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Abstract

Herein, we describe the impacts of the selective halogenation at two different

positionsmomethylene—?:—indanone (IC)-end groups and inner side-chains of

SMAs mormmglyem 2,:SMA interfacial interactions, blend morphology, and resulting

{

photovoltEert'es. In this study, four different SMAs (A1, A2, A3, and A4) with the
same mom:ackbone, but with different degrees of halogenation, are synthesized.
The IC-erEps on the backbones of the A1 and A3, and A2 and A4 SMAs are
chIorinateCuorinated, respectively; in addition, 6-phenoxyhexyl inner side-chains of
the A3 armre chlorinated. The SMAs are paired with a chlorinated PBDT-Cl A to
constr The PBDT-Cl:A4-based OSC exhibits the highest PCE of 17.2%,
outper the PBDT-Cl:A1- (13.3%), PBDT-Cl:A2-(15.6%), and PBDT-Cl:A3-based OSC
(16.5%). e Cl atoms on the side-chains in the A3 and A4 SMAs enhance the

moIecuIartic interactions at the A,:SMA interfaces and improve the blend

morphol rms of domain purity and spacing. These effects lead to the improved

n

fill fact uced voltage loss of the PBDT-Cl:A3- and PBDT-Cl:A4-based OSCs. Our

ut
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study demonstrates the importance of appropriate halogenation of SMAs in optimizing

the ble logy, reducing voltage loss, and improving OSC performance.

L

P

uthor Manuscr
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1. Introduction

{

p

anic solar cells (OSCs) have the merits of semitransparency, cost effectiveness,

light weidht, nical durability, and solution processability."" The power conversion

Il

efficienci of bulk heterojunction (BHJ) OSCs have remarkably increased to over

C

18%, whic ainly driven by the development of efficient polymer donors (As) and

S

small molecllarf acceptors (SMAs) with excellent light-absorption ability and electrical

U

properties: urther improve the PCE over 20%, optimizing the pairing of As and

N

SMAs is rtant task.®! Requirements such as (1) well-matched energy levels, (2)

d

optimal b rphology with favorable A,/SMA interactions, and (3) reduced voltage

loss (Uess) ShO be considered when finding optimal P,/SMA pairs.!

\

Most efficient SMAs, such as Y-families, have molecular structures of acceptor-donor-

1

acceptor-d ptor (A-DA'D-A) backbone.”™** Owing to the availability of multiple positions

suitable fo ¢al modification, significant effort has been directed at improving the properties of

these SMAsLS ng the possible structural modifications of SMAs, halogenation, the introduction

h

of elect ing halogen atoms (i.e., fluorine (F) and chlorine (Cl)), is considered a simple yet

{

effective or modulating the characteristics of the SMAs, including light-absorption ability,

U
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energy levels, molecular planarity, and intermolecular assembly.!”) In addition, secondary interactions
(i.e., F (or CD)---S and F (or Cl)---H) induced by halogenation improve the inter- or intramolecular
interactiMmcrystalline packing and, thus, enhance charge transport ability of the SMAs."
Importantl Halogenation of SMAs can significantly affect their molecular interactions and
miscibility smithmRgs in blends, thus affecting the blend morphology and PCE of resulting OSCs.
Recently, Lal. reported BT-BO-based SMA series with different numbers of F atoms in their
l,l-dicyan@ne-}indanone (IC)-end groups. The PCEs of the resulting OSCs were
significantlygi ed with fluorination of the SMA from 9.6% (without F atoms) to 16.8% (with
four F atom et al. developed BTIC-4CI-T-based SMA series featuring conjugated thiophene
rings in their oute;ide-chains with different chlorination patterns. The PCEs of the OSCs based on
BTIC-4CI- ith chlorinated side-chains (15.65%) considerably exceeded those of the OSCs
based on T with non-chlorinated side-chains (10.86%).1°?In our previous work, the use of
U

than that (10.06%) of an OSC based on a non-fluorinated P, (PBDT-H) and

both a flug b (PBDT-F) and SMA (C60B-F) achieved an OSC with a significantly higher
PCE (15.21%
fluorinated 60B-F)."* These studies verify that the halogenation of the end groups or side-
chains nd SMAs significantly affects Pp/SMA interactions in blends, charge

generation/!ecombination properties, and thus photovoltaic performances.

The é one of the most critical factors limiting the PCEs in the OSCs. In particular, the

contributio on-radiative Vs should be reduced, which is mainly affected by the energetic

interaction! at the Pps/SMAs interfaces. Thus, the interfacial and morphological properties (i.e.,

domain si“gurit’aggregation, and molecular orientation) of the BHJ blend should be optimized to

reduce the ative V... For instance, Yan et al. investigated a blend system of PvBDTTAZ
<This article is protected by copyright. All rights reserved.
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Pp and O-IDTBR SMA, where the resulting OSC with a PCE of 11.6% showed a very low Vs of
0.55 V and thus high open—circuit voltage (V) of 1.08 V.1 The key contributions to the low Vi
were bowcrystallinity and small domain sizes in the BHJ morphology. As another example,
Nguyen et @ igated the effect of the Pp packing orientation on the non-radiative V.. The OSC
based om amfaeesem orientated p-SIDT(FBTTh,), Pp exhibited a lower non-radiative Vi, and thus a
higher Voch), than the other OSC based on an edge-on orientated Pp (Vo = 0.69 V).[“]
Therefore,< is ex}cted that the halogenation of SMAs can effectively reduce and increase the non-

radiative V} > Tespectively, of OSCs by improving the molecular interaction and energetic

S

order betwe and SMAs at their interfaces.

U

In ork, we investigate the impact of the halogenation of SMAs on their

molecula

1

ies, Po/SMA interactions, blend morphology, and the Vs and PCE of

the resul s. Four different SMAs with the same backbone, but with different

d

degrees of enation are designed and synthesized (Figure 1). The four SMAs, 2,2'-

IV

((2Z,2'2)-((12,13-bis(6-phenoxyhexyl)-3,9-diundecyl-12,13-dihydro-[1,2,5]thiadiazolo[3,4-

elthieno[2

1
/

4" 5'lthieno[2',3":4,5]pyrrolo[3,2-glthieno[2',3":4,5]thieno[3,2- flindole-2,10-
diyl)bis(me ylidene))bis(5,6-dichloro-3-oxo-2,3-dihydro-1H-indene-2,1-

diylide onitrile (SMA-CI-H), 2,2'-((2Z,2'2)-((12,13-bis(6-phenoxyhexyl)-3,9-

th

diundecyl=12, ihydro-[1,2,5]thiadiazolo[3,4-

U
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elthieno[2",3":4' 5']thieno[2',3":4,5]pyrrolo[3,2-glthieno[2',3":4,5]thieno([3,2- blindole-2,10-
din)bileidene))bis(5,6—diquoro—3—oxo—2,3—dihydro—1 H-indene-2,1-
diylidene)@itrile (SMA-F-H), 2,2'-((2Z,2'Z)-((12,13-bis(6-(3-chlorophenoxy)hexyl)-

N
3,9-diund&cyl-12,13-dihydro-[1,2,5]thiadiazolo[3,4-

€

elthieno[ "4 §'1thieno[2',3":4,5]pyrrolo[3,2-glthieno[2',3":4,5]thieno([3,2- blindole-2,10-

diyl)bis(m nylylidene))bis(5,6-dichloro-3-oxo-2,3-dihydro-1AH-indene-2,1-

S

diylidene))dimal@honitrile (SMA-CI-CI), and 2,2'-((22,2'Z7)-((12,13-bis(6-(3-

nu

chlorophégoxy)hexyl)-3,9-diundecyl-12,13-dihydro-[1,2,5]thiadiazolo[3,4-
elthieno[4,3 % 'Tthieno[2',3":4,5]pyrrolo[3,2-g]thieno[2’,3":4,5]thieno[3,2- blindole-2,10-

diyl)bis lylidene))bis(5,6-difluoro-3-oxo-2,3-dihydro-1A-indene-2,1-

M

diylide onitrile, (SMA-F-CI), are denoted by A1, A2, A3, and A4, respectively.

[

First, we i halogen atoms at the IC-end groups, where A1 and A3 have Cl atoms

and A2 a ave F atoms. Furthermore, Cl atoms are incorporated into the terminal

O

benze the 6-phenoxyhexyl side-chains of the A3 and A4 SMAs.’d Among

th

OSCs bas hese SMAs and a PBDT-Cl| A, the PBDT-Cl:A4-based OSC achieves the

U
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highest PCE of 17.19% (Vo = 0.840 V, short—circuit current (/) = 26.90 mA cm_z, and fill

factor (ERfjmsm@dlb), outperforming the PBDT-CIAT-, PBDT-CI:A2, and PBDT-Cl:A3-based

P

OSC with

3.33, 15.59, and 16.55%, respectively. These results demonstrate the

3

importan selective halogenation on the IC-end groups and inner side-chains of

SMAs in

ng photovoltaic performance. Notably, the chlorination of the side-

chains in and A4 SMAs induces the favorable molecular packing structures and

USC

increases rgetic interactions at the A,/SMA interfaces, reducing the non-radiative

1

Uoss Of C sponding OSCs. In particular, the PBDT-Cl:A3-based blend film shows a

favorable ffac packing orientation and the corresponding OSC exhibits a much lower

d

non-radi s (0.278 V) than the PBDT-Cl:A1-based OSC (0.352 V), whose blend film

V]

shows mixed edge-on/face-on packing orientations. The morphological properties of the

[

blends ar ghly investigated by the grazing-incidence X-ray scattering (GIXS) and

O

resonant y scattering (RSoXS) measurements.

uth
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Previous Works (Halogenation of SMAs)

End-Group 2D Side-Chain s

Ref. 1
e
4
o
¢ X cl
F BTIC-4CI-TCI-B BTIC-4CI-TCl-y
BTP-4F (X=F, 15.6%) BTTPC-Br LA4F BTIC-CF, (15.65%) (14.35%)

BTP-4Cl (X=Cl, 16.5%) (15.22%) (16.81%) (15.30%)

(Ref.1) Nat Commun, 2019, 10, 2515 (Ref.2) J. Mater. Chem. A, 2019, 7, 27632
(Ref.3) Adv. Energy Mater., 2021, 2102172 (Ref.4) Joule, 2020, 4, 688 (Ref.5) Adv. Funct. Mater., 2021, 2106524

9 “Side-Chain Halogenation”

This Work: Selective Halogenation of End-Group and Side-Chain of SMAs
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Figure 1. Material design of the SMAs investigated in this work.
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(

Figure 2.42) ecular structure of the A, used in this study. b) UV-Vis absorption
spectra in"dlluté chloroform solutions and c¢) UV-Vis absorption spectra in chloroform-

processed thin s of the SMAs and PBDT-CI As.

nul

Table 1. lectrochemical characteristics of the four SMAs and PBDT-C| As.
‘ ‘ s/]smmax Aiim™ At A" &film,CF P9 Fiomo®  Eumo©
Materia
; [nm] [nm] [nm] [x 10 cm™] [eV] [eV] [eV]
PBDT- 68, 603 559, 601 560, 601 7.52 189 553 -3.64
A1 L 744 805 816 8.35 138 -5.67 -4.29
A2 O 731 778 822 8.73 138 -5.68 -4.30
744 802 841 9.27 138 -5.69 -4.31

uth
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A4 730 773 824 9.82 139 =565 -4.26

3 from tion onset wavelengths of the thin films. ® from corresponding cyclic

L

voltamm MO = Egopt + EHOMO-

P

T

duction of electron-withdrawing halogen atoms into the main

backbones As (Le, IC end-groups) has been considered an effective strategy for

o

modulating™ tHe light-absorption ability, energy level, molecular packing, and

U

crystalliza ehaviors of the SMAs (Figure 1) However, the significance of the

1

halogena the terminal groups of non-conjugated side-chains has been relatively

overlooke

d

ut compromising the electronic properties of SMAs, this strategy can

effectively m te the molecular compatibility and energetical interaction between A

V

and SMA because the terminal units of the side-chains have the closest interactions with

[

Py at D/A'i ces.* In this study, to systematically investigate the synergetic effects of

the selective halogenation on the IC end-groups and non-conjugated side-chains of

SMAs oltaic performance, four different SMA-Xs (terminal units of IC end-

uth
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group)-Ys (terminal units of side-chain) (e, SMA-CI-H (A1), SMA-F-H (A2), SMA-CI-CI

(A3), arWCI (A4)) are designed and synthesized (Figure 1). The IC end-groups of

the A1 ar@s are chlorinated (denoted by IC-Cl), while those of A2 and A4 SMA

N
are fluorlated (denoted by IC-F). In addition, the A1 and A2 SMAs have non-

£

C

halogena 6-phenoxyhexyl inner side-chains (denoted by Ph-H), while the A3 and A4

SMAs ha -atfached 6-(3-chlorophenoxy)hexyl side-chains (denoted by Ph-Cl). Among

US

the SMAs_the m®lecular structure of A2 SMA has been reported in the previous paper.*!

1

The desig@ rationale for the chlorination of the inner side-chains in the SMAs is that the

Cl atoms fwi empty 3d orbitals can readily accept 1 electrons, which may lead to

cl

strong valent interactions such as Cl--m.'d Chlorination can also increase the

M

dipole f the side-chains, which affects the intra- or intermolecular interactions

[

of the S deed, the dipole moment (&) of the Ph-Cl side-chain (6 = 3.70) exceeds

that of t

O

side-chain (&6 = 1.48), according to density functional theory (DFT)

analysi 1). The synthetic procedures for the SMAs are presented in the

th

Experime tion, Scheme S1, and Figures S1-S7. To examine the solution-

U
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processability of the SMAs, we estimated the solubilities of A1, A2, A3, and A4 in CF

(Figurewe SMAs showed reasonably high solubilities (> 20 mg mL™"), regardless

of the ty@en atoms attached on the terminal units of side-chains and IC-end

H
groups. TRIs result indicates that 6-phenoxyhexyl inner side-chain is a good solubilizing

group.

Cl A, comprising thienothiophene m-bridged A-octylthieno(3,4-

USC

dpyrrole-# e (8ttTPD) and chloro-benzodithiophene (BDT-Cl) building blocks, is

1

synthesiz paired with the SMAs.!"@ The PBDT-ClI A and four SMAs have

d

appropria y level alignment and complementary light absorption ranges (Figure

2).40 12 The o | and electrochemical characteristics of the materials are presented in

\

Table 1. The highest occupied molecular orbital (HOMO) and lowest unoccupied

I

molecular grhital (LUMO) energy levels of the A, and four SMAs were determined from

the cyclic v metry (CV) (Figure S9). All the SMAs exhibit similar HOMO and LUMO

energ ing from -5.69 to -5.65 eV and —4.31 to —4.26 eV, respectively, owing

to their simila logenated IC end-groups. In UV-Vis absorption spectra of the SMAs in

U

This article is protected by copyright. All rights reserved.

A

15

85U8017 SUOLIWIOD BAIEa.D 8|qeol[dde 8Ly Aq pausenob ase sspie YO ‘8sn JO SajnJ Joj A%lq1T8ulUQ AB|IA O (SUONIPUOD-PUR-SWBAL0D A8 | 1M AReIq 1 U1 |UO//:SANY) SLORIPUOD Pue SWwe 1 8y} 89S *[£202/80/0€] U0 AfeiqTaullUO AB[IM ‘UOITRUIOJU| [EOIULOS | PUY 913IUSI0S JO 80140 AQ 0STT0ZZ0Z WPe/Z00T 0T/10p/L0o A8 Alelq1jeuljuoy/sdny wouy pepeojumod ‘Sz ‘2202 ‘82089T9T



WILEY-VCH

thin-films (Figure 2c), the A1 and A3 SMAs featuring IC-Cl end-group exhibit more red-

shiftedM absorption peaks than A2 and A4 SMAs featuring IC-F end-groups due

to their@intramolecular charge transfer (ICT) abilities.™ The maximum

N
absorptiof§ coefficients (&mcr) Of chloroform (CF)-processed A1, A2, A3, and A4 thin films

[

are 8.35 R10* g, 873 x 10*cm™, 9.27 x 10* cm™, and 9.82 x 10* cm™, respectively.

These re indicate that the A3 and A4 SMAs featuring Ph-Cl inner side-chains can

US

harvest more pfotons than A1 and A2 SMAs featuring Ph-H inner side-chains. The

i

thermal pPgoperty of the SMAs was investigated from the thermogravimetric analysis

(TGA). Thg t al decomposition temperatures of the four SMAs were similar in the

a

range O 20 °C, indicating a good thermal stability (Figure S10).

M

The electron mobilities (tes) of the CF-processed thin films of the pristine SMAs

[

were obtai using the space-charge limited current (SCLC) method (Table S1).0'

Interestingly,“the s of SMAs featuring IC-F end-groups, A2 (5.2 x 1074cm? V"' s77) and

2 V-1 s77), exceed those of SMAs featuring IC-Cl end-group, A1 (2.7 x

th

) and A3 (3.8 x 107 cm? V-! s77). More importantly, owing to the

2
h-b
3!\)
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chlorination of their inner side-chains, the s of A3 and A4 SMAs outperform those of

the A1M\/IA5, respectively. Differential scanning calorimetry (DSC) measurement

was conunderstand the correlation between the SCLC mobilities and the

N
crystallineQoroperties of the SMAs. The SMA samples for DSC were prepared in the same

1

C

condition§yas SAIC measurement.[ As shown in Figure S11, A2 and A4 SMAs featuring

IC-F end ups show distinct peaks in their first heating curves. The melting

LS

temperatures and melting enthalpy (A H;,) of A2 SMA are 275°C and 245 J g’

)

(Table S2J In the case of A4 SMA, two peaks at 255 and 272°C correspond to A Hqs of

10.8 and §7. ~1, respectively, thus the sum of A H,s (28.0 J g ") of A4 SMA exceeds

a

the A Ay SMA. On the other hand, A1 and A3 SMAs featuring IC-Cl end-groups

M

show peaks. These results indicate that the SMAs having IC-F end-groups

exhibit mhanced molecular ordering and thin-film crystallinity than SMAs having

O

IC-Cl end . This trend is consistent well with that observed in the s of the SMAs.

uth
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2.2. Photovoltaic Properties of the Blend Films

()

Current density (mA cm2)™~
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curves, b) EQE curves, and ¢) PCE distributions of PBDT-CI:AX (X= 1, 2, 3,

f dltaic performances of PBDT-CI:AX (X= 1, 2, 3, or 4)-based OSCs.
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0.71
0.771 24.13 13.33
| Ab 24.12 071 +
(0.766 + 0.004) (23.83 + 0.28) (12.92 + 0.41)
N 0.73
s 0.828 25.79 15.59
25.08 073 +
O (0.826 + 0.005) (25.43 + 0.35) 000 (15.25 + 0.34)
.00)

PBDT-Cl o gm
0.840 25.88 16.55

55 218 (075 +
(0.838 + 0.002) (25.82 + 0.19) (16.38 £ 0.17)

C

0.76

m 0.840 26.90 17.19

2562 (075 +
(0.835 + 0.005) (26.78 + 0.12) (16.87 + 0.32)

E -
3 Calc the corresponding EQE spectrum. ) obtained from at least 10 OSCs

based on each A):SMA pair.

the photovoltaic performances of each blend film, normal-type OSCs

or:

(ITO/p lenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS)/active

tE]

layers/2,95 -(dimethylamino)propyl)amino)propyl)anthra([2,1,9-def6,5,10-

U
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d éfldiisoquinoline-1,3,8,10(2H,9H)-tetraone  (PDINN)/Ag) were fabricated.'™® The

optimizMess for the OSCs is presented in Table S3. The current density—voltage

(Y] cur&l quantum efficiency (EQE) spectrum, and PCE distributions of each

H
device ar@shown in Figure 3a—c. In Table 2, the corresponding photovoltaic parameters

[

C

(Vies, Aes,&Fs, PCEs) are summarized. Among the fabricated OSCs, the PBDT-Cl:A4-

based O ned the highest PCE of 17.19%, outperforming the PBDT-Cl:A2-based

IS

OSC (PCE=_15.58%). Similarly, the PBDT-Cl:A3-based OSC afforded a higher PCE of 16.55%

than the RBDT-CI:A1 counterpart (PCE= 13.33%), demonstrating the effectiveness of the

chlorinati e inner side-chain of SMAs in enhancing photovoltaic performance.

d

Interesti he Vs of P:SMA-based OSCs were greatly increased by introducing Cl

M

atoms ner side-chains of SMAs, despite their similar LUMO energy levels. For

of the PBDT-Cl:A4-based OSC (V. = 0.840 V) exceeded that of the

instance,

PBDT-CI:A

or

OSC (V. = 0.828 V). Moreover, the V. of PBDT-Cl:A3-based OSC (V.

= 0.84 ignificantly surpassed that of PBDT-Cl:A1-based OSC (V4. = 0.771 V). Such

q

{

large diff in the Vs of the OSCs are mainly related to the U. of the devices,

U

This article is protected by copyright. All rights reserved.

A

20

85U8017 SUOLIWIOD BAIEa.D 8|qeol[dde 8Ly Aq pausenob ase sspie YO ‘8sn JO SajnJ Joj A%lq1T8ulUQ AB|IA O (SUONIPUOD-PUR-SWBAL0D A8 | 1M AReIq 1 U1 |UO//:SANY) SLORIPUOD Pue SWwe 1 8y} 89S *[£202/80/0€] U0 AfeiqTaullUO AB[IM ‘UOITRUIOJU| [EOIULOS | PUY 913IUSI0S JO 80140 AQ 0STT0ZZ0Z WPe/Z00T 0T/10p/L0o A8 Alelq1jeuljuoy/sdny wouy pepeojumod ‘Sz ‘2202 ‘82089T9T



WILEY-VCH

which is discussed in Section 2.4 below. In other parameters, the /s and FFs of PBDT-

Cl:A3- ws (L = 25.88 mA cm™ and FF = 0.76) and PBDT-Cl:A4-based OSCs (Js

= 26.90 @wd FF = 0.76) also considerably exceeded those of the PBDT-Cl:A1-

N
based OS@s (/. = 24.13 mA cm™and FF = 0.71) and PBDT-Cl:A2-based OSCs (/. = 25.79

C

mA cm= drd F 0.73), respectively. The maximum EQE of OSCs based on the A2 and

A4 SMAs taihing IC-F end-groups is close to 91% at 520 nm, which is very high

S

value. In additign) these OSCs demonstrate higher EQE values in 500-800 nm than OSCs

q

based on®A1 and A3 SMAs containing IC-Cl end-groups, indicating more efficient light

harvestingl a oton-to-electron conversion in the visible region. The calculated s of

S|

the O d on their EQE spectrum agree well with their measured /s within an

error o (O

or M

2.3. Char ration and Recombination

uth
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Figure 4. gphleﬁ curves of PBDT-CIIAX (X = 1, 2, 3, or 4)-based OSCs and b) the Aign—
dependent 14 ofsthe OSCs (from 0.1 to 1 Sun).
Tmstand the charge generation and recombination properties of PBDT-
CI:AX , 3, or 4)-based OSCs, their exciton dissociation probability (A£7) and
light i igh)—dependent V. were investigated (Figure 4). The AET7) of each
device wamated by the ratio of its photocurrent density (/) under the short-circuit

condition @ aturated J,, value at an effective voltage (Vi) of 3 V. The AE T)s of

h

the PBDTRCI:AX-based OSCs slightly increase, in terms of the SMA, in the order A1

{

U

(89.9%), 90.2%), A3 (91.0%), and A4 (93.5%) (Figure 4a). These results indicate that
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the OSCs based on the A3 and A4 SMAs with Ph-Cl side-chains exhibit more efficient

exciton“m and charge generation than OSCs based on the A1 and A2 SMAs.

Figure 4 VocIn(A) (from 0.1 to 1 Sun) plots of the PBDT-Cl:AX-based OSCs.

N
The slop is expressed in k7g ', where kg is the Boltzmann constant, 7 is the

C

temperat and g is the elementary charge.l'® The PBDT-Cl:A4-based OSC showed a

smaller e Of 1.02, compared to PBDT-Cl:A2-based OSC (S = 1.08). Similarly, the S

S

value of PBDT-C#A3-based OSC (S = 1.04) was lower than that of PBDT-Cl:A1-based OSC

q

(S = 1.15% Interestingly, monomolecular recombination is effectively suppressed in the

OSCs basgd he A3 and A4 SMAs, resulting in their higher FFs."™ In addition, the

d

OSCs n A2 and A4 SMAs (featuring IC-F end-groups) showed less severe
recom operties than the OSCs based on A1 and A3 SMAs (featuring IC-Cl end-
groups), rhely, mainly due to the higher s and crystallinity of the SMAs featuring

IC-F end-

utho
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2.4. Voltage Loss Analysis

1

Table e overall Vs and the corresponding Uoss terms (Al4, Al and AlA) of the
PBDT-CI:A , 2, 3, and 4)-based OSCs. All units of measurements are volt [V].

)

Bl&Ad

EPV/q I/SQ I/Rad VPV AV] A|/2 AI/3 I/

g loss

PBDT-LT:A1 1418 1.160 1.123 0771 0258 0.037 0352 0.647

PBDTHLI: 1432 1173 1.148 0828 0259 0.025 0320 0.604

SCr

PBDT-CI:A3 1408 1.151 1118 0.840 0257 0.033 0278 0.568

U

PBDTHLI:A4 1427 1.168 1152 0840 0259 0.016 0312 0.587

dn

idate the trend in the /s of the PBDT-CI:AX (X = 1, 2, 3, and 4)-based

M

OSCs, we Investigated their V., which significantly affects their device performance.l 4

20 In ge cording to the Shockley-Queisser (SQ) theory, s consists of three

Oor

different |/Ioss = (EgPV/C/— I/ocSQ) + (I/OCSQ - |/ocRad) + (l/OCRad - I/ocpv) = AI/1 + AI/Z +

AV; oW, Vo 1SR Kok and VPV are the elementary charge, optical bandgap

th

determin the derivatives of the EQE spectra (also called photovoltaic bandgap),

U
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maximum voltage by the SQ limit, a voltage in the radiative limit, and photovoltaic V4,

respectwthree terms (AV4, A5, and Als) and their sum (U,s) for each OSC are

summariz@e 3. The methods for measuring U.ss and detailed calculation process

H
of AV, Asl and A4 are described in the Experimental Section and Figure S12. The first

term, A@ intrinsically unavoidable factor of the OSCs, which originates from
unsatisfyiwrinciple of detailed balance of the solar cells under the illumination of
sun.ia The AI/: S/pically has a value of 0.25-0.30 V. The second term, AV, is caused by
the radiatie recombination process in solar cells working under the illumination. Lastly,

the third ml/g, represents the non-radiative W., which impacts the overall Vs of

an OS ignificantly.?% This term can be calculated according to the equation A 14

Woss — 1 — A V5 or from their electroluminescence quantum efficiency (EQEg)

spectra (F 12b and Table S4).°

nghows that the A4 values of the PBDT-CI:AX (X = 1, 2, 3, and 4)-based

OSCs in the range of 0.257-0.259 V. The Al values of the PBDT-CI:A3- and

th

PBDT-Cl:A4-bDa OSCs (0.033 and 0.016 V, respectively), are lower than those of PBDT-

U
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Cl:A1- and PBDT-Cl:A2-based OSCs, respectively (0.037 and 0.025 V). This result indicates

that thM4 SMAs with Ph-Cl side-chains have lower energy offsets, compared to

P

those of and A2 SMAs with Ph-H side-chains.*® Importantly, significant

N
difference§ were observed in the Al4 values of the blends. In particular, the Al value of

]

the PBDTRCI:A3APased OSC (0.278 V) is much lower than that of the PBDT-Cl:A1-based

>

0OSC (0.3 , slggesting that the introduction of Cl atoms into the inner side-chains of

s

the SMAs_signifi€antly reduces non-radiative V. Similarly, the A4 value of the PBDT-

[F)

Cl:A4-bas&d OSC is lower than that of the PBDT-Cl:A2—-based OSC. As non-radiative V.

can be clos lated to the energetic interactions at the P,s/SMAs interfaces,®e! we

d

investig e morphologies of PBDT-CI:AX (X = 1, 2, 3, and 4) blend films.

\V

uthor
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2.5. Crystalline Characteristics and Charge Mobility
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Figure 5. a) GIXS images of PBDT-CLAX (X = 1, 2, 3, and 4) blend films and b)
corres mgalime-cut profiles along the IP (g,) and OOP (q,) directions.
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Table 4. @ﬂobilities of the PBDT-CIAX (X = 1, 2, 3, and 4) blend films.

lend Film

Ve

[cm? VT s ]

Hh

[cm? V1 s ]

L/ He

i -
e
-
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PBDT-CI:A1 12 x 10 2.1 x 10 1.8

I DBDT—CI:AZ 14 x 10 24 x 10 1.7
BDT-CI:A3 1.7 x 10 2.3 x 107 14

= =smRBDT-Cl:A4 19 x 10 2.2 x 107 1.2

tand the effect of the halogens in the side-chains and IC end-groups

-
O
w

molecular packing structures and crystalline properties in their pristine

and bIenc we conducted grazing incidence wide-angle X-ray scattering (GIXS)

measurenm;ure 5 and Figure S13). As shown in Figure S13, A1, A2, A3, and A4

pristin wed largely different packing structures depending on their degree of

haloge _In the case of SMAs featuring IC-Cl end-groups, the packing structure of

the A1 fiI! showed an edge-on orientation, while that of the A3 film exhibited a slanted

orientatiog a dihedral angle (x) of 48.5°. In the case of SMAs featuring IC-F end-

groupsﬂing structure of the A2 film showed a slanted orientation (x = 17.5°),

wherea“ne A4 film exhibited a face-on orientation, which is favorable for vertical

<This article is protected by copyright. All rights reserved.
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charge transport.’®! These results indicate that the chlorination of the terminal benzene

rings OM side-chains of the SMAs can promote the face-on orientation from A1l

to A3 an@. Also, the chlorination of the side-chains resulted in the enhanced

H
crystallinit§f of the SMAs.

E

Thgxs images of each blend film are presented in Figure 5a, and their line-

S

cut profileSTaléhg the in-plane (IP) and out-of-plane (OOP) directions are shown in

U

Figure 5b° ntly, it was found that the halogenation on the IC end-groups or side-

chains o significantly affects the overall molecular packing orientations of

all

resulting Ims. For example, edge-on packing orientation of A1 SMA was well

preserved in 1tSg@wn crystal regions of the blend film with the face-on-oriented PBDT-CI

VA

Ps, showing mixed face-on and edge-on packing orientations. This bimodal orientation

[

can cause i ased charge recombination and unfavorable charge dissociation/transport

at the D/A rfaces, thereby increasing the non-radiative Vs of a resulting OSC.14 20a]

On th d, A2, A3, and A4-based blend films showed predominantly face-on

th

orientations, asWgdicated by distinct (010)o0p and (100),p scattering peaks in their line-cut

U
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profiles.”! To quantitatively compare the crystallinity and packing structures of the four

blend fw crystal coherence lengths (Ls) were determined from the (100), peaks

using the@equation,m and their T—Tt stacking distances (dy,) were calculated

N
from the s10=oop peaks using d=2mg '1%% as shown in Table S5. In the case of the blend

C

films basa@ on As featuring IC-F end-groups, the L. (125.9 A) and d (3.59 A) of the

PBDT-CI: epd film were greater than and less than, respectively, those of the PBDT-

ES

Cl:A2 blend film#L.. = 102.9 A and d,, = 3.61 A). Similarly, in the case of the blend films

q

based on8€MAs featuring IC-Cl end-groups, the L. (99.2 A) and d} (3.63 A) of the PBDT-

Cl:A3 ble ere greater than and less than, respectively, those of the PBDT-CI:A1

d

blend fi = 53.0 A and d. = 3.77 A). These results suggest that the Cl atoms in the

M

Ph-Cl of SMAs play a key role in promoting tight molecular packing and

[

enhancin stallinity of the PBDT-CI:AX blend films (Table S5). In particular, the

PBDT-CI:A

O

film showed the highest crystallinity, which is consistent with the

superi e corresponding OSC.

uth
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To understand the electrical properties of the blend films, the charge mobilities of

each blMevaluated using the SCLC method. The PBDT-CI:A3 (1 = 1.7 x 1074 cm?

V1S a&I:A4 (e = 1.9 x 1074 cm? V1S 7) blend films showed higher ts than

N —
those of WT-CI:M (e = 1.2 x 1004 cm?V" 'S ") and PBDT-CIA2 (1 = 1.4 x 1074

C

cm? V1S d films, respectively (Table 4). In addition, the PBDT-CI:A3 and PBDT-

S

Cl:A4 ble exhibit more balanced hole and electron mobilities (t/te), 1.4 and 1.2,

U

respectiv the PBDT-CI:A1 (1.8) and PBDT-Cl:A2 (1.7) blend films, which contribute

1

to suppre rge recombination and a higher FF.4 27

uthor Ma

This article is protected by copyright. All rights reserved.

A

31

25UBD1] SUOWILIOD BANERID) B[l ddke BU) Aq paLLio a1 B P1Le WO ‘85N JO'SAN. 10} AJRIGI1T BUIIUO AB]1M U0 (SUONIPUOD-PU.-SWWLIBYALID A3 | W ARGl [BU 1 UO//'Schy) SUORIPLOD PUR SUL | 84} 885 *[£202/80/0E] UO AIRIGIT UIIUO AB]IM ‘UOBULIOJU | [EOIIL3S L PUY 1UBIDS JO 0140 Ad 0STTOZZ02 WPe/Z00T OT/I0p/W00™ /3|1 ALeiqjou! |Uo//SAY LI pepeojumMOd ‘SZ ‘2202 ‘8Z069T9T



WILEY-VCH

2.6. Morphological Properties of Blend Films

a) b)

—— PBDT-CI:A1 —— PBDT-CI:A2
—— PBDT-CL:A3 —— PBDT-Cl:A4

y
\ NN

0.006 0.01 0.015 0.005 0.01 0.015

Ig?
Ig?

q(A”) q(A")
d
Figure 6. rofiles of a) PBDT-CI:A1 and PBDT-CI:A3, and b) PBDT-CI:A2 and PBDT-

Cl:A4 ble i

understand the effect of the chlorination of the side-chains in the

SMAs d morphologies such as phase separation behaviors, the resonant soft

Ma

X-ray scaflering (RSoXS) measurement was performed. (Figure 6). For a distinct contrast

£

between and SMAs, the RSoXS profiles were obtained from a beam energy of

284.4 eV The domain size and purity of the blend films were calculated based on their

h

RSoXS xperimental Section and Table $6).2%! Interestingly, the PBDT-CI:A3

ut
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blend film (40.6 nm) showed a smaller domain size than that of the PBDT-Cl:A1 blend

film (4Wso, PBDT-Cl:A4 blend film (56.2 nm) also exhibited smaller domain size

%

than that T-CI:A2 blend film (60.4 nm). Importantly, the domain purity of the

H
PBDT—CI:As blend film (relative domain purity = 0.34) was significantly lower than that of

X

the PBDTREI:A1 _Blend film. Similarly, the PBDT-CI:A4 blend film showed a smaller relative

domain p 0.79 compared to the PBDT-CI:A2 blend. These results indicate that the

US

blend films ba on SMAs featuring chlorinated side-chains, Ph-Cl, can form better-

[)

intermixe@, domains than blend films based on SMAs featuring non-chlorinated side-

chains. SHEch I-intermixed blend morphologies contributed to suppressed charge

a

recomb and enhanced charge generation, allowing the OSC devices to have

M

higher ¢ alues.l12:301

Table 5. of the contact angles and surface tension of PBDT-Cl, A1, A2, A3, and

hor

A4 fil interfacial tension between PBDT-C| A, and SMAs.

{

Material Contact Angle [deg] Surface Blend Systems ~ y°*? [mN

Ul
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Tension m']
water Glycerol (mN m ]
PBDT-CI 99.5 86.8 23.26 - -
Al 5’5 81.1 27.31 PBDT-CL:A1 0.67
H

A2 : : !)7.1 82.0 26.39 PBDT-Cl:A2 0.33
A3 m97.9 83.0 25.85 PBDT-Cl:A3 0.28
A4 7.6 834 25.36 PBDT-Cl:A4 0.13

a3) The interfacial tension between the PBDT-C| Ay and SMA:s.

dll

ate the differences in blend intermixing, we calculated the interfacial

M

tensio tween the PBDT-Cl A and SMAs using the Wu model.B" The water and

glycerol g@ntact angles of each material were measured (Table 5 and Figure S14). The

[

detailed g @ bn process, related equations, and resulting dispersive (y9) and polar (yP)

componefits of each material are described in the Experimental Section and Tables S7-

N

{

S8. Int Pthe )P values of PBDT-CI:A3 and PBDT-Cl:A4 blends (based on SMAs

U
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featuring Ph-Cl side-chains) of 0.28 and 0.13 mN m~', respectively, are lower than those

of PBDW.W mN m~") and PBDT-CI:A2 (0.33 mN m~") blends (based on SMAs

featuring @e—chain) (Table 5). A low P* is indicative of high interfacial

N
compatib between the A, and SMA, which can induce well-intermixed domains with

C

large D/A\intedacial areas by suppressing severe phase separation.?? This trend is

consisten | With the results of the RSoXS measurements. In addition, we compared

LS

the thermal staPllities of the PBDT-CI:AX (X= 1, 2, 3, or 4)-based OSCs at 120°C. The

q

normalize@ PCE,, s of the four blends and their photovoltaic parameters as a function of

annealingfiti e presented in Figure S15 and Table S9. Interestingly, AT and A2 SMAs

a

(with n rinated side-chains)-based OSCs retained 75% and 83% of its initial PCE,q

L\

after a t 120°C for 100 hr, respectively. In contrast, A3 and A4 SMAs (with

[

chlorinat -chains)-based devices demonstrated superior thermal stabilities,

maintaini than 92% of its initial PCE under the same condition. This result

O

indicat roved interfacial compatibility between A, and SMA can better stabilize

uth
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the phase-separated nanodomains against thermal stress, preventing severe

aggregaii 22235

{

P

r analyses (GIXS, RSoXS, and )P results), we conclude that the high

.UJ

[l

AVsvalue BDT-Cl:A1-based OSC is mainly caused by excessive domain purity and

the undesi imodal packing orientations. Conversely, in the A3-based blend, the A4

SC

value was €iteflively suppressed due to the increased miscibility between the A3 SMA

U

(with Ph- ~chain) and the PBDT-C| A, and the favorable face-on orientation of the

N

blend filnwsk e case of A2 and A4 SMAs, although the packing structures of PBDT-

Cl:A2 an [:A4 blend films showed similar face-on orientations, the PBDT-Cl:A4

a

blend film ac ed better-intermixed domains and a lower Al4 value than the PBDT-

VA

Cl:A2 blend film. Therefore, PBDT-Cl:A4 blend film with its high 1 and optimal D/A blend

[

morpholog orded the OSC with the highest PCE of 17.19%. The improved properties

of the PBDT=Cl:A4 blend film were achieved synergistically through the selective

haloge oth the IC end-groups and inner side-chains of the SMA.

uth
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3. Conclusion

|nkummary, we investigated the effects of the selective halogenation of SMAs on

the blen gy, Woss and photovoltaic performance. For a systematic study, we
H

synthesizh SMAs (e, A1, A2, A3, and A4) with different halogenations at two

C

different s of inner side-chains and IC end-groups. It was found that appropriate

S

halogenatiOnis both the inner side-chains and IC end-groups of the SMA impact the

U

pristine nd morphologies; 1) SMAs featuring IC-F end-groups exhibit more

1

enhanced lar ordering and thin-film crystallinity than SMAs having IC-Cl end-

d

groups, | the importance of the selection of a suitable halogen atom in IC end-

groups. 2) T lorination on the inner side-chains of SMA can promote its intermixing

\7

with A and induce a favorable face-on packing orientation of the SMA, thus reducing

[

the energetic disorder at the D/A interface and enhancing the PCE. As a result, the OSC

based on A featuring both IC-F end-groups and Ph-Cl side-chains achieved the

highes .19%, enabled by the high crystallinity, improved charge mobility, and

th

suppressed noM§radiative Uoss. Our study demonstrates the utility of the halogenation at

U
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Supporting Information

Materials !na synthesis, general characterizations, calculation for U. and fabrication of

OSCs are in the Supporting Information. Supporting Information is available
N

from the hnline Library or from the author.
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