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A B S T R A C T   

Volatile solid additive (SA) with diverse chemical structures has been proved to be an alternative to prepare high- 
efficient organic solar cells (OSCs). While, various organic photovoltaic materials raise challenges in selecting 
suitable SAs during the device optimization. Herein, based on the simple and commonly used thiophene unit, we 
proposed a perhalogenated 2,5-dichloro-3,4-diiodothiophene (SA-T5) as the SA for the device optimizations. As 
results, the capacity of SA-T5 in optimizing molecular packings of small-molecular acceptor L8-BO, dimeric 
acceptor DL8, and polymeric acceptor PY-DT based blend films has been demonstated. Their optimized mor
phologies assisted by SA-T5 contribute to the suppressed charge recombination and enhanced charge trans
portation, resulting in their improved short-circuit current density and fill factor, simultaneously. In comparsion 
with as-cast devices, SA-T5-treated devices showed significantly improved power conversion efficiencies (PCEs) 
of 18.8 % for PM6:L8-BO, 17.8 % for PM6:DL8, and 17.6 % for PM6:PY-DT, respectively. Furthermore, the 
potential of SA-T5 in obtaining high-performance ternary OSCs was also confirmed, for example, a 18.1 % ef
ficiency was realized in PM6:DL8:L8-BO based device. To our knowledge, the performance of these SA-T5-treated 
devices reaches the best results of different acceptor-based OSCs. Importantly, this work provides a rare and 
successful case to develop versatile SAs for high-performance OSCs.   

1. Introduction 

Organic solar cells (OSCs) have attracted considerable attention 
because of their flexible, lightweight nature, and promising potential 
applications [1–6]. The rapid and ongoing advancement of diverse 
photoactive materials has propelled the power conversion efficiency 
(PCE) of single-junction OSCs close to 20 % to date [7–9]. This progress 
shows a promising future for OSCs in practical applications. To prepare 
high-performance OSCs, it is essential to develop photoactive materials 
and precisely regulate the morphology of donor:acceptor (D:A) blend 
films [10,11]. Fine-tuning the microstructure morphology of bulk het
erojunction (BHJ) by introducing a third component along with various 

post-treatments, such as additives, thermal annealing [12], and solvent 
vapor annealing [13], is crucial for achieving efficient photoelectric 
conversion processes and high-performance OSCs [14]. The additive 
strategy is currently one of the simplest yet most vital approaches to 
optimize the active layer morphology and achieve favorable phase 
separation [15]. 

Solvent additives such as 1,8-diiodooctane (DIO) and 1-chloronaph
thalene (1-CN) with high boiling point, are commonly used to enhance 
the performance of OSCs by influencing the film formation process [16]. 
However, the completely removing these additives presents a significant 
challenge, requiring a time-consuming process to avoid potential dam
age to the morphology of BHJ blends. This challenge also raises concerns 
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about the long-term stability and reproducibility of device fabrication, 
which can be compromised by even trace amounts of residual additives 
[17]. As an alternative, the strategy of using volatile solid additive (SA) 
has been introduced to guarantee complete removal of additives from 
the active layers through the post-thermal-annealing (TA) process [18]. 
Several SAs with distinct chemical structures have been designed and 
employed to control the molecular packing and crystallinity of polymer 
donors and small-molecular acceptors (SMA), thereby enhancing the 
performance of organic solar cells [19]. For instance, Hou et al. devel
oped a series of volatile small molecules as SAs to enhance the inter
molecular π–π stacking between the polymer donor and the SMA [20]. 
This improvement in charge transport within the blend film led to a 
notable increase in PCE. The incorporation of the solid additive 1, 
3-dibromo-5-chlorobenzene (DCBB) substantially enhanced the perfor
mance of PBQx-TF:eC9–2Cl-based binary device, achieving a high PCE 
of 19.2 % [15]. Additionally, Sun et al. introduced the solid additive 
2-methoxynaphthalene (2-MN), which effectively controlled the aggre
gation of PM6 and polymerized small-molecular acceptor (PSMA) 
PY-DT. This strategic manipulation resulted in a high efficiency of 
17.32 % for PM6:PY-DT-based all-polymer solar cells [21]. Recently, 
polymer donor:oligomer acceptor-based devices have advanced rapidly, 
achieving PCEs over 18 % [22–25]. Generally, the selection of additives 

for these blends draws from previously–used common additives, 
including 1-CN and 1,4-diiodobenzene. 

During device fabrication, the complexity of selecting an effective SA 
across different systems is often due to the diversity of donor/acceptor 
molecular structures. Developing universal SAs that can optimize 
various acceptor-based blends is a challenge. Besides, such universal SAs 
would streamline and accelerate the morphological optimizations for 
high-performance OSCs [26]. Fortunately, all high-performance organic 
photovoltaic materials share a common and simple structural unit, 
namely, thiophene [27]. Compared to the benzene ring, the thiophene 
unit not only exhibits enhanced reactivity, enabling diverse structural 
modifications to suit various photovoltaic systems, but it also readily 
participates in favorable π–π interactions with high-performance 
photovoltaic molecules (PM6, Y6, etc.) [28]. These interactions may 
lead to more ordered molecular packing, thereby potentially enhancing 
PCE [29]. Most recently, we have developed a series of perhalogenated 
thiophenes, incorporating Br and I atoms, to regulate the morphologies 
of a PM6:PY-IT-based all-polymer blend [30]. While these devices have 
achieved PCEs over 18 %, the high thermal-annealing temperatures 
required (over 130℃) inevitably lead to energy waste and restrict their 
application in SMA-based blends. 

Based on the aforementioned considerations, we have designed and 

Fig. 1. a) Chemical structures of L8-BO, DL8, and PY-DT, respectively. b) Normalized absorption spectra of PM6, L8-BO, DL8, and PY-DT in their neat films. c) 
Energy levels of used electron donor and acceptor materials. d) DSC plot of SA-T5 and chemical structure of SA-T5. Normalized absorption spectra of e) PM6:L8-BO, f) 
PM6:DL8, and g) PM6:PY-DT blend films under different treatment, respectively. 

T. Chen et al.                                                                                                                                                                                                                                    



Nano Energy 125 (2024) 109604

3

reported 2,5-dichloro-3,4-diiodothiophene (SA-T5) as a versatile solid 
additive for SMA, dimeric acceptor (DMA), and PSMA-based OSCs. SA- 
T5 presents a low melting point of 84℃, allowing for its easy and 
complete removal under a low thermal annealing temperature of 90℃. 
In this study, we selected three typical blends, PM6:L8-BO, PM6:DL8, 
and PM6:PY-DT, to demonstrate the universality of our newly developed 
SA-T5. Through systematic characterization, we found that SA-T5 
effectively optimizes the active layer morphology across different 
acceptor types. Compared to the as-cast devices, SA-T5-treated devices 
showed remarkable PCEs of 18.8 %, 17.8 %, and 17.6 % for PM6:L8-BO, 
PM6:DL8, and PM6:PY-DT blends, respectively, highlighting the effec
tiveness of SA-T5 in enhancing device performance. Moreover, a 
remarkable PCE of over 18 % was achieved for PM6:DL8:L8-BO-based 
ternary OSC. To the best of our knowledge, these achieved PCEs are 
among the highest reported for SMA, DMA, and PSMA-based binary or 
ternary devices [31–33]. The broad application of SA-T5 underscores 
the significant potential of thiophen-based simple SAs additives in 
advancing the development of high-performance OSCs. 

2. Results and discussion 

Fig. 1a presents a series of nonfullerene acceptors, which are small- 
molecular acceptor L8-BO [34], dimeric acceptor DL8 [35], and poly
meric acceptor PY-DT [36]. When paired with the wide bandgap poly
mer donor PM6, these acceptors offer complementary absorption 
characteristics spanning from 300–900 nm (Fig. 1b). Their energy levels 
in the thin-film state are estimated by the cyclic voltammetry method, 
and the resultant curves are plotted in Figure S1. As shown in Fig. 1c, the 
appropriate HOMO/LUMO energy offsets between PM6 and these ac
ceptors provide sufficient driving forces for exciton dissociations, which 
is a prerequisite for realizing efficient OSCs. Additionally, the LUMO 
energy levels of L8-BO, DL8, and PY-DT are − 3.87, − 3.75 and − 3.70 eV, 
respectively, which is progressively elevated. This gradation influences 
the open circuit voltages (VOC) of the corresponding devices. Generally, 
the morphology of PM6:L8-BO, PM6:DL8, and PM6:PY-DT blend films 
strongly influenced by the chemical structures of the respective 

acceptors. In pursuit of a versatile solid additive, SA-T5 was synthesized 
from commercially available materials in a single step on a large scale 
(Scheme S1). Differential scanning calorimetry (DSC) measurements 
indicate that the melting point of SA-T5 is 84℃ (Fig. 1d), which facili
tates its easy removal through thermal annealing. 

Figure S2 displays the Fourier transform infrared (FTIR) spectra of 
SA-T5, which exhibits a characteristic peak at 1028 cm− 1. Note that 
blends of PM6:L8-BO, PM6:DL8, and PM6:PY-DT with SA-T5 all exhibit 
peaks corresponding to SA-T5 and show varying degrees of peak 
displacement (from 1038–1036 cm− 1) validating the interactions be
tween interactions the blends and the solid additive [37]. As expected, 
the peak disappeared after thermal annealing, indicating that SA-T5 was 

Fig. 2. a) Illustration of the adopted conventional device structure. b) J-V curves of as-cast OSCs. c) J-V curves of SA-T5 treated OSCs. d) Thermal stability of SA-T5 
treated OSCs. e) EQE curves of as-cast OSCs. f) EQE curves of SA-T5 treated OSCs. 

Table 1 
Photovoltaic parameters of PM6:L8-BO, PM6:DL8, and PM6:PY-DT based as-cast 
and SA-T5 treated devices, respectively. The average values are obtained from 
10 individual devices.  

BHJ Tteatment Voc 

(V) 
Jsc 

(mA 
cm¡2) 

Jcalsc 

(mA 
cm¡2) 

FF% PCE 
% 

PM6: 
L8- 
BO 

As cast 0.908 
(0.904 
±0.007) 

25.22 
(25.11 
±0.15)  

24.22 73.9 
(73.7 
±0.2) 

16.9 
(16.7 
±0.2) 

SA-T5 0.879 
(0.874 
±0.008) 

26.65 
(26.49 
±0.22)  

25.51 80.3 
(79.6 
±0.9) 

18.8 
(18.6 
±0.2) 

PM6: 
DL8 

As cast 0.949 
(0.950 
±0.003) 

23.83 
(23.57 
±0.32)  

23.11 63.7 
(63.1 
±1.0) 

14.4 
(14.2 
±0.2) 

SA-T5 0.939 
(0.933 
±0.008) 

24.67 
(24.46 
±0.25)  

23.63 76.9 
(76.0 
±1.0) 

17.8 
(17.5 
±0.3) 

PM6: 
PY- 
DT 

As cast 0.973 
(0.962 
±0.012) 

23.69 
(23.45 
±0.27)  

22.81 62.9 
(62.3 
±0.7) 

14.5 
(14.3 
±0.3) 

SA-T5 0.957 
(0.955 
±0.007) 

24.24 
(24.25 
±0.10)  

23.45 75.8 
(75.0 
±1.0) 

17.6 
(17.5 
±0.1)  
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completely removed following a brief thermal annealing at 90℃. The 
interactions between the blends and SA-T5 are further confirmed by 
analyzing the peaks in the ultraviolet–visible (UV–vis) absorption 
spectra of treatment-free, SA-T5-processed, and SA-T5-processed/TA 
films. A slight red shift is observed after incorporating SA-T5 into the 
blends, as demonstrated in Fig. 1e–g. The inclusion of the solid additive 
SA-T5 likely facilitates molecular stacking, which in turn improves light 
utilization and enhances the photocurrent density of OSCs. 

To evaluate the effect of the solid additive on photovoltaic perfor
mance, OSCs were fabricated using a conventional device architecture 
comprising ITO/PEDOT:PSS/active layer/PNDIT-F3N/Ag (Fig. 2a). The 
fabrication details are provided in the Supporting Information, and the 
corresponding device parameters are listed in Table S1. The current 
density− voltage (J− V) characteristics of the as-cast devices for PM8:L8- 
BO, PM6:DL8, and PM6:PY-DT as well as the SA-T5-treated optimal 
devices are plotted in Figs. 2b and 2c, respectively. The optimal 
photovoltaic parameters summarized in Table 1 show that the PM6:L8- 
BO as-cast device achieved a PCE of 16.9 %, aligning with previously 
reported results [38]. Following SA-T5 treatment, the device exhibited a 
significant increase in short-circuit current (JSC) from 25.22 to 
26.65 mA cm− 2 and fill factor (FF) from 73.9 % to 80.3 % leading to a 
high PCE of 18.8% for L8-BO-based devices. This performance is com
parable to or even better than that of most reported PM6:L8-BO-based 
binary devices [39]. Additionally, the SA-T5 treatment enhanced the 
PCEs of the PM6:DL8 and PM6:PY-DT devices attributed to the sub
stantial increases in their JSC and FF. Specifically, devices based on the 
dimeric acceptor DL8 and polymeric acceptor PY-DT achieved satisfac
tory PCEs of 17.8 % and 17.6 %, respectively, which are notably higher 
than ~14 % of their as-cast devices. It is noteworthy that 1-CN was used 
to optimize the PM6:L8-BO, PM6:DL8, and PM6:PY-DT based devices, 
which yielded a PCE of 17.8 %, 17.5 %, and 16.5 % (Figure S3 and 
Table S2), respectively. Besides, similar trends were demonstrated for 
three devices when adopting perchlorothiophene as the additive. It is 
clearly that these results are obviously lower than those of SA-T5-treated 
devices, highlighting the superiority of our developed SA-T5. Lastly, the 
PM6:DL8:L8-BO ternary device, treated with SA-T5, attained a PCE of 
18.1 %, representing the highest performance among dimeric 

acceptor-based devices with PCEs >18 % [40–42]. Based on these re
sults, our developed SA-T5 remarkably enhances the photovoltaic 
properties of devices based on small-molecular, dimeric and polymeric 
acceptors. This implies that SA-T5 has the potential to be broadly 
applied in tuning the properties of various organic photovoltaic mate
rials. In addition to PCEs, thermal stability is imperative for future ap
plications. As shown in Fig. 2d, all optimal binary devices maintained 
>85 % of their original PCEs after thermal aging for over 550 h under 
consecutive heating at 65℃ in a nitrogen-filled glovebox, indicating the 
decent thermal stability of SA-T5-treated devices. 

One factor contributing to the improved PCEs of SA-T5-treated de
vices is the enhancement of their JSC values. To further confirm these 
findings, external quantum efficiency (EQE) measurements were per
formed for all devices. The corresponding EQE curves for the as-cast and 
SA-treated devices are presented in Figs. 2e and 2f, respectively. The 
integrated JSC values of the PM6:L8-BO, PM6:DL8, and PM6:PY-DT as- 
cast devices are 24.22, 23.11, and 22.81 mA cm− 2, respectively. After 
SA-T5 treatment, the photoelectron response of the three devices 
exhibited a similar trend, with each showing stronger EQE response 
compared to their as-cast devices. This resulted in increases of 1.29, 
0.52, and 0.64 mA cm− 2 in the integrated JSC values of the PM6:L8-BO, 
PM6:DL8, and PM6:PY-DT devices, respectively. These results indicate a 
more efficient photoelectric conversion process in the SA-T5-treated 
devices, leading to higher JSC values. Additionally, the integrated JSC 
values are within 5 % mismatch with their JSC values form J− V curves, 
confirming the enhancement of JSC values for all SA-T5-treated devices. 
Moreover, SA-T5 treatment has a negligible impact on the value of Voc. 
According to the Shockley–Queisser (SQ) limit theory [43], the energy 
losses (Eloss) of all devices were calculated (Figure S4 and S5) and 
analyzed, and the detailed results are summarized in Table S3. 
Compared to the as-cast devices, the SA-T5-treated devices exhibited 
almost identical Eloss, including radiative recombination loss (ΔE2) and 
non-radiative recombination loss (ΔE3). The negligible impact of SA-T5 
on the Eloss of the corresponding devices helps to maintain their 
considerably high Voc values, which is one of the most important pre
conditions for exceptional PCEs. 

Subsequently, to elucidate the intrinsic mechanism of SA-T5 in 

Fig. 3. Jph - Veff curves of a) as-cast and b) SA-T5 treated OSCs, respectively. c) TPC curves, and d) hole and electron mobility of PM6:L8-BO, PM6:DL8, and PM6:PY- 
DT based as-cast and SA-T5 treated devices, respectively. 
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tuning the performance of these OSCs, we investigated their charge 
recombination dynamics and charge carrier transport properties. Fig. 3a 
and b show the relationship between photocurrent density (Jph) and 
effective voltage (Veff), as determined by following the reported methods 
[44]. Generally, compared to the as-cast devices of L8-BO, DL8, and 
PY-DT, all the SA-T5-processed devices demonstrated slightly higher 
exciton dissociation probabilities (Pdiss), which are 0.98, 0.98 and 0.97, 
respectively. Furthermore, the exciton collection probabilities (Pcoll) for 
PM6:L8-BO, PM6:DL8, and PM6:PY-DT SA-T5-treated devices, calcu
lated as the ratio of Jph under the maximum power output condition to 
the saturation current density (Jsat), are 0.90, 0.88, and 0.87, respec
tively. These values are higher than those of the corresponding as-cast 
devices which are 0.85, 0.79, and 0.75, respectively. Therefore, 
compared to all as-cast devices, the SA-T5-treated devices exhibited 
more efficient charge generation and collection processes, contributing 
to their substantially improved JSC and FF values. 

The transient photocurrent (TPC) decay method was adopted to 
reveal the effect of SA-T5 on charge generation (Fig. 3c). As summarized 
in Table S4, the charge extraction times (τ) of the PM6:L8-BO, PM6:DL8, 
and PM6:PY-DT as-cast devices are 0.59, 0.66, and 0.69 μs, respectively. 
Following SA-T5 treatment, all optimal devices exhibited faster charge 

extractions, evidenced by their reduced τ of 0.41, 0.56, and 0.52 μs, 
respectively. Enhanced Pcoll is usually attributed to the high and 
balanced charge transport properties of BHJ composites. Consequently, 
the space charge limited current (SCLC) method, involving the fabrica
tion of hole-only and electron-only devices, was utilized to measure their 
hole (μh) and electron (μe) mobility under various treatments. The 
calculated μh and μe values, displayed in Fig. 3d, indicate that all SA-T5- 
treated devices exhibit by higher hole and electron mobility compared to 
their corresponding as-cast devices. Using PM6:L8-BO as an example, 
the as-cast device obtained μh of 5.08 × 10− 4 cm2 V− 1 s− 1 and μe of 2.71 
× 10− 4 cm2 V− 1 s− 1, respectively. The results improved to 6.03 × 10− 4 

and 3.95 × 10− 4 cm2 V− 1 s− 1 after SA-T5-based treatment. Additionally, 
the ratio of μh/μe was reduced from 1.87 for the as-cast device to 1.53 for 
the SA-T5-treated device, indicating a more balanced charge transport 
behavior. Similar results were observed for the other two blends, PM6: 
DL8 and PM6:PY-DT, which explains the increased FF and JSC of SA-T5- 
treated devices. These results imply that the SA-T5-based treatment is 
beneficial for optimizing the charge generation and charge recombina
tion dynamics, which are usually closely related to their morphological 
features, as discussed below. 

Atomic force microscopy (AFM) was used to assess the impact of the 

Fig. 4. a) GIWAXS images of as cast blend films. b) GIWAXS images of SA-T5 treated blend films. c) Coherence length (CLs) of (100) and (010) for three blend films 
under as-cast and SA-T5 treatment. 
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SA-T5-based treatment on the morphological features (Figures S7 and 
S8), which are directly linked to device performance. All blend films 
with and without SA-T5 treatment feature smooth surfaces with small 
root-mean-square roughness (Rq) below 1 nm. Compared to the as-cast 
films, the SA-T5-treated demonstrate more consecutive and proper 
D–A phase separation. The smooth surface together with distinctive 
fibril-like phase separations, are beneficial for establishing better con
tact with the electron transport layer and thereby facilitating more 
efficient charge transport/collection. This supports the observed 
increased charge mobility and FF. 

Additionally, grazing incidence wide-angle X-ray scattering 
(GIWAXS) measurements were conducted to investigate the influence of 
SA-T5 on molecular stacking behaviors [45]. Fig. 4 illustrates the 
GIWAXS diffraction patterns, and Figure S9 presents the associated 
line-cut profiles in the in-plane (IP) and out-of-plane (OOP) directions, 
while Table S5 presents the corresponding parameters. All organic 
photovoltaic materials exhibited a preference for face-on molecular 
orientations within the blends, as evidenced by their sharp (100) 
diffraction peaks in the IP direction and (010) diffraction peaks in the 
OOP direction. Such molecular packing orientations are considered 
beneficial for charge transport in the active layers. Meanwhile, using the 
Scherrer equation [46], the coherence lengths (CLs) were calculated to 
be 20.8/22.0, 18.2/19.1, and 15.2/19.0 for as-cast/SA-T5-treated 
L8-BO, DL8, and PY-DT-based blend films, respectively. These results 

indicate that the addition of SA-T5 enhances molecular packing and 
improves crystallinity, which in turn facilitates charge extraction and 
transport, thereby contributing to the increased FF and JSC of the 
devices. 

In situ UV–vis absorption measurements were conducted to investi
gate the effect of the solid additive SA-T5 on film formation and crys
tallization during the spin-coating process [47,48]. Fig. 5a–f shows the 
color mapping of the in-situ UV–vis absorption spectra over the course of 
spin-coating time, and the corresponding absorption peak evolutions of 
representative time points for these blend films are presented in 
Fig. 5g–i. The film formation process can be divided into three stages. 
Initially, the absorption peaks of all films decreased sharply and separate 
into donor and acceptor parts due to a thinner liquid film. Consequently, 
the peak intensity and position remain stable as the solvent gradually 
evaporates in stage I, which represents the solution state. Second, the 
concentration of steadily increases to the dissolution limit as the solvent 
continues to evaporate. We observed that the peak intensity weakened 
as indicated by the contour maps and peak positions appeared to have a 
considerable redshift. This shift is attributed to the aggregations of 
donor and acceptor molecules initiating the liquid–solid transition. In 
Stage III, the solvent has fully evaporated to form the films, resulting in 
constant peak positions and intensity. Compared to the as-cast films, the 
peak locations of SA-T5-treated films exhibit a slight redshift, from 785 
to 787 nm for L8-BO, 781 to 783 nm for DL8, and 799 to 803 nm for 

Fig. 5. (a-f) The color mapping of in situ UV–vis reflectance spectra as a function of spin-coating time, (g-i) in situ absorption location as a function of spin- 
coating time. 
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PY-DT. These shifts demonstrate that the addition of a solid additive 
reinforces the interactions between the donor and acceptor, thereby 
enhancing the aggregation and crystallization. This finding is consistent 
with the GIWAXS results. 

3. Conclusion 

In this study, we have designed and synthesized a perhalogenated 
2,5-dichloro-3,4-diiodothiophene (SA-T5) characterized by a low 
melting point and high volatility. This additive effectively manipulates 
the molecular packing behaviors of organic photovoltaic materials, 
thereby infuencing the final morphological features of active layers. The 
utilization of SA-T5 enables the manipulation of morphology and 
enhancement of molecular crystallinity across various blends, including 
SMA, DMA, and PSMA-based D-A blends. Consequently, in all SA-T5- 
treated devices exhibited improved exciton dissociation and charge 
transport behaviors occurred. Compared to the as-cast devices, all SA- 
T5-treated devices showed almost unchanged Eloss together along with 
remarkably improved JSC and FF values, contributing to much higher 
PCEs after SA-T5 treatment, such as from 16.9 % to 18.8 % for PM6:L8- 
BO, from 14.4 % to 17.8 % for PM6:DL8, and from 14.5 % to 17.6 % for 
PM6:PY-DT. In addition, the versatility of SA-T5 in the PM6:DL8:L8-BO 
ternary blend was also demonstrated, achieving a satisfactory PCE over 
18% for dimeric-based devices. Note that the performance of all these 
binary and ternary devices ranks among the best in small-molecular, 
dimeric, and polymeric acceptor-based OSCs, respectively. These 
impressive results validate the universal applicability of SA-T5 as a 
volatile solid additive for various high-performance OSCs. To our 
knowledge, solid additives that can optimize the performance across 
SMA to DMA to PSMA are seldom reported. Our work provides a 
straightforward method for selecting additives that optimize OSC 
morphology and has significant implications for solid additives with 
simple structures and broad universality. 
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