
ABSTRACT: Fluorination is a promising modification method to adjust the 

photophysical profiles of organic semiconductors. Notably, the fluorine modification 
on donor or acceptor materials could impact the molecular interaction, which is 
strongly related to the morphology of bulk heterojunction (BHJ) blends and the 
resultant device performance. Therefore, it is essential to investigate how the molecular 

interaction affects the morphology of BHJ films. In this study, a new fluorinated 
polymer PBDB-PSF is synthesized to investigate the molecular interaction in both 

nonfluorinated (ITIC) and fluorinated (IT-4F) systems. The results reveal that the F− 
F   interaction   in   the   PBDB-PSF:IT-4F   system   could   effectively   induce the 
crystallization of IT-4F while retaining the ideal phase separation scale, resulting in 
outstanding charge transport. On the contrary, poor morphology can be observed in 
the PBDB-PSF:ITIC system because of the unbalanced molecular interaction. As a 
consequence, the PBDB-PSF:IT-4F device delivers an excellent power conversion 

efficiency  of  13.63%,  which  greatly  exceeds  that  of  the  PBDB-PSF:ITIC device 
(9.84%). These results highlight manipulating the micromorphology with regard to molecular interaction. 
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■ INTRODUCTION 

For  solving  energy  dilemma,  polymer  solar  cells  (PSCs) 
evolved as a prevalent technology because of their unique 
peculiarity  of  low  toxicity  and  the  potential  in  fabricating 

flexible  devices.1−12   Many  breakthroughs  with  power con- 
version efficiency (PCE) surpassing 17% have been reached 
with the prosperous evolution of non-fullerene acceptors 
(NFAs)  because  of  the  advantages  of  their  highly tunable 

optoelectronic properties.13−24  Notably, elaborately designing 
photovoltaic materials could profoundly determine the cover- 
age of the solar spectrum and the transport of charge carriers. 

Introducing the fluorine (F) atom into a donor or an acceptor 

is deemed as an effectual strategy in fabricating high- 

performance PSCs as the fluorination could effectively adjust 
the electronic orbital and optical band gap, which could 
dissociate  the  exciton  and  obtain  high  open-circuit voltage 

(VOC).
25−27 

Hou designed PM6 by modifying the side chain of 
PBDTBDD with a fluorine atom. Over 11% PCE was obtained 

when blended with IDIC.28,29 Another promising polymer 
PBTA-PSF was reported with a similar modification method. 
The resultant photovoltaic device delivered an eminent 
efficiency approaching 14% owing to the simultaneously 

achieved high short-circuit current density (JSC) and VOC.30 

Apart from the donor polymer, the fluorination on acceptors 

 

has also been proved to be an excellent strategy.31−33 A 
fluorinated acceptor IT-4F was synthesized, which yielded an 

excellent PCE over 13% with PBDB-T-SF.34 Tang and co- 
workers reported a fluorine-containing NFA, INPIC-4F, which 

yields a PCE over 13% in the PBDB-T system.35 Additionally, 

the fluorine modification on donor or acceptor materials could 
impact the molecular interaction, which is strongly related to 

the morphology of bulk heterojunction (BHJ) blends.36 For 
example, Yang and co-workers discovered that the molecular 
interaction in fluorinated and nonfluorinated systems could 
result in different miscibilities, which largely influence the 

charge transport property.37 Apart from miscibility,  the 
ordered stacking of materials is also decisive in governing 
charge transport and recombination in PSCs. However, the 
impact of molecular interaction on the crystalline behavior in 
fluorinated systems still needs to be explored. Achieving an 
optimal  morphology would be crucial in  determining  charge 
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transport.38,39 Moreover, the crystallization process is closely 
correlated with the phase separation structure in donor/ 
acceptor blend systems. Therefore, exploring the matching 
principles toward efficient PSCs with regard to molecular 
interaction crystallinity is significant. 

In this contribution, a new copolymer PBDB-PSF based on 

BDT-PSF30 was designed and synthesized. Two widely used 
acceptors, ITIC and IT-4F, were adopted in this study (Figure 

preaggregation in solution. The highest occupied molecular 

orbital energy level of PBDB-PSF was about −5.44 eV 
according to cyclic voltammetry (CV) (Figure S1).  The  
lowest  unoccupied  molecular  orbital  (LUMO)  energy level 

was approximately −3.60 eV, suggesting that the driving force 
in ITIC and IT-4F systems is sufficient for exciton dissociation. 

The photovoltaic properties were investigated with the 
conventional device architecture (Figure 2a, Table 1). A PCE 

1a)  to  study  the  impact  of  molecular  interaction  on  the    
 

Figure 1. (a) Chemical structures, (b) absorption spectra, and (c) 
energy-level diagrams of PBDB-PSF, ITIC, and IT-4F. 

 

 

crystalline property. With the reasonable regulation of 
molecular interaction, the PBDB-PSF:IT-4F device delivered 
an excellent PCE (13.63%), which enormously surpassed the 
PBDB-PSF:ITIC device (9.84%). The superb photovoltaic 
performance of the IT-4F-based device might be intimately 
correlated with the morphology: PBDB-PSF:IT-4F exhibits 
good miscibility with the appropriate phase separation scale, 
which could be attributed to the balanced interaction between 

donors and acceptors. More importantly, the F−F interaction 
between PBDB-PSF and IT-4F may induce the crystallization 
of IT-4F, thus facilitating the ideal charge transport network. 
Notably, the crystallization closely correlates with the phase 
separation and the balance between them could synergistically 
promote the device performance. Consequently, the IT-4F- 
based device exhibits excellent charge transport property, thus 
yielding a high PCE approaching 14%. Our results illustrated 

that the suitable F−F interaction between the donor and 
acceptor could synergistically induce the crystallinity of IT-4F 
and optimize the phase separation scale in the PBDB-PSF:IT- 
4F system. 

RESULTS AND DISCUSSION 

The synthetic method of PBDB-PSF is depicted in the 
Experimental Section. The molecular structures and photo- 
physical  properties  of  PBDB-PSF,  ITIC,  and  IT-4F  are 
illustrated in Figure 1. PBDB-PSF possesses broad absorption 

(340−690 nm) in both solution and film (Eopt = 1.83 eV), 
which complements well with ITIC and IT-4F, thus high JSC’s 
could be expected in PSCs. A slight red shift was observed in 
the PBDB-PSF film compared with its solution, reflecting the 

 
 

 
Figure 2. (a) Current density−voltage (J−V) curves of optimal 
PBDB-PSF devices. (b) EQE and the corresponding integrated JSC 

versus AM 1.5G solar spectrum. (c) Absorption spectra and IQE 
curves of PBDB-PSF devices (solid lines represent IQE and dashed 

lines represent absorbed photons). 
 

 

 

of 9.84% with a modest JSC (16.99 mA/cm2) together with an 
inferior FF (58.73%) was obtained in the PBDB-PSF:ITIC 
system. Surprisingly, the PBDB-PSF:IT-4F devices yielded an 
outstanding PCE of 13.63%, with a decent JSC (20.63 mA/ 

cm2) and a pre-eminent FF (75.10%). It is noteworthy that the 
IT-4F device showed a slightly decreased VOC for 11.2% value, 
which may correlate with the lower LUMO of IT-4F. However, 
JSC exhibited an enormous improvement for about 21.4%. 
Thus, the maximum power output of the IT-4F-based device 
reached 13.63 mW/cm2 along with the remarkably improved 
FF. The external quantum efficiency (EQE) reflecting 

photon−electron efficiency in two systems was determined 
(Figure 2b). The IT-4F-based device exhibited broadened and 
more  intense  photoresponse  than  the  ITIC-based  device, 
indicative  of  more  efficient  photon  conversion  and charge 
transport. Given the EQE and AM 1.5G solar spectrum, the 
integrated current densities of PBDB-PSF:ITIC and PBDB- 

PSF:IT-4F devices were about 16.51 and 19.55 mA/cm2, 
respectively, matching well with the measured values. The 
absorption spectra and internal quantum efficiency (IQE) were 
compared to explore the photocurrent loss. The comparison 

http://pubs.acs.org/doi/suppl/10.1021/acsami.0c06326/suppl_file/am0c06326_si_001.pdf
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Table 1. Device Parameters of Optimal PBDB-PSF-Based Cellsa
 

 

acceptor VOC [V] JSC [mA/cm2] FF [%] PCE [%] μe/μh  [10−4  cm V−1 s−1] 

ITIC 0.99 (0.99 ± 0.01) 16.99 (16.47 ± 0.48) 58.73 (58.23 ± 0.63) 9.84 (9.49 ± 0.43) 0.89/1.64 

IT-4F 0.88 (0.88 ± 0.01) 20.63 (20.21 ± 0.58) 75.10 (74.87 ± 0.32) 13.63 (13.35 ± 0.30) 2.75/2.20 
aThe data were obtained from 20 devices. 

 
between IQE and absorption spectra of devices could 

effectively reflect the degree to which absorbed photons can 
be converted into photocurrent. The PBDB-PSF:IT-4F device 
showed a similar absorption intensity with PBDB-PSF:ITIC. 

However, the IQE of the PBDB-PSF:IT-4F device (∼97%) 
was much higher than that of the PBDB-PSF:ITIC device 

(∼85%), indicative of higher photon conversion efficiency in 
the IT-4F-based device (Figure 2c).40,41 As a result, the 
different photocurrent loss in the two systems may largely 
account  for  the  different  device  performance.  To  further 
explore the mechanism of current loss, more detailed studies 
on charge transport and micromorphology were carried out. 

Water contact angle (WCA) measurement was carried out  
to estimate the influence on molecular interaction via 
fluorination. The WCAs of PBDB-PSF, ITIC, and  IT-4F 

neat films were 105.24, 89.78, and 93.69° (Figure S2), 

respectively. According to Flory−Huggins theory, the closer 
the surface energy is, the better the miscibility becomes. 
Therefore, the PBDB-PSF exhibited stronger interaction with 
IT-4F than ITIC, which may result in better miscibility in the 
PBDB-PSF:IT-4F system. These results indicate that the 

PBDB-PSF:IT-4F film may exhibit good microstructure and 

hence promote the charge carrier  transportation.42,43
 

Photoluminescence (PL) was conducted to probe into the 
origin of high JSC in the PBDB-PSF:IT-4F device. The PBDB- 

PSF:IT-4F blend film shows stronger PL quenching than 
PBDB-PSF:ITIC,  indicative   of  the   larger   contact surface 
between the donor and acceptor and higher exciton 

dissociation efficiency (Figure 3a, excited  at  550  nm).44,45  

The JSC with respect to light intensity (I) was studied. They 

conform to the formula “JSC ≈ Iα”, where α indicates the extent 
of nongeminate charge recombination. α was 0.93 and 0.98 for 
PBDB-PSF:ITIC and PBDB-PSF:IT-4F systems, respectively. 
Thus, nongeminate recombination was alleviated in the PBDB- 
PSF:IT-4F system. The overall charge collection of the devices 

was characterized by plotting photocurrent density (Jph) at 

various effective voltages (V0−V).8 The Jph’s of both PBDB- 
PSF:ITIC  and  PBDB-PSF:IT-4F  devices  approach  to satu- 
ration (Jsat) at large reverse bias (>2 V), indicating that a large 
majority of charge carriers were successfully dissociated 
(Figure 3c). Therefore, the charge extraction probability in 
PSCs could be characterized by Jph/Jsat. Notably, the Jph/Jsat of 
ITIC and IT-4F systems was 90.27 and 93.22%, respectively. 
Therefore, smooth charge transport can be expected in the 

PBDB-PSF:IT-4F device, thus accounting for the high JSC and 
IQE.46

 

The   charge   carrier   mobilities   (μ)   were   obtained  to 
investigate the impact of molecular interaction on charge 
transport. Notably, the PBDB-PSF:IT-4F device exhibited 

higher charge carrier mobility. Besides, the μe/μh of PBDB- 
PSF:ITIC and PBDB-PSF:IT-4F devices is 0.54 and 1.25, 
respectively, manifesting that the charge transport was more 
balanced in the IT-4F-based device. These results could 
account for the high FF of the IT-4F-based device (Figure S3, 

Table  1).47,48
 

 

 

Figure 3. (a) PL of neat PBDB-PSF and blend films. (b) JSC 

dependence on light intensity. (c) Jph vs V0−V characteristics (the 
solid lines are the fitting  curves). 

 
 

The characterization of grazing incidence X-ray diffraction 
(2D-GIXD) was related to the crystallinity and texture 

between neat films and blend films.49,50 Neat films were 
observed in precedence (Figure S4). The neat PBDB-PSF film 
exhibited a (100) diffraction peak along the in-plane (IP) 
direction together with a (010) diffraction peak along the out- 
of-plane (OOP) direction, which proves that PBDB-PSF 
adopts face-on orientation. Both (100) and (010) stacking 
signals appeared in the OOP direction of the neat ITIC film, 
illustrating the combination of edge-on and face-on orienta- 
tion. Weak diffraction signals can be observed in the neat IT- 
4F film, and it is plausible to conclude that IT-4F has the poor 
crystallinity, given the similar thickness of ITIC and IT-4F 

films. Some research studies have confirmed that when both 
the donor and acceptor contain a F atom, a stronger molecular 

interaction will form.37 From our results, in the PBDB-PSF:IT- 
4F blend system, the donor and acceptor had a relatively better 
compatibility than PBDB-PSF:ITIC, providing more favorable 

conditions and basis for this F−F interaction. Compared with 
the GIXD results for neat films mentioned above, the 
crystalline properties for blend films were probed. As shown 

http://pubs.acs.org/doi/suppl/10.1021/acsami.0c06326/suppl_file/am0c06326_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c06326/suppl_file/am0c06326_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c06326/suppl_file/am0c06326_si_001.pdf
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Figure 4. (a) 2D diffraction patterns of blend films with different D/A ratios. (b) Cut line profiles along IP and OOP directions. 

in Figure 4, in the PBDB-PSF/IT-4F (1:1 wt %) film, the 
characteristic peak of PBDB-PSF still appeared at qxy = 0.22 

Å−1, but a new diffraction peak appeared at qxy = 0.32 Å−1, 
which could be attributed to the (100) diffraction peak of IT- 
4F. However, no obvious change can be observed in the 
PBDB-PSF:ITIC (1:1 wt %) film, indicating that PBDB-PSF 
could effectively induce the crystallization of IT-4F. In this 
manner, the weak crystallinity of IT-4F in the film state is 
improved. Moreover, the coherence length (CL) of two blend 
films can be estimated using Scherrer’s equation (LC = 2π/ 

fwhm). The π−π stacking CL in the PBDB-PSF:IT-4F film 
(28.54 Å) was much larger than that in the PBDB-PSF:ITIC 
film  (15.50  Å)  in  the  OOP  direction,  presenting  better 
crystallinity, which may be ascribed to the interaction between 

the donor and acceptor via fluorination. For confirming the 
existence  of  this  phenomenon,  the  molecular  crystalline 
behavior  in  different  blend  ratio  systems  was  investigated 
(Figure 4). The similar results were shown, no matter in 
PBDB-PSF:IT-4F (3:1 wt %) or PBDB-PSF:IT-4F (1:3 wt %) 
blend systems, which revealed that PBDB-PSF could induce 

the crystallization of IT-4F, thus being beneficial for achieving 
a good charge transport network. 

Atomic force microscopy (AFM) and transmission electron 
microscopy (TEM) were employed to characterize the domain 

size and morphology of active layers. Both films showed an 

Figure 5. (a) AFM images of PBDB-PSF:ITIC; (b) AFM images of 
PBDB-PSF:IT-4F; (c) TEM images of PBDB-PSF:ITIC; and (d) 

TEM images of PBDB-PSF:IT-4F. 
 

 

 
obvious fibrous crystal. In addition, the fibrous crystal of the 
PBDB-PSF:IT-4F  blend  with  a  root-mean-square  (RMS) = 
1.56 nm was more slender than the PBDB-PSF:ITIC blend 
(RMS = 3.87 nm), which may correlate with the crystallinity of 
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ITIC and IT-4F. The strong crystalline nature of ITIC might 
lead to the large aggregation. However, the induced IT-4F 

crystallization provides the suitable fiber crystal size, which 
resulted in the appropriate scale of phase separation. These 
results correspond well with the WCA and PL results. As a 

consequence, a fluent charge transport network can be 
expected for IT-4F-based cells, which may be the important 
factor for the high EQE. Therefore, it is plausible to conclude 

that despite the poor crystallinity of IT-4F, the F−F interaction 
could effectively induce the crystallization of IT-4F during the 
film-forming process and guarantee the equilibrium between 
miscibility and crystallinity, which is conducive for efficient 

charge transport. 

CONCLUSIONS 

In summary, a new polymer PBDB-PSF was synthesized to 
investigate the molecular interaction in both nonfluorinated 
(ITIC) and fluorinated (IT-4F) systems and its impact on the 

crystallinity. Surprisingly, we found that the F−F interaction in 
the PBDB-PSF:IT-4F system could induce the crystallization 
of IT-4F and result in the favorable phase separation scale, thus 
leading to desirable morphology. Consequently, high PCE 
approaching 14% was achieved in PBDB-PSF:IT-4F devices. 
Our work emphasizes a distinct perspective in manipulating 
crystallinity and phase separation with regard to molecular 
interaction. 

EXPERIMENTAL  SECTION 

Materials  and  Reagents.  The  monomer  BDT-PSF (compound 

A) was synthesized formerly in our laboratory. 1,3-Bis(5-bromothio- 
phen-2-yl)-5,7-bis(2-ethylhexyl)-4H,8H-benzo[1,2-c:4,5-c′]- 
dithiophene-4,8-dione (compound B), ITIC, and IT-4F were 
purchased from Solarmer Materials Inc. Other chemicals were all 
purchased commercially and used as received. 

Synthesis  of  Polymer  PBDB-PSF.  Compound A (121.7 mg,   0.1 
mmol), compound B (76.7 mg, 0.1 mmol), Pd2(dba)3 (1.5 mg), and 

P(o-tol)3 (3 mg) were added into a flask. The flask underwent the 
argon purge for 10 min, next 6 mL of dry toluene was injected into it, 
and then the solution was swept with argon for 10 min. The reaction 

mixture was stirred at 110 °C for 2 h. Then, the mixture was cooled to 
room temperature to precipitate the crude product into methanol. 
The crude product was filtered and purified by Soxhlet extraction with 
methanol and n-hexane. Finally, the desired polymer was precipitated 
into methanol from the concentrated CB solution and a purple solid 
was obtained (Scheme S1, Supporting Information). The number- 
average molecular weight (Mn) was 28.5 kDa, and the polydispersity 
index (PDI) was 2.4. 

Device  Fabrication and  Characterization. The preparation of 
samples, fabrication procedures, and characterization techniques in 
this work are provided in the Supporting Information. 
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