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Abstract

The challeng®f continuous printingn high efficiercy large-area organic solar celis a keylimiting
factor for their widepreadcadoption We present a matersdesign concept farchieving largearea
solution coateall-polymer bulk heterojunctio(BHJ) solar celé with stablephase separation
morphologybetween the donor and acceptdihekey concepties in inhibitingstrongcrystallization of
donor and acceptor polymers, thus forgintermixed low crystallinty andmostlyamorphous blends.
Based on experiments using danand acceptors with different degree of crystallinity, our results

showed that microphase separated donor and acceptor domaiarsizesersely proportional to the


mailto:zbao@stanford.edu

crystallinity ofthe conjugated polymers. This methodolagfyusing low crystallinity dons and
acceptordastheadded benefit of forming consistent and robust morphology tlsinsensitive to
different processing conditions, allowg one toeasly scale up the printing process from a small scale
solution shearingoaterto a largescale ontinuous rolto-roll (R2R)printer.We were able to
continuously rolto-roll slot die print large area gtlolymer solar cells witppower conversion
efficiendesof 5%, withcombined cell areaputo 10 cmi. This is among the highesfficiendes

realized with R2R coated actiayerorganic materials on flexible substrate.

Introduction

Solar cells holdyreatpromiseas a dominartenewable energy source for human soéigt@rganic
solar cellsare intended fohigh throughputlow costmanufacturing on flexible substrate$heir capital
and energyayback timeis estimatedo be much shorterompared to silicon solar céll§ he low cost
combined with flexible cells may find applications as building integrated or wearable photovoltaics.
While there are severahallenges to make organic sotatlsa viable technolog impressive
improvemert to theefficiendesof organic solar cedl havebeen made througbptimizing active layer
absorption, energy level matchjrand morphologygontrof>’. A major challengeremains in the lack
of consistetcontrolof the solar cell morphology during the solution printing process, since the bulk
heterojunctior(BHJ) active layer morphologg highly sensitive to different processing conditithén
aBHJ structuredonorand acceptopolymersare mixed together to form a bicontinuous
interpenetrating network with large interfacial areas for efficient exciton dissociBtithactive layer
morphology iscritical for BHJ device performance, sincexcitonhas a limited diffusion length-(

20nm)°.

For organic BHJ solar cells, previous studies have shown that the domain size of theephesied

donorand acceptor blendthe degree of intermixinglegree of crystallinityand theinterfacial



molecularorientationall collectivelyaffectexciton generation, transppand dissociatioras well as
charge transport, recombination, collection, and ultimately power conversion efficiency'(PCED
date, gh performance organic solar cells &rgelyfabricated by spin coating on rigid glaasgbstrate
through labotintensivetesting of wide processing parameters. Unfortunateé/performancef solar
cells based on heavily optimized spin coating fabrication pragpeslly deterioratesrasticallywhen

scaled ugo usingan industrially relevanioll-to-roll (R2R) fabricationprocesss®.

All -polymer solar cells have been under rapid development reesndlly alternative to
polymer:fullerene cellsThey are desirable in terms\adrsatilityin molecular design to tune the
absorption range and the enhanced chemical and mechanical st#bifitidewever large phase
separation between donor and acceptdymerrepresents a major factor limiting the attainable device
efficiencies, especially the large domain sizes observed in recent t&poBy using a set of situ
andex situsoft and hard Xay sc#teringtechniqueswe foundthat crystallization of the donor and
acceptopolymersis responsible for the tgescalephase separation in aiblymer BHJ. Thelarge
domain sizeif muchbigger tharthetypical exciton diffusion lengttof 10-20 nm, is undesirable due
this resulting irinefficient exciton splitting®. On the other hand,igher crysallinity could improvethe
charge carrier mobility, and thereby facilitate charge collection and enhance the fifi. tdotoever,
theenhanced charge carrier mobility is usualtgompaiedby the loss of excitoharvesting due to

large phase separation between donors and accéptors

It is relatively easy to enhantee polymerblend phase segregation and crystallinitypbgt
deposition thermal or solvent vapor anneditrig addition ofnucleaion agens, and the employment of
high-boiling-point solvent additive2”. These methosare effective foimproving PCEs for some
polymer solar cells systems, suchpasy(3-hexylthiophene)®R3HT): phenyC61-butyric-acidmethyt
ester(PCBM) system, where the degree of crystallirdtydphase separation upon solution prosess
arelow (e.g. < 10 nm)However these aréess effective for alpolymer solar cells, sindbe polymers
have a tendency to form large phase domains after deposition (e.g. > 100 nm). Additional annealing
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further increases domain sizéius for altpolymer solar cellsthere is a more pressing neecttmtrol
the phaseseparation to improvexcitonsplitting into free charge carriershis can be achieved through
reducing the tendency of polymer to crystalif@r examplequenching the polymer from itaelt state
to inhibit its crystallizationpr usinglow boiling point solventso allow fast solvent evaporation are
among somstrategieseported®. Increasingnolecular weight otonjugategpolymeralso could
decrease itsrystallinity. However, thgpolymersmay be difficult to process due to decreased

solubility?®,

In this work, weusein situgrazingincidenceX-ray scattering (GIXD) to characterize tthemain
formation during film casting process and together with resonant s@fy Xcattering (RSoXs) to
determinghe corresponding domain size. We found that reducingryfs¢allinity of conjugated
polymers is an effective way to control their phasgasationin theBHJ. We chosdour pairs ofdonors
and accept@with different degregof crystallinity. Reduced polymecrystallinity was foundo help
suppresshedriving force for phaseeparationThis understanding allowed us to select donor and
acceptoipolymer pairs that can be coatetiably anduniformly by R2R coatingvith efficiency up to
5% with module size up to 10 ém This work represersone of highestreportedR2R coated aH

polymer solar celfs!>303,

Results

Controlling phase separation size scale by tuning polymer crystallinity

Polymer crystallization is commonly observed for traditional commaodity pokyreech as
polyethylene and nylorS. The mechanicaind optical propeigsof a polymerarehighly linked to its
degree of crystallinit?. Thus tuning and controlling the crystallinity of polymmbas beenraimportant
topicin polymer physics for the past few decad&sailarly, this concept is important faonjugated
polymer as they typically adopemicrystallinemorphologywhen processed from solvents, and the
crystalline structure of conjugated polymer has been closely linked to their device perfdfittaite
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crystalline domains are also important for organic solar cells pwigener crystallization is believed to
be the driving force for phase separation between donor and acceptor polymeolgraér sola
cells’?, Previouslywe reportedluid-enhanced crystal engineeri(fL UENCE) contol of nucleation

density to reduce domain size in-ptilymer solar cell$!
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Figure 1. R2R printing of all-polymer solar cells(a) lllustration of BHJ morphology for intermixed donor and polymer
chains. Red lines represent the donor chain and blue lines represent the acceptor chain. (b) the R2R printing uiging a slot d
coater setp. Top figure show the zoom in view of the gl coating process. (c) Chemical structure of two isoinrdigo
based donor polymers usedtls work. In the right plotthe degree fapolymerization ratio betweevi=90 and X=10
determines thpercentage of P@olystyreneksidechain. Schematic opacking structure with regular branched alkyl side

chains and bulky PS sidsainswere shown next to ifd) Chemical structure of the acceptor polymers PNDIT and PPDIT.

In thiswork, wefirst investigate the crystallizationbehavior of four combinations of donor and
acceptomith differentcrystallinity by in situ GIXD. An irregular bulkypolymersidechainis usedo

disrupt the packing of polymehairsto inhibit crystallizatiorandform amorphous polymer blends



(Figure 1a). We then used this amorphous polymer blerid2R printing of allpolymer solar cells by
a custom built mini R2R coatefFigure 1b). The wse of airregular bulkypolymersidechainis a
fundamentdy different way to control the phase separafi@mm previousmethods, which rely oase

of kinetic trapping the polymer iranon-equilibrium statehrough fast solvent drying or coolingo

form crystallitesthe polymer chains must pack regularly in a defined fashion in a Bttidany factors
could affect the crystallization process. For example, regioregularity has been krsivamgyaffect
polymer packingf“3 Regiorandomness prevents a polymer from forming-oreléred crystalline
domains. Regiorandom P3HT showed reduced mobility in field effect transistors due to its low
crystallinity*®. By introducinga polymerside-chain regiorandomly into the backbomieeconjugated
polymer isinhibited fromcrystaliang even whent is given sufficient time using high boiling point
solvent.The same phenomenon was reported for polyethylene polymers by using an irregular side

chairf®,

Shown in Figure 1c are two isoindigebased conjugated polymdiII2T), one withbranched
alkyl side-chains andthe other with 90% alkykide-chainsand10% polystyrene (PS) randomly
copolymerizedPII2T-PS) In this studythe oligomerid®?Ssidechainhasa molecular weight of.6
kDa and polydispersity of 1.08 ahds anuchhigher Mwthan thebrarchedalkyl sidechain gight and
ten carbos with amolecular weight 0f0.3 kDa) Such longand randomly placeBS chaingreatea
bulky side-chaineffectthatwe hopedisturts the regular chain packing, as shown in cartoon illustration
of Figure 1c. To test if PS sidehains have an effect on the polymer crystalline structoté, b
polymers werdirst spin-coated on silicon substratEom chlorobenzensolutions and characterized
by grazing incidence Xay diffraction (GIXD),shown inFigure 2a, b. The o polymers showed
remarkabldifferences in the diffractiopatterns P112T with highly regularbranched alkyl sidehains
showeda higher degree of ordering as evidenced by the sharp and numerous lamella diffraction peaks.
Up to forth ordetamelladiffraction (or (h00))peakswere clearly observed near the meridiagy (d@ar

0). With thebulky PSsidechains the ordeing of PII2T-PS was severely disruptaddthus showed



only weak and broad diffraction peaks in tamellae(100)packingdirection.Due to this bulky side

chain effect, the lamella peak position was increased from 0.252.85nm) for PI12T to 0.213 A

(2.95 nm) for PII2TPS. Meanwhile, the full width at half maximum (FWHM) increased from 08025

to 0.071A, indicating thatthe coherence length dropped by a factor of 3. Quantitative comparison of
relative degree of crystallinity (RDoC) between different polymer crystalline structures is difficult due
to different molecular packintf. Thus here we only qualitatilyecompare the differare betweerthe

two polymers.PIlI2T-PSshowed 70% lower integrated peak intensity after geometry correction,
compared to PII2T, suggesting a significantly lower degree of crystallirotjurther confirm that the
reduced integrated peak intensity for PHR® is not due to a kinetically trapped rexquilibrium state,

we measured GIXD of PlI2"PSspin coatedrom a high boiling pointing(B.P.)solvent 1,2-
dichlorobenzen¢ODCB), (B.P.of 180€C), with or withoutsubsequent thermalanneat g at 200 ¢
(See Supportingigure S-1). Both samples showed similaeak positions anldw extent ofcrystallire
ordering, @spite that the molecular orientation changed from-éect®> edgeonwhen processed from
ODCB with and without subsequent thermal annealiingis, we conclude that the PIEPS polymer
adops less crystalline domains (more amorphous domains) regaafldgferent processing

conditions, ananore importantly that such a low crystallinity stateds trapped iranon-equilibrium
state.Thisis in contrast tsome other conjugatgablymers. For example, whé&BHT polymers are
processedrom alow boiling point solvenie.g. chloroform), they adanetically trapped into low
crystallinity staté*>#’. Uponthermalannealing or procesg from ahigh boiling point solvent, the

crystallinity of the P3HT polymer improves.

We further investigated the crystallization process of PII2T and FRIRih CB using realime
X-ray diffraction during solution shearing printing to understand the crystallization of the donor
polymers during solution processirihe detailed experimental sgb was reported previousfy The
reattime experiments were measured at B@Oper frameontinuouslyafter thesolutionwassheared

ontoasilicon substrateThe 2D GIXD images were reduced into one dimensional (1D) scattering



intensity vs scattering vector by usinglee cut in theout-of-plane(Q;) direction (amellaechain
packingdirection), and a three dimensional (3D) plot of scattering intensity, scattering vector, and
drying time are showhigure 2a,b. The peak fitting and analysis were performed as previously
reported® The peak position, FWHM, peak intensity, and film thickness plots are provided in the
supplementaryigure S-2. PI12T wasinitially fully dissolved n thewet film (15 mg/ml). As the drying
procesgroceededthe polymer crystéiked as indicated by thecreasan the (100) diffraction intensity
at a critical concentration of 30 mg/rilhe intensitysteadilyincreasedvith drying timeuntil the film
was fully dried The process is very similar to the drying process of neat P3HT as previously réported
The (200 lamelladiffraction peaks weralsopresent in the scattering profileven aa shortt00ms
exposure timeln contrast PII2T-PSshoweda much lower scattering intensityhich did notshow
substantiaincrease with increased drying tinfEigure 2b). Only a very weak and broad peak was
observedData analysis based on those weak diffraction peaks was not performed due to large
uncertainty in peak fittinglhesen situresults combined withx situX-ray scatteringndicatethat with
bulky irregular PSidechainadded, the conjugated polymer showed inhibited crystallization during

solutioncasting
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Figure 2, In situ and ex situGIXD study of all-polymer solar cells(a,b), two acceptor polyme(c,f) and their respective
all-polymersolar cell blends (dPlI2T/PNDIT; e, PII2T-PS/PNDIT;g, PII2T/PPDIT;, h, PlII2T-PS/PPDIJ. All the in situ
GIXD figures areplots of the scattering intensity with respect to scattering veetdtsdifferent drying ime. The inset in the
upperright corner of each figure are the ex situ GIXDhe high crystallinity PII2T showed an intense peak (100) as well as
a weak (200)n the situ GIXD datawhile the low crystallinity PI1I27PS showed no peaks. All the data hagen normalized

to the scaering volume and exposure timdote that the intensity signal near g = 0.1 @mes from specular beam and is

not (100) in figure h.
Next we investigatthe crystallizationbehavior othetwo acceptor polymerdhechemical
structures ohaphthalene diimidéPNDIT) andperylene diimidgPPDIT) based acceptoeshown in

Figure 1d. These two polymerare chosen as they asidely used acceptor polymers in-plblymer



solar cells. Blends were spin coated on silisobstrates and characterized by Glgure 2 c, f
insert). PNDIT showsoth a smaller FWHM and higher total integrated peak intetisaty PPDIT
acceptors based on their alkyl (100) diffraction peak ¢@ea supporting Table I)herefore, it is

categorizedhs crystalline while PPDIT is categorized as oystalline

Four donor/acceptor blends were processed into Biklsdy therelationship between the
phase separation size scafel their crystallinitiesPII2T (crystalline)PNDIT (crystalline), PII2T
(crystalline)/PPDIT{low crystalling, PII2T-PS(low crystalling/PNDIT (crystalline),andPII2T-PS
(low crystalline)/PPDIT{low crystalline)(Figure 2 c¢,d,g,h).The polymer solar cells were processed
from 1:1 blend donor/acceptor ink anlorokenzenea t 3 Bhe (¥0Q) diffraction pealtrom PII2T
dominated the GIXD patterrdier PII2T/PNDIT (Figure 2d) and PII2T/PPDIT Figure 2g) blends.

During the drying process, tfI12T(100) lamella peak intensity increasantil the film fully dried. On
the other handjo donor polymer diffraction peak was observed by in situ GIXD, possibly due to
overlap of the stronger lamella peaks. Only diffraction peaks from PNDIT were observed for PI12T
PS/PNDIT Figure 2¢), and no diffraction peaks were observedRII2T-PS/PPDIT Figure 2h). Ex

situ GIXD imagesFigure 2 d,e,g,hinsets) offer a closer look at the crystallinity for thepadlymer

solar cells.A longer exposure time (180s) improves signal to noise ratio. The diffractiosvpesk
fitted and tke results are shown in supporting information Table 1. AdditionallyGryetallization of

two polymerdfor four donoracceptompairs were determined to be independent of each other (orho co
crystallite was formed)Figure 2 d,e,g,h) Line cut of the GXD pattern in lamella packing directi@t
Qxy=0is shown in th&igure S-3. The crystalline donandacceptopolymers blends (e.g.
PHI2T/PNDIT) showed similar FWHM as the neat polymer scattering peaks, indicating the donor
polymer maintained its crystalline state in the blend film. While in the low crystallinePi&dnd
PPDIT blend, the FWHIIfor both donorand acceptoarehigher thantheir crystallineanalogs

indicatingless orderedrystallinedomains
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Domain size characterization:

The phase separation size séaleurdonor and acceptor polymer blengereobtained from
resonant soft Xay scatterindRSoX9 (Figure 3 a,c). Thestrongly anisotropic scattering profile is
due to several reasons. First, the directioingihg of polymer solution by solution sheariogates
chain alignmentwhichwas discusseith detail inour previous publicatidfi. Only thepolymer hains
alignedalong the shearing directimould interact wittthe electromagnetic fiel@® The scattering
images were collected at highest contrast betweemsterialsrespectively, which were calculated
from the NEXAFS(See suppoing Figure $4). Thel-D RSoXSpatterns wereeduced from 2D
scattering profileghrougha cake slicén the horizontalirection (shown irFigure 3c). Additionally, a
vertical cake slice andarcular average-D diffraction profile isprovidedin Figure S-4. The
scatteringn horizontal and vertical direction is slightly different, but a general trend for phase
separation size scale is observed for all four polymersisladarge phase separation size scale was
found to be always associated with a high relative degree of crystallinity of at least one of the polymers
in the blendsThe P112T(crystalline)/PNDIT(crystalline) showethelargest phase separatisize, as
evidenced by the intensity from RSoXS concentrated in the low g regiguie 3 ¢). Whenthe donor
in the active layer was replaced by a low crystalline polyn®2T-PSPNDIT), thephase separation
size scalelecreased compared to both syst@anwhich both daor and acceptors are highly crystalline
Thephaseseparatiorsizeof all-polymer solar cells wasbtained by finding the structure factor between
two domaingpeak in the scatterinfigr RSoXS where a peak is obseruedhe peak of the scattering
invariant (intensity multiply by scattering vector squarng*f)) vs scattering vector q plot were fitted to
find scattering profile peak. This peak&ated to the averadlee phase separatiespacingoetween
donor and acceptor polymers. The valuplefse separation size scaeshown in Table 2. Similar
results were observed previou<€lfhe smallest phase separation size scale oh#¥®btained by
structure factor ofhetwo polymer blendswas formed by aombination of low crystallinitglonor awl

acceptorpair, as crystallizatioimduced phase separation was suppressed.
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The domain purity of each conjugated polymer blend is calculated based on total scattering
intensity (TSI} For different polymer blends, tiseatteringcontrast between two puneateralswas
measuredbased omear edge Xay absorption fine structu(@lEXAFS) of eachpurepolymerthin film,
as shownn Figure 3(b). The domain purify calculatiois discussedietail in thesupplementaryigure
S-4. We found that with strong crystallim®nor materials (PII12T), theothain purity is relative high.
ThePI112T-PSPNDIT showed 60% lower domain purity and ®P#2T-PSPPDIT showed 78%ower
domain puritycompared to two crystalline polymielends since the amorphous polymeng more

likely to intermixeachother(Supporting table?).

Solar cell characterization

To illustratethe influence of morphologgn photophysicapropeties solar cells based on the above
donor/acceptor blends were fabricated by spin coating ink$&ase/ff O/ZnO (30 nm) substrates, and
subsequent thermal evaporation of M¢@C6 nm) and Ag (150 nm) as the top electrode. HGE& of the
all-polymer solar deviceareshown inTable 1 and Figure 31, comparing different phase separation
size scalesThe performance follows a trend closely associated with the phase separation size scale
between the donor and acceptdsingalow crystallinitydonor/acceptoblendis found to beeffective

for reducing the phase separation size sgatethusuch a bled also showed an enhancedar cell

performance.

Based orthe above morphology and device studigs found that tuning the crystallinity offea
simpleway to suppressnfavorablgphaseseparation between the donor and acceptor polydsang a
low crydalline donor/acceptqgrair gives the smallest phase separation size scale, which is important for

efficient exciton splittingat donov¥acceptor interfaceas can be seen by the increaskdn

Table 1: device performance forall-polymer solar cells based on different degree of crystallinity
12



2
Materials PCE/% Js/MA et VodV FF Phase Separatinm Relative domain purity

PII2T+PNDIT 0.47 1.14 0.88 0.47 >600 0.89
PII2T+PPDIT 1.28 2.90 0.88 0.50 >600 1
PlI2T-PS+PNDIT 1.15 3.15 0.83 0.44 150 0.40
PII2T-PS+PPDIT 3.71 8.51 0.87 0.50 70 0.22

aThe structure factor of the blend polymer system is obtained from Bragg relation usipgathérom the corresponding I*q*egrsus q
plots (vertical sector). Both plots are shown in Sl Figuf&Domain purity calculation is based on the total scattering intensjiglgier
blend fromRSoXsmeasuremer(supporting table 2)
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Figure 3: RSoXS characterization of the ternary films The phase separation size scale of thepalymer solar

cells ishigh dependent of crystallinity of donor and acceptor polyfa@2D RSoXSresuls for thefour polymer

blends. (b) Plot of RSoXs scattering contrast between donor and acceptor polymer at different a&ssrgyng

the polymer has a density of 1.Lgf. (c) Scattering intensity vs scattering vector plot for the four polymer blends

at their highest scattering contrast for each combination. The scattering profile at 270 eV is provided at the
supporting Figure 4. (d) Device performance for four diffetgoolymer blends. The phase separation size scale

was found to be closely linked to the device performance.

Low crystallinity D/A blend morphology insensitive to process conditions

Next, we perforradsolution printingof all-polymer solar cells. Wfirstused a solution shearing coater
to investigate the polymer morphology for PHPE and PP blends The solution shearing coater
has the benefit of having the same menisquided drying process which closely resembled the R2R
slot die coater, butsesonly 10 pl of solutionper processingondition. Typically,10 mgof conjugated
polymer is sufficiento screen differerprocessingonditionsto obtain optimized device morphology.
This is highlyadvantageouas largescale reproducibland inexpasivesynthesis opolymer remaing
topic ofresearcff. Theactive layersPII2T-PS and PPDITveresolutionsheared at various speeds
from their chlorobenzener toluene solutioson the eletrorrtranportingzinc oxide layer on ITO/glass.

The ZnO layer was fabricatdxy spin coating of @okgel ZnO precurso?.

First, we observed strong dependena# the film thicknes®n thesolution shearing speedstwo

distinct regions. At a lower shearing speed, e.g. slower than 0.5 mm/s, the thickness of the solid films
decreasewith increasing shearing spee$ shown ifrigure 4a This is calledhe evaporation region,
where the meniscudrying rate is similar as the coating spe€lde surface tension of the ink is strong
enough to hold the meniscus along the moving blatlaslower shearing speed, threeniscuss near

the drying front and ¢hickerfilm is formed When shearing speed is higher than 5 mm/s, the trend is
reversedand the dried film thickness increased with increasing shearing speed. This ishealled

LandauLevich region, in which théastmovingbladeleaves behind a wet film withdrying similar to

14



a drop cast film. Typicallythe morphologybtained fronthese two regnesare differentdue to
different dryingtime, dynamic and shearing force. Howevém,this casewith the two lowcrystallinity
polymer blendsthe performancefdhe devices sheared from those two different reggmasot much
different if the film thicknesss of two devices a®milar. TheJsc reaches the maximum when the film
thicknesss 90 nm.In thicker film the absorption increases, however, more reca@unbinmof charge
carriers alsdakes place. Thus, from 90 nm to 150 nm, the film thickness increases, wile the
remains the same evémoughthe absorption is slightly differenThe integrated photocurrent from
external quantum efficiency (EQE) datadure 4 c,d matches with the photocurrent obtained from a

solar simulator.

The hase separation size betwekadonos and acceptain the polymer blends wasyainexamined
by RSoXS.The 2D RSoXS images are shown in the supplemerfaggyre S-6. Theanisotropic
scattering profile is similar to ismdigo based polymer due stightly aligned polymer chainsom
solution shearingas discussed in previous sectidhe scattering image wésenreduced to intensity
vs scattering vector and shownFigure 4 b, The shape afhescattering profilesirealmost identical
with different shearing speedshowing that the phase separation between different processing
conditions does not changgince the phase separation length scales are similar, the efficiency of
exciton dissociatioshould be the same. Electron and hole mobilities in the active films with different
shearing speeds are measured. Sgece chargkémited current(SCLC) mobilities are extracted and
plottedin Figure S-7.[xc2iConsistent with the arguments aboveelectron and holenobilitiesare
found to be independent of the shearingexpWith these twieces of evidengave conclude¢hatthe
strongcorrelation between thém thickness and thédscis due to thensensitivity of themorphology to

different processing conditions.

The fact that such a stabierphologycan beobtaineddespitedifferent coating speeads attributed to

the low crystallinityof the donor and acceptor polymePseviousy, morphology controdf solution
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procesedsolar cels has focusedn polymerfullereneBHJSY. The PCBM-based solar cellsaveshown
strongdependence oprocessing conditigdue to fast diffusion of PCBMhis isunderstandablas
PCBM is a small moleculthat has a high diffusion coefficieadmpared to polymet$ Thus,
controlling the morphologgf the final device isather difficult in polymer:fullerene BHJI®ifferent
technique have been used to optimize the morphology, including additfyesivent treatmenaind
thermal treatment In contrast, the highly stable morphologyoofr all-polymer BHJs is likely due to
several reasonsirBt, the irregular polymesidechairsis the keyfor inhibiting polymers from phase
separabn due to crystallizatianSecond, the relatiyelarge molecular weigtthat we usedesults in
highly entangled donor and acceptor polymer chawhich further slows down tlgpontaneous phase
segregationTo takeadvantagef this effect arelativelyhigh molecular weight donor or acceptor
polymer is require@s polymer chain mobility is reduced with longer chain lenigklthis work, the
molecular weight was measured by high temperatizeeexclusion chromatograpf§EC).P112T-PS
has a molecular weight of 40 kDa. Td@nor polymesolutioneasily get when it is leftat the room
temperatur@vernight Higher molecular weight polymer may also have the added benefit of reduced

crystallinity as observed by other groehs
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Figure 4, Morphology and device characteristic forsolution shearedall-polymer solar cells.(a) Film
thickness and short circuit solar cell device currégtat different shearing speeds. B$oXSfor all-polymer
solar cells printed atifferentspeeds in the evaporation regime and Lardatich regime(c,d) EQE plots of
solar cell devices printed at different speeds in the evaporation regime (c) and-Lawidauregime (d)A

stableall-polymermorphology thats insensitive to diffeent solution processing conditions was observed.

R2R printing of all-polymer solar cells.

After the above investigatioof printed polymer solar cellssingthe solutionshearing coater, we
moved toscaleup usingR2R printing. Sinceur low crystallinty all-polymer solar cell blends showed
very stable morpholggduring solution shearingith differentshearingconditions thismorphologyis
ideal forR2R coatingWe custom built a mini R2R coater in our lab as showfigare 5a. Our group
previouslyreported the implementation of this coateasynchrotron beamline for retime X-ray

diffractionto performin situ polymermorphology stuiks®. A flexible PETITO substrate is used #se
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substratddottom electrodeThe ink was delivered via a syringe pump througblgtptrafluoroethylene
(PTFE) tube to a slalie coater head'he thickness of the R2R printed film is controlled by varying the
syringe pump feed rate and substraébd speedA ZnO layer was first printedollowed by the BHJ

blend layer.

First, the electron transpary) ZnO layer was optimizefbr the R2R printig processThe ZnO layer
used inthe solution shearingnethodwasprocessed by a sgel method, which requed modest heating
up to 200PC after the precursor is depositédcommerciallyavailable sourcdifinity PV Inc.) was
used The PETITO substratevas used without UNDzone treatmerdndthus poor wettindpehavior
caused pooZnO coverage on ITO at low printing speé8upporting Figure S-8). A higher printing
speed improvethe surface coveragaduniformity. The thickness of ZnO laygrassystematically
variedand optimizedA ~30 nmthicknessvas found to béhebest for device performancehe

detailed study for optimizing the ZnO layismreported irSupporting InformationNext, the active layer
thickness was varied from 50 to 120 ntradixed ZnO thickness of 30 niWe found thatan active

BHJ film thickness of ~100 nm gave the best device performanbe.thickness of the coated BHJ film
can be monitored by the absorption intensity of the film, which indidhtgta less than 4% vetion in
thicknesswvasachievedvermeters long continuoushyoated film, ashown inFigure S-9 and

supplementaryideo.

The top electrode was thermaélyaporaédwith 15nm MoOs as the hole transport layand 150nm
Ag as the anodé& he final device haa overalllarge device areeonsisting of individual pixels of 0.12
cm? as shown irFigure 5¢c. We highlight the fact thahe maximum printedievice areds not limited to
10 cnt due to the continuous nature of R2R printifige sizdimitation for thedevice in outabis due
to thesize ofthethermal evaporatoihe device showed an averd®@E 0f4.1% over 12 measured

cells and the best PCE of 49%4 TheJsc was9.58 mAcm?, Voc was0.989 \, andthe FF was0.45,
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which is slighly lower than thesolutionshearedievice. We demonstrated the use of a R2R printed

flexible all polymer solar cell to power an electronic watch under sunlight (as shdugune 5f).

device strucutre

~
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Figure 5. The R2R printing of large area solar cell§a) Photograptof the R2R printer saip. A zoom in

view of the slot die coater is also shoga) photograph of a printed roll of solar cell with ZnO and active layer.
(c) Photograplof solar during the fabrication proce§som top to bottom are photos of PET/ITO sinate,
substrate after coated with ZnO and BHJ layer, and aftersMo@silver deposition. (dljustrationof the

device structure for the constructed R2R printed solar ¢eJl3-V curveof a champiorR2R printed solar cell
tested in a glove baxnder AM 1.5Gsimulatedsunlight (f) A photo of R2R coated flexible solar cells to power

an electronic watch.

Extending the selection criteria to other polymers for R2R coated albolymer solar cells

The abovevork suggestshat selection of loverystallinity donor and acceptor polymeage highly
desirable for R2R fabrication of solar cells whielsult in smaller domain sizes and stable coating

morphology regardless of coating speede tééted another polymepmbination of PTBZTh!1:5658
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which is low crystalliity donor, together with PNDIOI2 (or N2200), ighly crystallire acceptot®.
The fabricated cells did not perform well. The RSoXS scattering profileT&7-Th/PNDIOD-T2
mostly concentrated in the low q scattering area, indicating large phase separation between the donor
and acceptor, larger than 300 nm, which mostly likely duzrystalline nature of the acceptor polymer
(Figure S-10). We then seleetlanother acceptor polymer wihPTCDI core copolymerized with vinyl
group PPDIE as the acceptor polymer with PTBH (Figure 6a)°°. This acceptor polymer showed
more disordered morphology as indicated by the weak diffrapttiern Eigure 6b). The observed
phase separation size was indeed much smaller compared to PNRIFIyure 6¢). This
donor/acceptocombinationgenerated higherJsc, due togoodspectruncoverageof the donor

polymer and slightly improved fill factor due to improved charge mobiligspite a drop in théoc.
TheR2R coatedlevice showedraaveragePCE of 5.0% and mmaximumPCE 0f5.1%. TheJscis 15.5
mA/cn? andVocis 0.64V and a FF of G0 (Figure 6d). A histogram of the device performance is
shown inFigure 6e.The cellperformanceavas also verifiedh anotherc o a u tldb,avhiéhgonfirmed
the obtained performance of the solar catishown irFigure S-12. This R2R slot die continuously

printed active layer on flexible substrate is highest reported up t¢kigtee 6f).
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Figure 6:Morphology and device characteristics onother R2R printed all-polymer solar celk.
(a) Chemical structures of PTHH and PPDIE polymer. (b) GIXD diffraction patterns for PTHY,
PTB7-Th/PPDIE, and PPDIE. (c) RSoXS scattering profile for P-TBAPPDIE BHJsat 287 eV The
scattering profile at 270 ev is the supporting FiguEL$d) J-V curve of the champion PTB7
Th/PPDIE solar cell device. (e) A histogramdaivice performanct®r all-polymer solar cellgf) A

comparison of the performance with previeeportedR2R continuous printed solar célf§343¢
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