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Abstract 

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

positions of dicyanomethylene-3-indanone (IC)-end groups and inner side-chains of 

SMAs on the PD:SMA interfacial interactions, blend morphology, and resulting 

photovoltaic properties. In this study, four different SMAs (A1, A2, A3, and A4) with the 

same molecular backbone, but with different degrees of halogenation, are synthesized. 

The IC-end groups on the backbones of the A1 and A3, and A2 and A4 SMAs are 

chlorinated and fluorinated, respectively; in addition, 6-phenoxyhexyl inner side-chains of 

the A3 and A4 are chlorinated. The SMAs are paired with a chlorinated PBDT-Cl PD to 

construct OSCs. The PBDT-Cl:A4-based OSC exhibits the highest PCE of 17.2%, 

outperforming the PBDT-Cl:A1- (13.3%), PBDT-Cl:A2-(15.6%), and PBDT-Cl:A3-based OSC 

(16.5%). The Cl atoms on the side-chains in the A3 and A4 SMAs enhance the 

molecular/energetic interactions at the PD:SMA interfaces and improve the blend 

morphology in terms of domain purity and spacing. These effects lead to the improved 

fill factors and reduced voltage loss of the PBDT-Cl:A3- and PBDT-Cl:A4-based OSCs. Our 
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study demonstrates the importance of appropriate halogenation of SMAs in optimizing 

the blend morphology, reducing voltage loss, and improving OSC performance. 
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1. Introduction 

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

light weight, mechanical durability, and solution processability.[1] The power conversion 

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

18%, which is mainly driven by the development of efficient polymer donors (PDs) and 

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

properties.[2] To further improve the PCE over 20%, optimizing the pairing of PDs and 

SMAs is an important task.[3] Requirements such as (1) well-matched energy levels, (2) 

optimal blend morphology with favorable PD/SMA interactions, and (3) reduced voltage 

loss (Vloss) should be considered when finding optimal PD/SMA pairs.[4] 

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

acceptor-donor-acceptor (A-DA'D-A) backbone.
[2b, 3, 5]

 Owing to the availability of multiple positions 

suitable for chemical modification, significant effort has been directed at improving the properties of 

these SMAs.
[6]

 Among the possible structural modifications of SMAs, halogenation, the introduction 

of electron-withdrawing halogen atoms (i.e., fluorine (F) and chlorine (Cl)), is considered a simple yet 

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

 16163028, 2022, 25, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202201150 by O
ffice O

f Scientific A
nd T

echnical Inform
ation, W

iley O
nline L

ibrary on [30/08/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



 

     

 

This article is protected by copyright. All rights reserved. 

6 

 

energy levels, molecular planarity, and intermolecular assembly.
[7]

 In addition, secondary interactions 

(i.e., F (or Cl)···S and F (or Cl)···H) induced by halogenation improve the inter- or intramolecular 

interactions and crystalline packing and, thus, enhance charge transport ability of the SMAs.
[7e]

 

Importantly, the halogenation of SMAs can significantly affect their molecular interactions and 

miscibility with PDs in blends, thus affecting the blend morphology and PCE of resulting OSCs. 

Recently, Marks et al. reported BT-BO-based SMA series with different numbers of F atoms in their 

1,1-dicyanomethylene-3-indanone (IC)-end groups. The PCEs of the resulting OSCs were 

significantly increased with fluorination of the SMA from 9.6% (without F atoms) to 16.8% (with 

four F atoms).
[8]

 He et al. developed BTIC-4Cl-T-based SMA series featuring conjugated thiophene 

rings in their outer side-chains with different chlorination patterns. The PCEs of the OSCs based on 

BTIC-4Cl-TCl-β with chlorinated side-chains (15.65%) considerably exceeded those of the OSCs 

based on BTIC-4Cl-T with non-chlorinated side-chains (10.86%).
[6a] 

In our previous work, the use of 

both a fluorinated PD (PBDT-F) and SMA (C6OB-F) achieved an OSC with a significantly higher 

PCE (15.21%) than that (10.06%) of an OSC based on a non-fluorinated PD (PBDT-H) and 

fluorinated SMA (C6OB-F).
[4f]

 These studies verify that the halogenation of the end groups or side-

chains of PDs and SMAs significantly affects PD/SMA interactions in blends, charge 

generation/recombination properties, and thus photovoltaic performances. 

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

contribution from non-radiative Vloss should be reduced, which is mainly affected by the energetic 

interactions at the PDs/SMAs interfaces. Thus, the interfacial and morphological properties (i.e., 

domain size/purity, aggregation, and molecular orientation) of the BHJ blend should be optimized to 

reduce the non-radiative Vloss.
[9]

 For instance, Yan et al. investigated a blend system of PvBDTTAZ 
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PD and O-IDTBR SMA, where the resulting OSC with a PCE of 11.6% showed a very low Vloss of 

0.55 V and thus high open–circuit voltage (Voc) of 1.08 V.
[10]

 The key contributions to the low Vloss 

were both the high crystallinity and small domain sizes in the BHJ morphology. As another example, 

Nguyen et al. investigated the effect of the PD packing orientation on the non-radiative Vloss. The OSC 

based on a face-on orientated p-SIDT(FBTTh2)2 PD exhibited a lower non-radiative Vloss, and thus a 

higher Voc (0.84 V), than the other OSC based on an edge-on orientated PD (Voc = 0.69 V).
[11]

 

Therefore, it is expected that the halogenation of SMAs can effectively reduce and increase the non-

radiative Vloss and Voc, respectively, of OSCs by improving the molecular interaction and energetic 

order between PDs and SMAs at their interfaces. 

 In this work, we investigate the impact of the halogenation of SMAs on their 

molecular properties, PD/SMA interactions, blend morphology, and the Vloss and PCE of 

the resulting OSCs. Four different SMAs with the same backbone, but with different 

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

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

e]thieno[2′′,3′′:4′,5′]thieno[2′,3′:4,5]pyrrolo[3,2-g]thieno[2′,3′:4,5]thieno[3,2-b]indole-2,10-

diyl)bis(methanylylidene))bis(5,6-dichloro-3-oxo-2,3-dihydro-1H-indene-2,1-

diylidene))dimalononitrile (SMA-Cl-H), 2,2′-((2Z,2′Z)-((12,13-bis(6-phenoxyhexyl)-3,9-

diundecyl-12,13-dihydro-[1,2,5]thiadiazolo[3,4-
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e]thieno[2′′,3′′:4′,5′]thieno[2′,3′:4,5]pyrrolo[3,2-g]thieno[2′,3′:4,5]thieno[3,2-b]indole-2,10-

diyl)bis(methanylylidene))bis(5,6-difluoro-3-oxo-2,3-dihydro-1H-indene-2,1-

diylidene))dimalononitrile (SMA-F-H), 2,2′-((2Z,2′Z)-((12,13-bis(6-(3-chlorophenoxy)hexyl)-

3,9-diundecyl-12,13-dihydro-[1,2,5]thiadiazolo[3,4-

e]thieno[2′′,3′′:4′,5′]thieno[2′,3′:4,5]pyrrolo[3,2-g]thieno[2′,3′:4,5]thieno[3,2-b]indole-2,10-

diyl)bis(methanylylidene))bis(5,6-dichloro-3-oxo-2,3-dihydro-1H-indene-2,1-

diylidene))dimalononitrile (SMA-Cl-Cl), and 2,2′-((2Z,2′Z)-((12,13-bis(6-(3-

chlorophenoxy)hexyl)-3,9-diundecyl-12,13-dihydro-[1,2,5]thiadiazolo[3,4-

e]thieno[2′′,3′′:4′,5′]thieno[2′,3′:4,5]pyrrolo[3,2-g]thieno[2′,3′:4,5]thieno[3,2-b]indole-2,10-

diyl)bis(methanylylidene))bis(5,6-difluoro-3-oxo-2,3-dihydro-1H-indene-2,1-

diylidene))dimalononitrile, (SMA-F-Cl), are denoted by A1, A2, A3, and A4, respectively. 

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

and A2 and A4 have F atoms. Furthermore, Cl atoms are incorporated into the terminal 

benzene rings of the 6-phenoxyhexyl side-chains of the A3 and A4 SMAs.[7c] Among 

OSCs based on these SMAs and a PBDT-Cl PD, the PBDT-Cl:A4-based OSC achieves the 

 16163028, 2022, 25, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202201150 by O
ffice O

f Scientific A
nd T

echnical Inform
ation, W

iley O
nline L

ibrary on [30/08/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



 

     

 

This article is protected by copyright. All rights reserved. 

9 

 

highest PCE of 17.19% (Voc = 0.840 V, short–circuit current (Jsc) = 26.90 mA cm
–2
, and fill 

factor (FF) = 0.76), outperforming the PBDT-Cl:A1-, PBDT-Cl:A2, and PBDT-Cl:A3-based 

OSC with PCEs of 13.33, 15.59, and 16.55%, respectively. These results demonstrate the 

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

SMAs in enhancing photovoltaic performance. Notably, the chlorination of the side-

chains in the A3 and A4 SMAs induces the favorable molecular packing structures and 

increases the energetic interactions at the PD/SMA interfaces, reducing the non-radiative 

Vloss of corresponding OSCs. In particular, the PBDT-Cl:A3-based blend film shows a 

favorable face-on packing orientation and the corresponding OSC exhibits a much lower 

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

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

blends are thoroughly investigated by the grazing-incidence X-ray scattering (GIXS) and 

resonant soft X-ray scattering (RSoXS) measurements. 
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2. Results and Discussion 

2.1. Design Strategy and Material Properties 
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Figure 1. Material design of the SMAs investigated in this work. 

 

Figure 2. a) Molecular structure of the PD used in this study. b) UV-Vis absorption 

spectra in dilute chloroform solutions and c) UV-Vis absorption spectra in chloroform-

processed thin films of the SMAs and PBDT-Cl PD. 

 

Table 1. Optical/electrochemical characteristics of the four SMAs and PBDT-Cl PD. 

Material 

λsol
max 

[nm] 

λfilm
max 

[nm] 

λfilm,TA
max 

[nm] 

εfilm,CF 

[× 104 cm–1] 

Eg
opt a) 

[eV] 

EHOMO
 b) 

[eV] 

ELUMO
 c) 

[eV] 

PBDT-Cl 568, 603 559, 601 560, 601 7.52 1.89 –5.53 –3.64 

A1 744 805 816 8.35 1.38 –5.67 –4.29 

A2 731 778 822 8.73 1.38 –5.68 –4.30 

A3 744 802 841 9.27 1.38 –5.69 –4.31 
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A4 730 773 824 9.82 1.39 –5.65 –4.26 

a) from the absorption onset wavelengths of the thin films. b) from corresponding cyclic 

voltammetry. c) ELUMO = Eg
opt + EHOMO. 

 

The introduction of electron-withdrawing halogen atoms into the main 

backbones of SMAs (i.e., IC end-groups) has been considered an effective strategy for 

modulating the light-absorption ability, energy level, molecular packing, and 

crystallization behaviors of the SMAs (Figure 1).[7] However, the significance of the 

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

overlooked. Without compromising the electronic properties of SMAs, this strategy can 

effectively modulate the molecular compatibility and energetical interaction between PD 

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

PD at D/A interfaces.[4f] 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 on photovoltaic performance, four different SMA-Xs (terminal units of IC end-
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group)-Ys (terminal units of side-chain) (i.e., SMA-Cl-H (A1), SMA-F-H (A2), SMA-Cl-Cl 

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

the A1 and A3 SMAs are chlorinated (denoted by IC-Cl), while those of A2 and A4 SMA 

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

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

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

the SMAs, the molecular structure of A2 SMA has been reported in the previous paper.[4f] 

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

Cl atoms with an empty 3d orbitals can readily accept π electrons, which may lead to 

strong non-covalent interactions such as Cl···π.[7c] Chlorination can also increase the 

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

of the SMAs.[7c] Indeed, the dipole moment (δ) of the Ph-Cl side-chain (δ = 3.70) exceeds 

that of the Ph-H side-chain (δ = 1.48), according to density functional theory (DFT) 

analysis (Figure 1). The synthetic procedures for the SMAs are presented in the 

Experimental Section, Scheme S1, and Figures S1–S7. To examine the solution-
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processability of the SMAs, we estimated the solubilities of A1, A2, A3, and A4 in CF 

(Figure S8). All the SMAs showed reasonably high solubilities (> 20 mg mL− 1), regardless 

of the type of halogen atoms attached on the terminal units of side-chains and IC-end 

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

group. 

A PBDT-Cl PD, comprising thienothiophene π-bridged N-octylthieno[3,4-

c]pyrrole-4,6-dione (8ttTPD) and chloro-benzodithiophene (BDT-Cl) building blocks, is 

synthesized and paired with the SMAs.[12] The PBDT-Cl PD and four SMAs have 

appropriate energy level alignment and complementary light absorption ranges (Figure 

2).[4f, 12] The optical and electrochemical characteristics of the materials are presented in 

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

molecular orbital (LUMO) energy levels of the PD and four SMAs were determined from 

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

energy levels ranging from –5.69 to –5.65 eV and –4.31 to –4.26 eV, respectively, owing 

to their similar halogenated IC end-groups. In UV-Vis absorption spectra of the SMAs in 
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thin-films (Figure 2c), the A1 and A3 SMAs featuring IC-Cl end-group exhibit more red-

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

to their different intramolecular charge transfer (ICT) abilities.[13] The maximum 

absorption coefficients (εfilm,CF) of chloroform (CF)-processed A1, A2, A3, and A4 thin films 

are 8.35 × 104 cm–1, 8.73 × 104 
cm–1, 9.27 × 104 cm–1, and 9.82 × 104 cm–1, respectively. 

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

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

thermal property of the SMAs was investigated from the thermogravimetric analysis 

(TGA). The thermal decomposition temperatures of the four SMAs were similar in the 

range of 315–320 °C, indicating a good thermal stability (Figure S10).  

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

were obtained using the space-charge limited current (SCLC) method (Table S1).[14] 

Interestingly, the μes of SMAs featuring IC-F end-groups, A2 (5.2 × 10− 4 cm2 V− 1 s− 1) and 

A4 (6.6 × 10− 4 cm2 V− 1 s− 1), exceed those of SMAs featuring IC-Cl end-group, A1 (2.7 × 

10− 4 cm2 V− 1 s− 1) and A3 (3.8 × 10− 4 cm2 V− 1 s− 1). More importantly, owing to the 
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chlorination of their inner side-chains, the μes of A3 and A4 SMAs outperform those of 

the A1 and A2 SMAs, respectively. Differential scanning calorimetry (DSC) measurement 

was conducted to understand the correlation between the SCLC mobilities and the 

crystalline properties of the SMAs. The SMA samples for DSC were prepared in the same 

conditions as SCLC measurement.[15] As shown in Figure S11, A2 and A4 SMAs featuring 

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

temperatures (Tm) and melting enthalpy (∆ Hm) of A2 SMA are 275°C and 24.5 J g− 1 

(Table S2). In the case of A4 SMA, two peaks at 255 and 272°C correspond to ∆ Hms of 

10.8 and 17.2 J g− 1, respectively, thus the sum of ∆ Hms (28.0 J g− 1) of A4 SMA exceeds 

the ∆ Hm of A2 SMA. On the other hand, A1 and A3 SMAs featuring IC-Cl end-groups 

show no obvious peaks. These results indicate that the SMAs having IC-F end-groups 

exhibit more enhanced molecular ordering and thin-film crystallinity than SMAs having 

IC-Cl end-groups. This trend is consistent well with that observed in the μes of the SMAs. 
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2.2. Photovoltaic Properties of the Blend Films 

 

Figure 3. a) J–V curves, b) EQE curves, and c) PCE distributions of PBDT-Cl:AX (X= 1, 2, 3, 

or 4)-based OSCs. 

 

Table 2. Photovoltaic performances of PBDT-Cl:AX (X= 1, 2, 3, or 4)-based OSCs. 

PD SMAs 
Voc 

[V] 

Jsc 

[mA cm–2] 

Calcd. Jsc 
a)
 

[mA cm–2] 
FF 

PCEmax (PCEavg) 

b) [%] 
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PBDT-Cl 

A1 

0.771 

(0.766 ± 0.004) 

24.13 

(23.83 ± 0.28) 

24.12 

0.71 

(0.71 ± 

0.01) 

13.33 

(12.92 ± 0.41) 

A2 

0.828 

(0.826 ± 0.005) 

25.79 

(25.43 ± 0.35) 

25.08 

0.73 

(0.73 ± 

0.00) 

15.59 

(15.25 ± 0.34) 

A3 

0.840 

(0.838 ± 0.002) 

25.88 

(25.82 ± 0.19) 

25.18 

0.76 

(0.75 ± 

0.01) 

16.55 

(16.38 ± 0.17) 

A4 

0.840 

(0.835 ± 0.005) 

26.90 

(26.78 ± 0.12) 

25.62 

0.76 

(0.75 ± 

0.01) 

17.19 

(16.87 ± 0.32) 

a) Calculated from the corresponding EQE spectrum. b) obtained from at least 10 OSCs 

based on each PD:SMA pair. 

 

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

(ITO/poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS)/active 

layers/2,9-bis(3-((3-(dimethylamino)propyl)amino)propyl)anthra[2,1,9-def:6,5,10-
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d'e'f']diisoquinoline-1,3,8,10(2H,9H)-tetraone (PDINN)/Ag) were fabricated.[16] The 

optimization process for the OSCs is presented in Table S3. The current density–voltage 

(J–V) curves, external quantum efficiency (EQE) spectrum, and PCE distributions of each 

device are shown in Figure 3a–c. In Table 2, the corresponding photovoltaic parameters 

(Vocs, Jscs, FFs, and PCEs) are summarized. Among the fabricated OSCs, the PBDT-Cl:A4-

based OSC obtained the highest PCE of 17.19%, outperforming the PBDT-Cl:A2-based 

OSC (PCE= 15.59%). Similarly, the PBDT-Cl:A3-based OSC afforded a higher PCE of 16.55% 

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

chlorination on the inner side-chain of SMAs in enhancing photovoltaic performance. 

Interestingly, the Vocs of PD:SMA-based OSCs were greatly increased by introducing Cl 

atoms into the inner side-chains of SMAs, despite their similar LUMO energy levels. For 

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

PBDT-Cl:A2-based OSC (Voc = 0.828 V). Moreover, the Voc of PBDT-Cl:A3-based OSC (Voc 

= 0.840 V) significantly surpassed that of PBDT-Cl:A1-based OSC (Voc = 0.771 V). Such 

large differences in the Vocs of the OSCs are mainly related to the Vloss of the devices, 
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which is discussed in Section 2.4 below. In other parameters, the Jscs and FFs of PBDT-

Cl:A3- based OSCs (Jsc = 25.88 mA cm–2 and FF = 0.76) and PBDT-Cl:A4-based OSCs (Jsc 

= 26.90 mA cm–2 and FF = 0.76) also considerably exceeded those of the PBDT-Cl:A1- 

based OSCs (Jsc = 24.13 mA cm–2 and FF = 0.71) and PBDT-Cl:A2-based OSCs (Jsc = 25.79 

mA cm–2 and FF = 0.73), respectively. The maximum EQE of OSCs based on the A2 and 

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

value. In addition, these OSCs demonstrate higher EQE values in 500–800 nm than OSCs 

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

harvesting and photon-to-electron conversion in the visible region. The calculated Jscs of 

the OSCs based on their EQE spectrum agree well with their measured Jscs within an 

error of 4%. 

 

2.3. Charge Generation and Recombination 
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Figure 4. a) Jph–Veff curves of PBDT-Cl:AX (X = 1, 2, 3, or 4)-based OSCs and b) the Plight–

dependent Voc of the OSCs (from 0.1 to 1 Sun). 

 

To understand the charge generation and recombination properties of PBDT-

Cl:AX (X = 1, 2, 3, or 4)-based OSCs, their exciton dissociation probability (P(E,T)) and 

light intensity (Plight)–dependent Voc were investigated (Figure 4). The P(E,T) of each 

device was calculated by the ratio of its photocurrent density (Jph) under the short-circuit 

conditions to its saturated Jph value at an effective voltage (Veff) of 3 V.[17] The P(E,T)s of 

the PBDT-Cl:AX–based OSCs slightly increase, in terms of the SMA, in the order A1 

(89.9%), A2 (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 dissociation and charge generation than OSCs based on the A1 and A2 SMAs. 

Figure 4b shows the Voc–ln(P) (from 0.1 to 1 Sun) plots of the PBDT-Cl:AX-based OSCs. 

The slope (S) is expressed in kBTq− 1, where kB is the Boltzmann constant, T is the 

temperature, and q is the elementary charge.[18] The PBDT-Cl:A4-based OSC showed a 

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

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

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

OSCs based on the A3 and A4 SMAs, resulting in their higher FFs.[19] In addition, the 

OSCs based on A2 and A4 SMAs (featuring IC-F end-groups) showed less severe 

recombination properties than the OSCs based on A1 and A3 SMAs (featuring IC-Cl end-

groups), respectively, mainly due to the higher μes and crystallinity of the SMAs featuring 

IC-F end-groups. 
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2.4. Voltage Loss Analysis 

Table 3. The overall Vloss and the corresponding Vloss terms (ΔV1, ΔV2, and ΔV3) of the 

PBDT-Cl:AX (X = 1, 2, 3, and 4)-based OSCs. All units of measurements are volt [V]. 

Blend film Eg

PV
/q Voc

SQ
 Voc

Rad
 Voc

PV
 ∆ V1 ∆ V2 ∆ V3 Vloss 

PBDT-Cl:A1 1.418 1.160 1.123 0.771 0.258 0.037 0.352 0.647 

PBDT-Cl:A2 1.432 1.173 1.148 0.828 0.259 0.025 0.320 0.604 

PBDT-Cl:A3 1.408 1.151 1.118 0.840 0.257 0.033 0.278 0.568 

PBDT-Cl:A4 1.427 1.168 1.152 0.840 0.259 0.016 0.312 0.587 

 

To elucidate the trend in the Vocs of the PBDT-Cl:AX (X = 1, 2, 3, and 4)-based 

OSCs, we investigated their Vloss, which significantly affects their device performance.[4a, 4f, 

20] In general, according to the Shockley-Queisser (SQ) theory, Vloss consists of three 

different terms:[21] Vloss = (Eg
PV/q – Voc

SQ) + (Voc
SQ – Voc

Rad) + (Voc
Rad – Voc

PV) = ΔV1 + ΔV2 + 

ΔV3, where q, Eg
PV, Voc

SQ, Voc
Rad, and Voc

PV are the elementary charge, optical bandgap 

determined from the derivatives of the EQE spectra (also called photovoltaic bandgap), 
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maximum voltage by the SQ limit, a voltage in the radiative limit, and photovoltaic Voc, 

respectively. The three terms (ΔV1, ΔV2, and ΔV3) and their sum (Vloss) for each OSC are 

summarized in Table 3. The methods for measuring Vloss and detailed calculation process 

of ΔV1, ΔV2, and ΔV3 are described in the Experimental Section and Figure S12. The first 

term, ΔV1, is an intrinsically unavoidable factor of the OSCs, which originates from 

unsatisfying the principle of detailed balance of the solar cells under the illumination of 

sun.[4a] The ΔV1 typically has a value of 0.25–0.30 V. The second term, ΔV2, is caused by 

the radiative recombination process in solar cells working under the illumination. Lastly, 

the third term, ΔV3, represents the non-radiative Vloss, which impacts the overall Vloss of 

an OSC most significantly.[20a] This term can be calculated according to the equation ∆ V3 

= Vloss −  ∆ V1 −  ∆ V2 or from their electroluminescence quantum efficiency (EQEEL) 

spectra (Figure S12b and Table S4).[22] 

Table 3 shows that the ΔV1 values of the PBDT-Cl:AX (X = 1, 2, 3, and 4)-based 

OSCs are similar, in the range of 0.257–0.259 V. The ΔV2 values of the PBDT-Cl:A3- and 

PBDT-Cl:A4-based OSCs (0.033 and 0.016 V, respectively), are lower than those of PBDT-
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Cl:A1- and PBDT-Cl:A2-based OSCs, respectively (0.037 and 0.025 V). This result indicates 

that the A3 and A4 SMAs with Ph-Cl side-chains have lower energy offsets, compared to 

those of the A1 and A2 SMAs with Ph-H side-chains.[4a] Importantly, significant 

differences were observed in the ΔV3 values of the blends. In particular, the ΔV3 value of 

the PBDT-Cl:A3–based OSC (0.278 V) is much lower than that of the PBDT-Cl:A1–based 

OSC (0.352 V), suggesting that the introduction of Cl atoms into the inner side-chains of 

the SMAs significantly reduces non-radiative Vloss. Similarly, the ΔV3 value of the PBDT-

Cl:A4-based OSC is lower than that of the PBDT-Cl:A2–based OSC. As non-radiative Vloss 

can be closely related to the energetic interactions at the PDs/SMAs interfaces,[9e] we 

investigated the morphologies of PBDT-Cl:AX (X = 1, 2, 3, and 4) blend films. 
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2.5. Crystalline Characteristics and Charge Mobility 

 

Figure 5. a) 2D GIXS images of PBDT-Cl:AX (X = 1, 2, 3, and 4) blend films and b) 

corresponding line-cut profiles along the IP (qxy) and OOP (qz) directions. 

 

Table 4. Charge mobilities of the PBDT-Cl:AX (X = 1, 2, 3, and 4) blend films. 

Blend Film 

μe  

[cm2 V− 1 s− 1] 

μh 

[cm2 V− 1 s− 1] 

μh/μe 

 16163028, 2022, 25, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202201150 by O
ffice O

f Scientific A
nd T

echnical Inform
ation, W

iley O
nline L

ibrary on [30/08/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



 

     

 

This article is protected by copyright. All rights reserved. 

28 

 

PBDT-Cl:A1 1.2 × 10–4 2.1 × 10–4 1.8  

PBDT-Cl:A2 1.4 × 10–4 2.4 × 10–4 1.7  

PBDT-Cl:A3 1.7 × 10–4 2.3 × 10–4 1.4  

PBDT-Cl:A4 1.9 × 10–4 2.2 × 10–4 1.2  

 

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

of SMAs on the molecular packing structures and crystalline properties in their pristine 

and blend films, we conducted grazing incidence wide-angle X-ray scattering (GIXS) 

measurement (Figure 5 and Figure S13). As shown in Figure S13, A1, A2, A3, and A4 

pristine films showed largely different packing structures depending on their degree of 

halogenation. In the case of SMAs featuring IC-Cl end-groups, the packing structure of 

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

orientation, forming a dihedral angle (χ) of 48.5°. In the case of SMAs featuring IC-F end-

groups, the packing structure of the A2 film showed a slanted orientation (χ = 17.5°), 

whereas that of the A4 film exhibited a face-on orientation, which is favorable for vertical 
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charge transport.[23] These results indicate that the chlorination of the terminal benzene 

rings of the inner side-chains of the SMAs can promote the face-on orientation from A1 

to A3 and A2 to A4. Also, the chlorination of the side-chains resulted in the enhanced 

crystallinity of the SMAs. 

The 2D GIXS images of each blend film are presented in Figure 5a, and their line-

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

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

chains of SMAs significantly affects the overall molecular packing orientations of 

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

preserved in its own crystal regions of the blend film with the face-on-oriented PBDT-Cl 

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

can cause increased charge recombination and unfavorable charge dissociation/transport 

at the D/A interfaces, thereby increasing the non-radiative Vloss of a resulting OSC.[4f, 20a] 

On the other hand, A2, A3, and A4-based blend films showed predominantly face-on 

orientations, as indicated by distinct (010)OOP and (100)IP scattering peaks in their line-cut 
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profiles.[24] To quantitatively compare the crystallinity and packing structures of the four 

blend films, their crystal coherence lengths (Lcs) were determined from the (100)IP peaks 

using the Scherrer equation,[25] and their π–π stacking distances (dπ–π) were calculated 

from the (010)OOP peaks using d=2πq− 1,[26] as shown in Table S5. In the case of the blend 

films based on SMAs featuring IC-F end-groups, the Lc (125.9 Å) and dπ–π (3.59 Å) of the 

PBDT-Cl:A4 blend film were greater than and less than, respectively, those of the PBDT-

Cl:A2 blend film (Lc = 102.9 Å and dπ–π = 3.61 Å). Similarly, in the case of the blend films 

based on SMAs featuring IC-Cl end-groups, the Lc (99.2 Å) and dπ–π (3.63 Å) of the PBDT-

Cl:A3 blend film were greater than and less than, respectively, those of the PBDT-Cl:A1 

blend film (Lc = 53.0 Å and d π–π = 3.77 Å). These results suggest that the Cl atoms in the 

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

enhancing the crystallinity of the PBDT-Cl:AX blend films (Table S5). In particular, the 

PBDT-Cl:A4 blend film showed the highest crystallinity, which is consistent with the 

superior PCE of the corresponding OSC. 
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To understand the electrical properties of the blend films, the charge mobilities of 

each blend were evaluated using the SCLC method. The PBDT-Cl:A3 (μe = 1.7 × 10− 4 cm2 

V− 1 
S− 1) and PBDT-Cl:A4 (μe = 1.9 × 10− 4 cm2 V− 1 

S− 1) blend films showed higher μes than 

those of the PBDT-Cl:A1 (μe = 1.2 × 10− 4 cm2 V− 1 
S− 1) and PBDT-Cl:A2 (μe = 1.4 × 10− 4 

cm2 V− 1 
S− 1) blend films, respectively (Table 4). In addition, the PBDT-Cl:A3 and PBDT-

Cl:A4 blend films exhibit more balanced hole and electron mobilities (μh/μe), 1.4 and 1.2, 

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

to suppressed charge recombination and a higher FF.[4f, 27] 
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2.6. Morphological Properties of Blend Films 

 

Figure 6. RSoXS profiles of a) PBDT-Cl:A1 and PBDT-Cl:A3, and b) PBDT-Cl:A2 and PBDT-

Cl:A4 blend films. 

 

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

SMAs on the blend morphologies such as phase separation behaviors, the resonant soft 

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

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

284.4 eV.[28] The domain size and purity of the blend films were calculated based on their 

RSoXS profiles (Experimental Section and Table S6).[29] Interestingly, the PBDT-Cl:A3 
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blend film (40.6 nm) showed a smaller domain size than that of the PBDT-Cl:A1 blend 

film (45.6 nm). Also, PBDT-Cl:A4 blend film (56.2 nm) also exhibited smaller domain size 

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

PBDT-Cl:A3 blend film (relative domain purity = 0.34) was significantly lower than that of 

the PBDT-Cl:A1 blend film. Similarly, the PBDT-Cl:A4 blend film showed a smaller relative 

domain purity of 0.79 compared to the PBDT-Cl:A2 blend. These results indicate that the 

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

intermixed domains than blend films based on SMAs featuring non-chlorinated side-

chains. Such well-intermixed blend morphologies contributed to suppressed charge 

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

higher Jsc and FF values.[19, 30]  

 

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

A4 films, and the interfacial tension between PBDT-Cl PD and SMAs. 

Material Contact Angle [deg] Surface Blend Systems γ
D-A a)

        [mN 
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water Glycerol 
Tension 

[mN m− 1] 

m
−1

] 

PBDT-Cl 99.5 86.8 23.26 −  −  

A1 97.2 81.1 27.31 PBDT-Cl:A1 0.67 

A2 97.1 82.0 26.39 PBDT-Cl:A2 0.33 

A3 97.9 83.0 25.85 PBDT-Cl:A3 0.28 

A4 97.6 83.4 25.36 PBDT-Cl:A4 0.13 

a) The interfacial tension between the PBDT-Cl PD and SMAs. 

 

 To elucidate the differences in blend intermixing, we calculated the interfacial 

tension (γD-A) between the PBDT-Cl PD and SMAs using the Wu model.[31] The water and 

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

detailed calculation process, related equations, and resulting dispersive (γd) and polar (γp) 

components of each material are described in the Experimental Section and Tables S7–

S8. Interestingly, the γD-A values of PBDT-Cl:A3 and PBDT-Cl:A4 blends (based on SMAs 
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featuring Ph-Cl side-chains) of 0.28 and 0.13 mN m− 1, respectively, are lower than those 

of PBDT-Cl:A1 (0.67 mN m− 1) and PBDT-Cl:A2 (0.33 mN m− 1) blends (based on SMAs 

featuring Ph-H side-chain) (Table 5). A low γD-A is indicative of high interfacial 

compatibility between the PD and SMA, which can induce well-intermixed domains with 

large D/A interfacial areas by suppressing severe phase separation.[32] This trend is 

consistent well with the results of the RSoXS measurements. In addition, we compared 

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

normalized PCEavgs of the four blends and their photovoltaic parameters as a function of 

annealing time are presented in Figure S15 and Table S9. Interestingly, A1 and A2 SMAs 

(with non-chlorinated side-chains)-based OSCs retained 75% and 83% of its initial PCEavg 

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

chlorinated side-chains)-based devices demonstrated superior thermal stabilities, 

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

indicates that improved interfacial compatibility between PD and SMA can better stabilize 
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the phase-separated nanodomains against thermal stress, preventing severe 

aggregations.[32a, 33] 

Based on our analyses (GIXS, RSoXS, and γD-A results), we conclude that the high 

ΔV3 value of the PBDT-Cl:A1-based OSC is mainly caused by excessive domain purity and 

the undesirable bimodal packing orientations. Conversely, in the A3-based blend, the ΔV3 

value was effectively suppressed due to the increased miscibility between the A3 SMA 

(with Ph-Cl side-chain) and the PBDT-Cl PD, and the favorable face-on orientation of the 

blend films. In the case of A2 and A4 SMAs, although the packing structures of PBDT-

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

blend film achieved better-intermixed domains and a lower ΔV3 value than the PBDT-

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

morphology afforded 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 

halogenation on both the IC end-groups and inner side-chains of the SMA.  
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3. Conclusion 

In summary, we investigated the effects of the selective halogenation of SMAs on 

the blend morphology, Vloss and photovoltaic performance. For a systematic study, we 

synthesized four SMAs (i.e., A1, A2, A3, and A4) with different halogenations at two 

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

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

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

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

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

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

with PD 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 A4 SMA featuring both IC-F end-groups and Ph-Cl side-chains achieved the 

highest PCE of 17.19%, enabled by the high crystallinity, improved charge mobility, and 

suppressed non-radiative Vloss. Our study demonstrates the utility of the halogenation at 
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the selective position of SMAs in the optimization of the blend morphology and 

photovoltaic performance of OSCs. 
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Supporting Information 

Materials and synthesis, general characterizations, calculation for Vloss, and fabrication of 

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

from the Wiley Online Library or from the author. 
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TOC 

We describe the impacts of sequential halogenation in selective positions of small 

molecule acceptors (SMAs) on the blend morphology, voltage loss, and photovoltaic 

performances. As a result, the A4-based organic solar cells exhibit the highest power 

conversion efficiency of 17.2%, attributed to the optimized blend morphology and 

reduced voltage loss. 
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