:RBM active layer
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