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Abstract

Side-chain fluorination of conjugated polymers hasn proved to be a highly effective approach
for optimizing optical and electrical propertiestbé relative polymers. However, current studies
on the fluorination are all based on symmetric mal@r structures. In this work, two new D-A
type photovoltaic polymers, namely BDTBT and PIE.+DTxBT, based on asymmetric
indenothiophene (IT) donor units with alkoxyphemyl fluoroalkoxyphenyl substituents were
designed and synthesized. Effects of the fluorutesstution in the asymmetric IT donor units on
the electronic structure, ordering structure, pholtaic properties, and charge generation and
recombination dynamics were investigated. It isnfbuthat side-chain fluorination in the
asymmetric donor units of the D-A polymers endoweslrelative polymer with a deeper HOMO
level, higher and more balanced charge mobilitesreased charge dissociation efficiency and
reduced bimolecular recombination. As a result, iblx heterojunction solar cell based on the
blend film of PITrn+DTxBT and PG:BM demonstrated an efficiency of 7.03%, whereasctik
efficiency based on PF-DTBT was only 5.68%. These results indicate thatdmsign strategy
by introducing a fluoroalkoxyphenyl unit as sideairhto fabricate asymmetric IT-based polymer
is efficient in improving the photovoltaic performze. We believe that the results provide new
insights into the design of high-performance semitating photovoltaic polymers.
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Introduction

The past decade has witnessed the rapid improveiepblymer solar cells (PSCs) with
advantages of low-cost, light weight, and flexiyilt? Generally, efficient PSCs adopt a bulk
heterojunction structure with a p-type conjugatemlymer as donor and a n-type material
(fullerene derivatives, nonfullerene small-moleculaonjugated polymers) as acceptor®
Fullerene derivatives, such as #BM ([6,6]-phenylGbutyric acid methyl ester) and ICBA
(indene-Ggbisadduct), are one of the most widely used accaptterials in PSCs. The great
success of PEBM or ICBA could be ascribed to their fundamentabperties, including high
electron affinity and electron mobility, and alyilio form appropriate phase separafiot lot of



literatures have focused on the design of highfigieht donors matched with fullerene acceptor,
leading to devices with power conversion efficiescfPCEs) over 109

Recently, asymmetric structural materials, inclgdmolymer or small-molecule, have caused
increasing attention. Compared with symmetric yrasymmetric structures can induce higher
dipole moment which can strongly influence molecsklf-assembly and resultantly improve the
order and crystallinity in BHJ film$® With the increase of dipole moment, the intramolac
charge transfer (ICT) effect will be enhanced, thasulting in the higher charge carrier
mobility.'**”! Furthermore, it has been proven that the asymestriictures also efficiently
decrease the highest occupied molecular orbital M@ values of the corresponding
polymersi®*°*\which would be beneficial for higher.yachieved for the relative devices. For
example, in order to achieve a donor unit with apdelOMO level and goodJand FF values,
Hoang et a” designed a new BDT monomer, bearing an alkoxymmuone side of the moiety
and an alkyl group on the other side. This strategth reduced the HOMO energy level and
maintained ¢ and FF compared to the dialkoxy-BDT polymer. Gal&t" synthesized a new D-A
type polymer (PBDF,-DTBT) based on alkylthienyl asymmetric BDT and thellilkeown
4,7-di(thiophen-2-ethylhexyl)-5,6-difluoro-2,1,3#mothiadiazole  (D§BT), the optimized
PBDTy,-DT#BT based device exhibited a\of 0.87 V, a & of 15.06 mA crif, FF of 70.4% and

a high PCE of 9.22%. The PCE is higher than theérobpolymers which have the same backbone
structure but have the 1D (8.3%) or 2D (6.2%) symimeubstituted BDT unit. Guo et &f!
designed and synthesized a small molecule named’DRB based on BDT with an asymmetric
side chain as donor material for solution-proceds@k heterojunction solar cells. The optimized
device exhibits a high PCE of 8.18% with an outdiag FF of 73%. These results demonstrated
that the asymmetric BDT unit could be a promisingding block for photovoltaic materials with
high efficiencies and high fill factors. Indenotpiene (IT), an asymmetric counterpart of
indacenothiophene (IDT), was ultilized by Wang ¥ as the donor unit for building D-A
copolymers. These PSCs based on IT copolymersfaenel to exhibit the highest PCE of 9.14%,
meanwhile with a high ) of 1.0 V. Kim et al** synthesized a new asymmetric n-type
semiconducting molecule (PhITBD) with an indenogiiene core. The relative PSC with
asymmetric PhITBD displayed improved PCE of 6.5®&ampared to those with the symmetric
molecular backbone.

In addition, it has been demonstrated that sidéacfiaorination of conjugated polymers is a
highly effective approach for optimizing opticaldaalectrical properties of the relative polymers,
thus improving the photovoltaic performance of dtdine-based PSE3324" Given the strong
electron-withdrawing nature, introduction of flumei can effectively lower the HOMO and
LUMO energy levels while minimally changing enerdpand gap (B, resulting in the
enhancement of )[27:2°333%3%41 |5 addition, it is also believed that the fluorineom offers
noncovalent attractive interactions with the hyanmogr sulfur atoms (FH or F'S), which can
promote the molecular planarity and intermolecidasembly, and therefore the crystallinity
without introducing any steric hindrance. This ofteads to enhanced charge mobility of the
polymerst®® Furthermore, fluorination can tune the polarity thé polymers and control the
interfacial interaction with fullerenes, resultimgimproved BHJ morphology with smaller phase
domains and larger interfacial areas, thus incngaie exciton dissociation and enhanciggidd

FF valued®™ All these features are expected to improve PS@mpeance. However, as far as we
know, current studies on the side-chain fluorinatiare all based on symmetric molecular



structures. Therefore, whether fluorination on asytnic structure has the same effect mentioned
above still needs to be further studied.

Herein, we designed and synthesized two novel Depotymers, named Ppi-DT«BT and
PITeDT4BT, based on the indenothiophene donor unit and
4,7-di(thiophen-2-ethylhexyl)-5,6-difluoro-2,1,3#mothiadiazole  (DFBT), a well-known
acceptor unit. These two polymers feature asymmetdenothiophene core with lower numbers
of alkyl chains and different numbers of fluorineras (0 and 1) in the side chains of the donor
units. The effect of the side—chain fluorinationtbe performance of the PSCs was investigated
systematically. We found that, side chain fluorimathas a remarkable impact on the properties of
the polymers and the relative device performanast,Rhe fluorinated PIH,+DT¢BT polymer
shows lower HOMO and LUMO levels, thus improving t,. values (0.81 V for PIg-DTBT
device and 0.84 V for PE-DT¢BT device). In addition, fluorination is beneficifair enhancing
charge mobility and promoting exciton dissociatisith suppressed recombination process,
thereby significantly improving both sJ and FF values. Furthermore, compared with
nonfluorinated PIE-DT#BT, the side-chain fluorination of P#DTx#BT facilitates the
formation of favorable BHJ morphology with smallgsie domains. As a result, the IDTzBT

cell exhibited moderate PCE of up to 5.68%, whetbaIT+DTxBT cell yielded PCE as high
as 7.03%.

Results and discussion

The two polymers were synthesized via Stille couyplieaction between the IT-based donor unit
and the D}BT acceptor unit with Pgdba}/P(o-tolx as the catalyst. The synthetic routes to the
monomers and the corresponding copolymers are shiw&cheme 1. Because of the asymmetry
of IT structure, Stille coupling reaction could ¢aglace on two different sites. Thus, both the two
polymers are random polymers. The resulting copetgnwere precipitated in methanol and
filtered off. The collected polymers were subjectied consecutive soxhlet extractions with
methanol, acetone, n-hexane and chloroform in tang final the chloroform fractions were
recovered. The copolymers are readily soluble immon organic solvents such as chloroform
(CF), tetrahydrofuran (THF), toluene, and 1,2-dicbbenzene (0-DCB). Gel permeation
chromatography (GPC) analysis using THF as eluerdam temperature gave a number average
molecular weight (Mn) of 67.5 kDa with a polydisgigy index (PDI) of 2.29 for PIF:DT«BT

and an Mn of 70.5 kDa with a PDI of 2.58 for RIADT#BT with respect to a polystyrene
standard. Obviously, the differences between the palymers in Mn and PDI are very small,
which is beneficial for the comparative study oa é&ffect of side-chain fluorination.



COOM COOM
¢ @—SnBu3 S / °
Br Br ———» { \

s
1
X 5 COOMe
X B 4
T OO
BrQOH ———3» Br o’(\/\ >
K,CO3,DMF 1) BuLi, -78°C
Y Y
2a (X=Y=H)
2b (X=H, Y=F or X=F, Y=H)
R R
oY Y 4
2) H,S0, Me;SnCl
AcOH BuLi, -78°C

3a (X=Y=H)
3b (X=H, Y=F or X=F, Y=H)

Pdy(dba);, P(o-tol);
chlorobenzene

130°C, 32h

4a (X=Y=H)
4b (X=H, Y=F or X=F, Y=H)

R=2-ethylhexyl

PITp,-DT;BT (X=Y=H)

PITp-DT:BT (X=H, Y=F or X=F, Y=H)

n

Scheme 1 Synthetic routes to the monomers ancbtinesponding copolymers.

Optical properties

Fig.1 (a) and (b) show the absorption spectra dfFDT4BT and PIE,+DTBT in chloroform
solution and as thin films coated on quartz glassl the relative optical data are summarized in
Table 1. The absorption spectra in both the solusitate and the thin film state exhibited dual
absorption bands. In each spectrum, the absorpton in the 350-500 nm wavelength range
could be assigned to the localizedr* transition, whereas the relatively broad absorpiin the
500-700 nm range can be attributed to the intracutde charge transfer (ICT) between the
acceptor units and donor units. In solution,IDT;BT has an absorption maximum peak at 553
nm, while PIT,+DT¢BT is slightly blue shifted with a maximum at 54&nin thin film, the
absorption peaks for P§FDTBT and PIEn+DTxBT bathochoromically shift to 589 and 584 nm,
respectively, indicative of some ordered strucamdn—n stacking interactions in the film due to
their coplanar backbones. The absorption onseRITf:DTzBT and PIF,DT¢BT are at 721
and 713 nm in thin film, which correspond to opticandgaps of 1.72 and 1.74 eV, respectively.
It can be found that the spectrum of RHDT#BT is slightly blue-shifted in thin film compared
with that of PIk+DTBT, whether the absorption peak or onset, which bwylue to the weak
steric hindrance of F atom lead to the weakenerd stacking effect of polymer backboli&**



The similar blue shifts have been observed in sother fluorinated D-A polymer systerfi&*54¢]
Thus, the introduction of fluoroalkoxyphenyl sideains into indenothiophene unit will increase
the band gap, which would favor its high.¥h PSCs.
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Fig.1 Normalized UV-vis absorption spectra of tledymers in chloroform solution (a) and in thin
film (b).

Table 1 Optical and electrochemical propertiesefgolymers

Experimental Calculated
Polymer I e e B HOMO  LUMO  Ef HOMO LUMO  Ef
(nm) (nm) (nm) (eV) (eV) (eV) (eV) (eV) (eV) (eV)
PITeDT¢BT 416,553 426,589 721 1.72 -5.28 -3.50 1.78 -4.92 -2.71 2.21
PITensDT¢BT 418,548 424,584 713 1.74 -5.38 -3.52 1.86 -5.00 -2.77 2.23

Electrochemical properties

As we know, energy level matching of donor and ptmematerials is an important factor to
achieve high-performance PSCs. Cyclic voltammedy)(was performed to measure the HOMO
energy level (Fomo) and LUMO energy level (Ewo) of the polymers. The measured cyclic
voltammograms curves are illustrated in Fig.S1, tredresults are summarized in Table 1. The
onset oxidation/reduction potentials,{fE;.) of the polymers, as shown in Fig.S1, are 0.5Z1-1.
V vs. Ag/Ag" for the alkoxyphenyl chain substituted BFDT#BT and 0.67/-1.19 V vs Ag/Ag
for the fluoroalkoxyphenyl chain substituted RADT#BT. The Eiomo/ELumo levels of
PITe-DT4BT and PIE.DT#BT are calculated to be -5.28/-3.50 eV and -5.3823eV,
respectively, according to the equationsiofoiumo=-€ (Bwredt4.71) (eV). The Bomo Of
PITesDT¢BT is 0.10 eV deeper than that of BYDT#BT, which will benefit for higher V. of
the PSCs with the polymer as donor. Comparing te thlkoxyphenyl substitute,
fluoroalkoxyphenyl substitute lowered the HOMO lewé the D-A copolymer. Moreover, the
change of kw0 is not very obvious. This is probably becauseRfaom is located on the donor
unit, which would have great influence on theylo and little effect on the lgwo. Notably, the
HOMO energy offsetAE+omo) and LUMO energy offsetAE ymo) between the two polymers



and PG;BM are both larger than the empirical threshold 008 eV for effective exciton
dissociation to overcome the binding energy ofeketons.

Theoretical calculation

To demonstrate the optimal molecular geometry dedrenic properties, theoretical calculations
were performed by using density functional the@¥T) B3LYP with 6-31 G(d, p) basic set. To
simplify the calculations, we investigated monomerdel (the number of repeat units is one) of
each polymer. At the same time, all of the alkoixle £hains were replaced by methoxy groups to
save the calculation time. Fig.2 shows the fromtitecular orbitals, the corresponding LUMO
and HOMO levels, and the calculated dipole momehBITe-DTxBT and PIE,+DT¢BT. As can

be observed, the HOMO wave functions are distribugeatirely over the planar conjugated
backbone, while the LUMO wave functions are maiobncentrated on the benzothiadiazole
acceptor units. These images revealed the weltydediD-A structures and ICT behaviors of the
two polymers. For PIH+DT«BT, the calculated HOMO, LUMO and,fre -4.92, -2.71, and 2.21
eV, respectively, while for PH,-DT«BT, the calculated HOMO, LUMO andyfre -5.00, -2.77
and 2.23 eV, respectively. The calculated HOMOIlle¥®ITp,+DT«BT is 0.08 eV lower than that
of PITerDTBT, which is consistent with the CV results. Thoubh LUMO difference between
the two polymers is 0.06 eV from theoretical cadtioin, which is bigger than that of 0.02 eV
from CV method, considering the calculation eribstill suggests that the influence of fluorine
substitute on the energy level is mainly manifested the HOMO level because
fluoroalkoxyphenyl substitute is located on the @ounit. The difference of calculated B also
consistent with that ofﬁ’t and E°. Furthermore, the dipole momentsg)(calculated by DFT are
2.27 D and 2.45 D for PRDT4BT and PIB,DTxBT, respectively. The highepg of
PITe,wDT¢BT indicates that introducing a fluorine atom te thide chain of donor unit can
improve the molecular polarizability, further enbarthe molecular interaction. Some reports have
mentioned that a repeating polymer unit with a hiighole moment might exert a considerable
influence over the molecular assembly and the apresg morphology in film staf&”! Especially,
such unit might produce abundant donor-accepterfades, thereby resulting in the suppression
of charge recombination in bulk heterojunction PSQwrefore, the PHDTxBT polymer with

a higher dipole moment is expected to produce a H&@Gce with higher i and FF than
PITpDT¢BT.
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Fig.2 Theoretical calculated frontier molecular itaband the dipole moment, obtained from
density functional theory (DFT) calculations on thelymers with a chain length n=1 at the
B3LYP/6-31 G(d,p) basic set.

Photovoltaic properties

To investigate the effect of fluorine atom on thieotovoltaic properties, the PSC devices
comprising of the polymer PE-DT«BT and PIEDT¢BT as the donors and PBM as the
acceptor were fabricated with the configuratiohT@®/PEDOT:PSS/polymer:PEBM/PDINO/AI,
where PEDOT:PSS and PDINO are the abbreviationpaly(3,4-ethylenedioxythiophene):
poly(styrenesulfonate) and perylene diimide (PDBrivhtive. Chloroform is used as the
processing solvent and the optimized weight reftiodoth two polymer blend systems are 1:1.2.
To further optimize the morphology of the blendrfil and thus the photovoltaic performance, we
adopted thermal annealing process and additive Rigihenyl ether) treatment to obtain the
optimal devices. The optimal annealing temperatué time are at 1201 for 2 min. All the
photovoltaic measurements were carried out under1ABG illumination at an intensity of 100
mW cmi®. Fig.3 shows the current density—voltage (J-V)vesrof the PSC devices based on the
two polymers. The short-circuit currentsJopen-circuit voltages (), fill factors (FF) and
PCEs of these PSCs are summarized in Table 2. @versim Table 2, the as-cast device based on



PITprDT4BT exhibits a . of 0.81 V, J; of 10.66 mA crif, and FF of 0.467, which yields the
PCE of 4.06%. When the alkoxyphenyl is replacedflbgroalkoxyphenyl, the PiH,DT¢BT
based as-cast device exhibits a relatively higl& Bf 5.56%, with a . of 0.84 V, J. of 11.99
mA cm?, and FF of 0.549. As expected from the deepeiE, the cells based on RIFDT#BT
exhibit higher \4; than the PI§DTzBT. The J. and FF are increased significantly after the
introduction of F atom. For the two polymers, theertnal annealing at 120 for 2 min
dramatically improved the device performance. Th@EPvalues of the PSCs based on
PITeDT¢BT and PIFDT#BT increased to 5.12% and 6.55%, respectively. fmbe&bly
improved J. and FF account for the increased PCE values #fegmal annealing. When DPE
was incorporated into the active layer with thertid annealing in the meantime, the
corresponding PSC shows the highest efficiency.@8% with a J of 13.19 mA cnf and a FF of
0.533 for PIF+DT¢BT, and the highest efficiency of 7.03% withsgaf 13.21 mA crif and FF of
0.633 for PIEDTxBT. The adding of DPE further enhances theadd FF values, resulting in
even higher efficiencies for the two polymers.
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Fig.3 Typical J-V characteristics of the PSCs baseda) PIF:DT¢BT (1:1.2, w/w) and (b)
PITeneDT¢BT (1:1.2, wiw) with (1207)or without (none) thermal annealing at 120or 2 min
and further additive DPE added with thermal anmga{il20(], 1% DPE), under the illumination
of AM1.5G, 100 mW/crh

Table 2. Photovoltaic performance parameters oPtB€s based on polymer/RBM (1:1.2 wiw),
under the illumination of AM1.5G, 100 mW/ém

Polymer Treatment 3¢ (V) Jsc (MA cm?) FF (%) PCE (%)
PITp:DT¢BT none 0.81 10.66 46.7 4.06 (3.83+0.23)
TA® 0.81 12.06 52.2 5.12 (4.94+0.18)
TA® 1%DPE 0.81 13.19 53.3 5.68 (5.53+0.15)
PITpnsDT¢BT none 0.84 11.99 54.9 5.56 (5.36+0.20)
TA® 0.84 12.53 62.1 6.55 (6.29+0.26)
TA® 1%DPE 0.84 13.21 63.3 7.03 (6.90+0.13)

# Thermal annealing at 120 for 2 min.® In parentheses are average values based on eight
devices.

The optimal external quantum efficiency (EQE) cgreé the two polymer devices are shown in



Fig.4. Both the two devices exhibited photo respaasging from 300 to 700 nm, suggesting that
both the donor and acceptor contribute to EQE hod the J. Therein, the PIH,+DTxBT blend
showed a higher EQE value than the 2D TBT blend, reaching a maximum value of 75% and
over 70% across the range 350-650 nm. This resulicates the more highly efficient
photoelectron conversion process in the RHDT#BT device, which is in consistent with the
enhanced s of PITp,+DT¢BT blend device. For the two polymers, both thevalues of the
relative devices were in good agreement with th& E@ectra within an experimental error of 5%.
The . values calculated from the EQE spectra were 1ar&@012.95 mA cif for the devices
based on PIH-DT4BT and PIE,DT#BT, respectively, which are in good agreement whti 4.
values obtained from the J-V curves.

80
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Fig.4 The EQE spectra of the PSCs based on polip@gBM blends with 1% DPE and thermal

annealing at 1207 for 2 min.

To further understand the additive DPE and themnalealing effect on the device performance,
the bulk transport properties of the polymer/lBB blends were investigated using the space
charge-limited current (SCLC) method with the halely device (ITO/PEDOT:PSS/active
layer/Au) and electron only device (ITO/ZnO/actileyer/PDINO/AI). The plots of % vs
(VapprVi) characteristics for the devices are showed inS2gand the results are summarized in
Table 3. The holeug)/electron (1) mobilities of the PI§:DT¢BT/PG;1BM films are calculated to
be 0.15 for the as-cast film, 0.29 for the anneéiledand 0.33 for the annealed film with DPE.
The hole (in)/electron (1) mobilities of the PI§,+DTxBT/PCGBM films are calculated to be 0.18
for the as-cast film, 0.36 for the annealed filmdal37 for the annealed film with DPE.
Apparently, after thermal annealing, charge moeéditare increased for some extent, and further
enhanced by adding the additive DPE. Meanwhile, emtwalanced hole and electron
mobilitiesuy/e) are also observed with thermal annealing andtisddDPE. These observations
are consistent with the corresponding PCE chang@srsin Tabel 1. Around two or three times
higher and more balanced hole and electron maslinf the polymer blends with thermal
annealing and DPE compared to the as-cast blergeisf the reasons for the enhancgdflthe
corresponding devices. In addition, for the twoypwrs, in comparison with the charge carrier
mobilities of as-cast, thermal annealed or annewalgld DPE devices, it can be found that the
devices based on the fluoroalkoxyphenyl substitwegolymers (PI#.+DTzBT) demonstrated
higher and more balanced hole and electron mdaslitivhich should be one reason for their



higher J; and PCE values.

Tabel 3 Hole and electron mobilities of BIIDT#BT and PIE.+DT#BT blends measured via the
SCLC method

Polymer Treatment uy[em?V 7t st e [cm?V ! 87 VTR
PITp-DT#BT none 0.34x10* 2.26xX 10" 0.15
TA® 1.14x10* 3.95x 10" 0.29

TA? 1%DPE 2.47x10* 7.38x 10" 0.33

PITen-DTBT none 0.52x 10" 2.84x 10" 0.18
TA® 1.84x 10" 5.18x 10" 0.36

TA? 1%DPE 3.37x10* 9.21x10* 0.37

4Thermal annealing at 120 for 2 min.

To gain deeper insight into the charge generatioth dissociation behavior, the photocurrent
density (gr) as a function of effective applied voltage.g/were measured for the two polymer
devices. g=J -Jp, where J is the current density under illumination amdisithe current density
in the dark. \w=Vo-V,, Where \iis the applied voltage andyVs the voltage at which,ulis zero.
As shown in Fig.5, when ¢ arrives at ~2V, ), values for both devices reach saturatiag)(J
suggesting that charge recombination is minimizedhigher voltage due to the high internal
electric field in the devices. The charge dissommefficiency can be evaluated by using .
ratio. Under the short-circuit and maximal powertpoti conditions, the dJsy: values of
PITpnrDTBT are 91.6%, 64.1% for the as-cast device, 928B%8% for the device with thermal
annealing, and 93.8%, 68.6% for the device withtaddDPE and thermal annealing, respectively.
The increased,dJss Values indicate that the thermal annealing andtisd dDPE treated devices
exhibited higher exciton dissociation and morecedfit charge collection efficiency compared to
the as-cast device. In addition, thgJ, values of PIF-DT#BT are 93.2%, 60.5% for the device
with additive DPE and thermal annealing, which amaller than those of PHDT«BT. The
results indicate that the change in the struct@iftuoroalkoxyphenyl substitute can improve the
charge dissociation and collection as well.

PIT,-DT;BT 120°C 1% DPE
——PI Ty, -DTBT

104 PIT,-DTBT 120°C

[~ PITp,-DTBT 120°C 1% DPE

Jph (mA em?)

0.101 0T1 1
Veff (V)
Fig.5 Photocurrent density versus effective volt@hgVer) characteristics for devices based on
PITe-DTBT and PIEnDTBT blends.



To further probe the charge recombination behawiothe devices, which is one of the most
important factors influencing the FF values of PSis light-intensity (P) dependence of current
density (d) was then measured. The relationship betwgeantl P can be represented by the
power-law equationsg<P", wherea would be unity ¢=1), when the bimolecular recombination
can be negligible under short circuit conditiorg.Bishows the log-log plot of.hs a function of
the light intensiy (P). As presented in Fig.6, éhealue for the as-cast RiFrDT#BT blend is 0.94,
which is higher than 0.92 for the as-cast@DT#BT blend. This suggests that less bimolecular
recombination occurred in the BKRFDT#BT blend, supporting its higher FF and PCE.
Considering the significant impact of thermal arimgaand additive DPE on the FF value, we
chose the polymer Ppl-DTBT as the research object. Theralues were measured as 0.96 for
the device with thermal annealing and 0.97 for dbgice with thermal annealing and additive
DPE. In contrast to as-cast BfDTxBT device, the devices via thermal annealing amthéu
additive treatment possess highevalues, implying reduced bimolecular recombinatieading
ultimately to relatively higher FF values and cangntly higher PCEs.
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Fig.6 Double logarithmic polts of photocurrent dgnas a function of incident light intensity for
devices based on RFDT#BT and PIE,+DT#BT blends.

Grazing incident wide-angle X-ray scattering (GIWBXis further used to investigate the
molecular packing and crystallinity of the blendedp:DT¢BT and PIF,DT¢BT films with
and without solvent additives and thermal anneatiegtment. Fig.7 (a) and (b) shows the
line-cuts of the blended P3-DT#BT/PC;1BM films in the in-plane and out-of-plane directson
respectively. Fig.7 (c) and (d) shows the line-aftshe blended PE:DT#BT/PC;1BM films in
the in-plane and out-plane directions, respectivéy/shown in Fig.7, for all the blend films, the
lamellar (100) peaks in the in-plane and out-ofapldirections could be observed. This indicates
that the polymers have relatively strong lamellaslenular packing, which corresponds to the
semi-crystalline nature of the copolymers. Howetleg, stronger intensity of the (100) reflection
in the out-of-plane profile than in the in-planefile indicates that the lamellar packing of both
PITerDT¢BT and PIEDT#BT based polymers preferentially stacked out of film plane
(edge-on rich orientation), though with some randess. For the additive-free RHFDT«BT
IPC,BM film, the broad peak at q=1.32"Ais characteristic of PGBM aggregation, and the



out-of-plane (010)-n stacking peak located at q=1.78 &d-spacing of 3.53 A) is attributed to
face-on orientation of PFR-DT#BT. After thermal annealing treatment, the blerch fshows a
slight enhanced (0106} stacking peak located at q=1.81" @-spacing of 3.47 A). When DPE
was used as a solvent additive, the correspondimgshows a (010%-n stacking peak located at
g=1.83 A! (d-spacing of 3.43 A). At the same time, the digplane (100) peak slightly enhanced,
which is corresponding to the weakly increased lamp (010) peak. Notably, the facian
stacking distances are decreased. Similarly, ferRh-DT#BT/PGBM film, the location of
out-of-plane (010) peak increases from 1.75(dspacing of 3.59 A) to 1.77 Ad-spacing of
3.55 A) and then 1.79 A(d-spacing of 3.51 A) after thermal annealing trestt and further
adding of additive DPE. The decreasea stacking distances and relatively strong face-on
orientation for PIF,DT¢BT/PG:BM and PIT:DT#BT/PG;1BM film are beneficial to charge
transport and reducing bimolecular recombinatios. & result, the corresponding PSCs with
thermal annealing treatment and DPE exhibit enlthiRe@Es with increased.kand FF values.
These results suggest that the thermal annealing CEPE additive treatment may help to
crystallize PIEnDT#BT and PIE:DT¢BT, which are beneficial for improving the solarlce
performance. In addition, the out-of-plane (0&6y stacking distances of P4J-DT#BT is shorter
than that of PI§+DTxBT. This phenomenon indicates that the fluoroalldrgnyl substitute
promotes the-n stacking interaction, which can improve the inteslecular exciton transfer. The
tighter packing of PIg.+DTxBT, associated well with its higher crystalline beior of the blend
film, corresponds well with the higher value of &ahobility and FF. These results suggest that
the presence of large amounts of fluoroalkoxyphesupstitutes contribute to highly ordered
structure and effective charge transport, which desirable for higher carrier mobility thereby
higher photovoltaic efficiencies.

“. o (a) \imrm.m,,nr (b) \ PIT,-DT,BT (c) \—/pxrn.m“m (d)

~—— W

“wj

f

—— PITy,-DTyBT 120°C —— PITy,-DTyBT 120°C

—— PITy,-DTyBT 120°C

—— PITp-DTyBT 120%C

Intensity (a.u.)
Intensity (a.u)

Intensity (a.u.)

Alf

Intensity (a.u.)

—PITo DL.BT 120°C OF
—— PITy,-DT,4BT 120°C DPE PITp-DT4BT 120°C DPE —— PIT,-DT,BT 120°C DPE —— PITy, DT4BT 120°C DPE

Fig.7 GIWAXS of PITneDTxBT blend film: (a) in-plane line-cuts, (b) out-ofape line-cuts; and
PITe:DT¢BT blend film: (c) in-plane line-cuts, (d) out-ofgme line-cuts.

In order to determine the effect of morphology @fymer/PG:BM blend film on the device
performance, atomic force microscopy (AFM) was perfed. The surface morphology was
recorded by tapping mode AFM and is illustratedFign.8. Among them, Fig.8 (a), (b) and (c) are
of PITpDT¢BT/PG;:BM blend films; Fig.8 (d), (e) and (f) are of BRFDT«#BT/PG;:BM blend
films. Fig.8 (a) and (d) are of casting films. Bidb) and (e) are of films after thermal annealing.
Fig.8 (c) and (f) are of films both treated with IDPE and thermal annealing. From the AFM



images in Fig.8, it can be found that the castimjymper blends exhibit relatively large
root-mean-square (RMS) value of 3.73 nm fordgDT¢BT and 2.97 nm for PB.+DT#BT due

to the formation of large-sized aggregates. Afterimal annealing, reduced surface roughness
values of 2.48 and 2.35 nm are observed from tilasa AFM images of PH:DT#BT and
PITensDTBT blends, respectively. Furthermore, both the tmidiof DPE and thermal annealing
treated to the blends lead to improved morpholoily the disappearance of relatively large-sized
aggregations, especially for RIFDT«BT blend with a fairly homogeneous surface in sinel
feature. The RMS values of R{IDT#BT and PIE,+DT#BT blends are reduced to 1.74 and 1.78
nm, respectively. As the morphology with small-scphase separation is beneficial to efficient
exciton diffusion, exciton separation, and chargesport, resulting in an increasegahd FF for
the PSC devices, the post-treatment of thermalaimgeand addition of DPE gradually reduce
the phase separation size, therefore significamiprove the ¢ and FFs, further the PCEs of the
two polymer based devices. These results seem tdirbetly linked to the above-observed
dependency of PCEs on the application of varioosgssing techniques, such as addition of DPE
and thermal annealing. This morphology differeneéneen the blend films with and without
additive and thermal annealing is one of the maasons for the photovoltaic performance
variation of the two polymer based devices. Whaitgre, the Rms values of RFFDTBT are
smaller than those of PAFDTxBT (except for the similar Rms values of Fig.8(nil4f)), which

is owing to the stronger inter-molecular interactiof fluoroalkoxyphenyl substitute in polymer
PITerDT¢BT. Base on the stronger inter-molecular interasjemaller phase separation size can
be formed in PIE.+DTBT. This result may help to explain why BFDTxBT tends to obtain
higher FFs andsd and thus higher PCEs than RfDT#BT.
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Fig.8 Topographic AFM images (5x5 @nof the blend films of PIF-DT#BT (a, b, c) and
PITensDT¢BT (d, €, f). Panels (a) and (d) are of as-castsfil(b) and (e) are of films with thermal
annealing at 1201 for 2min; (c) and (f) are of films with additiveHE and thermal annealing at
12007 for 2min.

Conclusion



We synthesized two novel IT-based asymmetric poigméth nonfluorinated and fluorinated side
chain, namely, PiF:DTBT and PIE.+DTxBT. The fluorination preferentially influences the
HOMO of the polymer, resulting in deeper HOMO, btlg deeper LUMO, and slightly widergE
for PITenDT#BT relative to the nonfluorinated RIFDT«BT counterpart. As expected from the
deep HOMO level, ¥ of the Pl +DTBT cell was improved to 0.84 V from 0.81 V of the
PITe:DT#BT cell. The optimized PiEH:DT#BT cell exhibited 5.68% PCE and loweg dnd FF,
whereas the PEL+DTxBT cell had a 7.03% PCE with highet and FF. The charge transport
study revealed that higher and more balanced hade edectron mobilities of PELDTxBT
should be one reason for the highgr Which could also be evidenced by the increasedgeh
dissociation efficiency of PH+DTxBT relative to that of PId:DT#BT. The bimolecular
recombination study demonstrated that side-chaiarifiation can decrease the recombination,
and this was likely the cause of the higher FFhef RITo,+DT#BT. The tightert-rn stacking and
smaller phase domain of RAFDT#BT were also be detected by GIWAXS and AFM
measurements, these behaviors were well-correlatgd the results mentioned above.
Furthermore, thermal annealing and additive DPEbareeficial to gain high performance PSCs,
associated with the great improvement gyadd FF. These findings and detailed studies peovid
an important guidance to tune and optimize the moggy and properties of
indenothiphene-based copolymers.

Experimental Section
Experimental details and additional characteriratidata are included in the Supporting
Information.
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Highlights

1. Two new D-A type asymmetric-indenothiophene-based polymers, PITp-DT¢BT and
PITe-DT#BT were obtained.

2. Side-chain fluorination in the asymmetric donor units has a remarkably positive impact.

3. PITe-DT#BT shows enhanced charge mobility, better crystallinity and surface morphology.



