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HOMO levels of the polymer while incurring only a minor 
effect on the optical bandgaps. Accordingly, BHJ PSCs based on 
these fl uorinated copolymers exhibit higher  V  oc  and PCE than 
the corresponding non-fl uorinated derivatives. However, this 
method is only used in several limited acceptor units that have 
suitable positions to attach fl uorine atoms. Recently, our group 
successfully introduced the fl uorine atoms to the conjugated 
side chain of the donor unit—benzodithiophene (BDT)—in 
D–A polymers. [ 15 ]  It was found that when two fl uorine atoms 
were introduced onto the conjugated side chains of BDT, the 
HOMO levels of the corresponding polymers decreased by 0.25 
eV; hence, the  V  oc  of the PSCs improved by 0.18 V, and the  J  sc  
and FF of the devices also increased to a certain extent. Conse-
quently, the PCE increased by more than 30%. Therefore, fl uor-
ination on the donor unit of the D–A polymer can effectively 
tune the molecular energy levels of the polymers and improve 
the photovoltaic performance of the devices. Recently, rapid 
progresses have been made for conjugated polymer materials 
with large bandgaps and these polymers showed advantages in 
fabricating semitransparent PSCs [ 16 ]  (ST-PSCs) and the PCEs 
of 4–5% for single junction devices have been achieved. [ 16b,c ]  
Despite that the device performance is usually limited by the 
low  J  sc  due to the narrow absorption spectra of the polymers 
and thin thickness of active layer, there is still a large room 
for improving PCE of semitransparent PSCs. From the view 
of materials design, to tune the molecular energy levels of the 
polymer should be an effective way to improve the  V  oc  and 
hence PCE of the device. As mentioned above, introducing the 
BDT unit with fl uorine substituent (BDT-F) units to the back-
bone of large-bandgap polymers may be a good way to improve 
the photovoltaic performance. 

 Herein, we synthesized a new copolymer  PM6  based on 
4,8-bis(5-(2-ethylhexyl)-4-fl uorothiophen-2-yl)benzo[1,2- b :4,5- b ′]-
dithiophene (BDT-F) and 1,3-bis(thiophen-2-yl)-5,7-bis(2-ethyl-
hexyl)benzo-[1,2- c :4,5- c ′]dithiophene-4,8-dione (BDD), as shown 
in  Scheme    1  a. The optical, electrochemical, and photovoltaic 
properties, the molecular packing pattern, and the morphology 
of the blend fi lms were investigated. Compared with the non-
fl uorinated derivative  PBDTBDD  in Scheme  1 a,  PM6  exhibited 
a similar optical bandgap of ≈1.80 eV and a deeper HOMO 
level of -5.45 eV (−5.25 eV for  PBDTBDD  [  17  ] , which is benefi cial 
for a high  V  oc . BHJ PSCs based on  PM6 /PC 71  BM with both 
conventional and inverted device structures were fabricated 
and showed promising photovoltaic performance: a high  V  oc  of 
0.98 V and a PCE of 8% for the conventional devices and up to 
9.2% for the inverted devices. Furthermore, the  PM6 /PC 71  BM-
based semitransparent device exhibited a PCE of 5.7%, which 
is among the highest values obtained for a semitransparent 
single-junction device. In addition, we found that the neat fi lm 
of  PM6  exhibited strong crystallinity and a dominant face on 

  Bulk heterojunction (BHJ) polymer solar cells (PSCs), where a 
blend fi lm of conjugated polymers as the donors and fullerene 
derivatives as the acceptors acts as the active layer, have attracted 
considerable attention in both academia and industry because 
of their low cost, light weight, easy fabrication, and poten tial for 
use in fl exible devices. [ 1–3 ]  Over the past few years, rapid pro-
gress has been made in this fi eld. Power conversion effi ciencies 
(PCEs) of more than 10% for traditional single PSCs and 11% 
for tandem PSCs have been achieved. [ 4,5 ]  This trend brightens 
the application future of PSCs. 

 As is well known, the PCE of a PSC is determined by three 
key factors: its open-circuit voltage ( V  oc ), short-circuit current 
( J  sc ), and fi ll factor (FF). [ 6 ]  These parameters are closely related 
to the optical and electrical properties of the polymers and the 
blend morphology of the active layer in BHJ PSCs. In par-
ticular,  V  oc  is directly determined by the energy gap between 
the highest occupied molecular orbital (HOMO) level of the 
electron donor (polymer) and the lowest unoccupied molecular 
orbital (LUMO) level of the acceptor (fullerene derivatives). [ 7 ]  
Hence, the donor–acceptor (D–A) alternating conjugated poly-
mers attract much attention because of their tunable properties, 
including their optical absorption band, molecular energy level, 
and carrier mobility. Good photovoltaic performance with PCE 
over 10% has been obtained in PSCs based on D–A polymers. [ 4 ]  

 Over the past few years, introducing the fl uorine atom to 
the acceptor unit of D–A conjugated polymer has become a 
promising method for enhancing the effi ciency of PSCs. [ 8–14 ]  
The fl uorination can simultaneously lower the LUMO and 
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packing with respect to the electrodes, which is advantageous 
for charge transport. These results indicate that  PM6  is a prom-
ising material for photovoltaic application.  

 The synthetic routes of the monomer (BDT-F) and  PM6  are 
shown in Scheme  1 b. The monomer BDT-F was synthesized 
according to our previously reported procedures. [ 15 ]   PM6  was 
synthesized using a Pd-catalyzed Stille-coupling reaction. The 
polymer exhibits good solubility in chlorinated solvents such 
as chloroform, chlorobenzene, and  o -dichlorobenzene ( o -DCB). 
The number average molecular weight ( M  n ) and polydispersity 
index (PDI) of the polymer are 19.3 K and 2, respectively, which 
were estimated using gel-permeation chromatography (GPC) 
with 1,2,4-tricholorobenzene as the solvent and polystyrene as 
a standard. 

 As shown in  Figure    1  a, the UV–vis absorption spectra of 
 PM6  in the solution show two distinct absorption bands in 
the range of 300–700 nm, which is typically observed for D–A 
copoly mers. The absorption maximum of  PM6  is located 
at ≈550 nm in the solution. In the solid fi lm, the absorption 
maximum is redshifted to 570 nm, and a strong shoulder 
peak at ≈614 nm is observed, which should be attributed to 
the strong aggregation of polymer chains in the solid state. 
The absorption edge ( λ  edge ) of the polymer fi lm is at ≈690 nm, 
which corresponds to an optical bandgap ( E  g  opt ) of ≈1.80 eV. 
Electrochemical cyclic voltammetry (CV) was performed to 
determine the HOMO level of the polymer. As shown in 
Figure  1 b, the onset oxidation potential ( φ  ox ) is 0.74 V versus 
Ag/Ag + , which corresponds to a HOMO level of −5.45 eV. This 
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 Scheme 1.    a) Molecular structures of  PBDTBDD  and  PM6  and b) synthetic routes for the monomer BDT-F and  PM6 : (a) 3-bromo-2-(2-ethylhexyl)-
thiophene, THF, LDA, −78 °C, 1 h; benzo[1,2- b :4,5- b ′]dithiophen-4,8-dione, 50 °C, 2 h; then, SnCl 2 ·2H 2 O, HCl, 50 °C, overnight. (b) LDA, −78 °C, 1 h; Si 
(CH 3 ) 3 Cl, rt, 2 h. (c)  n -BuLi, THF, −78 °C; PhSO 2 NF, rt, overnight. (d) CF 3 COOH/CHCl 3 , room temperature, 5 h. (e) LDA, THF, −78 °C, 1 h; Sn(CH 3 ) 3 Cl, 
room temperature, 2 h. (f) Pd (PPh 3 ) 4 , toluene/DMF, 110 °C.
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 Figure 1.    a) Absorption spectra of  PM6  in chloroform and fi lm and 
b) cyclic voltammogram of the polymer fi lm on a platinum electrode, 
which was measured in 0.1 mol L −1  Bu 4 NPF 6  acetonitrile solutions at a 
scan rate of 50 mV s −1 .
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HOMO level was calculated using the following equation: 
HOMO = − e ( φ  ox  + 4.71) (eV). [ 18 ]   PM6  exhibits a relatively low 
LUMO level of −3.65 eV, which was calculated from the HOMO 
level and optical bandgap. Compared with the non-fl uorinated 
derivative  PBDTBDD , the HOMO level of  PM6  decreased by 
0.22 eV because two fl uorine atoms were introduced at the BDT 
side chains, which was benefi cial for the high  V  oc  in polymer 
solar cells. Moreover, the LUMO and HOMO energy levels 
of  PBDTBDD  and  PM6  were calculated by density functional 
theory (DFT) (B3LYP/6-31G (d, p)) as shown in Figure S1 (Sup-
porting Information). The results indicated that attaching fl uo-
rine atoms to the BDT side chains could reduce both HOMO 
and LUMO levels of the polymer simultaneously.  

 Conventional BHJ PSC devices with the confi guration of 
ITO/poly(3,4-ethylenedioxythiophene):polystyrenesulfonic acid 
(PEDOT:PSS)/ PM6 :PC 71 BM/Ca/Al were fabricated with  o -DCB 
as the solvent and were tested under the illumination of AM 
1.5G (100 mW cm −2 ). The D/A weight ratios ( PM6 /PC 71 BM, 
w/w) of the blend in the active layer were optimized (Figure S2 
and Table S1, Supporting Information). It was found that the 
optimal D/A weight ratio of the blend was 1:1.2, and a PCE of 
5.3% was obtained with  V  oc  = 1.02 V,  J  sc  = 9.3 mA cm −2 , and 
FF = 56%.  Figure    2   shows the current-density–voltage ( J – V ) 
characteristics and external quantum effi ciency (EQE) curves of 
the solar cells based on the  PM6 /PC 71 BM (1:1.2, w/w) blend 
spin-coated without additive and with 1%, 2%, and 3% 1,8-diio-
dooctane (DIO/ o -DCB, v/v). The photovoltaic parameters of the 
fabricated devices under optimal conditions are summarized 
in  Table    1  . Compared with the devices that were processed 
without additive, the devices that were processed with DIO 
showed higher  J  sc  and FF; thus, PCE was enhanced, despite 

the slightly lower  V  oc . The best performance was obtained 
when 1% DIO was used, and a maximum PCE = 8% was 
found with  V  oc  = 0.98 V,  J  sc  = 11.2 mA cm −2 , and FF = 73%. As 
shown in Figure  2 b, EQE was obviously enhanced for the solar 
cells that were fabricated with DIO as the additive. When 1% 
DIO was added, the quantum effi ciency of the device signifi -
cantly increased in the wavelength range of 350–650 nm, and 
a maximum EQE of 74% at 510 nm was recorded. The inte-
grated  J  sc  values from the EQE curves are consistent with the 
observed  J  sc  values in the  J–V  measurement, and the deviation 
is within 5%. To further improve the photovoltaic performance, 
an inverted device with the structure of ITO/poly [(9,9-bis(3′-
( N , N -dimethylamino)propyl)-2,7-fl uorene)- alt -2,7-(9,9-dioctyl-
fl uorene) (PFN)/ PM6 :PC 71 BM/MoO 3 /Au was fabricated. Com-
pared with the conventional device, the inverted device exhib-
ited higher  J  sc  of 12.7 mA cm −2 , which resulted from the better 
charge collection and transmission of PFN than PEDOT:PSS. [ 19 ]  
Consequently, the high PCE of 9.2% was achieved for the 
inverted devices.   

 Semitransparent solar cells have great potential to be used 
in many photovoltaic applications, such as building-integrated 
photovoltaics and solar windows. [ 16 ]  Considering the  PM6 /
PC 71 BM-based device performed well when the thin fi lm was 
only ≈75 nm, it would be a potential material for semitrans-
parent PSC application. Therefore, the ST-PSCs were fabri-
cated with the structure of ITO/PFN/ PM6 :PC 71 BM/MoO 3 /Au 
(10 nm).  Figure    3   shows the transmission spectrum and  J–V  
curves of the semitransparent PSC. The average light transmis-
sion in the visible range of 380–780 nm reaches ≈67%, and the 
maximum approaches 100% at the wavelength of 701 nm. In 
the photograph of the device, the fl owers and leaves are clearly 
observed. The device also exhibited a PCE of 5.7% with  V  oc  = 
0.96 V,  J  sc  = 9.4 mA cm −2 , and FF = 63% under the illumination 
of AM 1.5G, 100 mA cm −2 , which is among the highest values 
for single-junction ST-PSCs. These results indicate that  PM6  is 
a promising material for versatile photovoltaic applications.  

 Grazing-incidence X-ray diffraction (GIXD) and resonant 
soft X-ray scattering (RSoXS) were used to investigate the effect 
of the additive on the morphology of the blend fi lms.  Figure    4  a 
shows the in-plane (IP) and out-of-plane (OOP) GIXD profi les 
of the samples, including the thin fi lms of the pure  PM6  fi lm 
and  PM6 :PC 71 BM blend (1:1, w/w) fi lms, which were cast from 
 o -DCB without or with DIO as a processing additive. For the 
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 Figure 2.    a)  J–V  characteristics and b) EQE curves of solar cells based 
on the  PM6 /PC 71 BM (1:1.2, w/w) blend with different additive contents.

  Table 1.    Photovoltaic properties of the PSCs based on  PM6  and PC 71 BM 
(1:1.2, w/w) under the illumination of AM 1.5G, 100 mW cm −2 . 

 DIO 
 [v/v%] 

  V  oc  
 [V] 

  J  sc  
 [mA cm −2 ] 

 FF 
 [%] 

 PCE max  (PCE ave  a) ) 
 [%] 

 Thickness 
 [nm] 

– 1.02  9.3 56 5.3 (5.1) 78

1 0.98 11.2 73  8 (7.8) 75

1 b) 0.98 12.7 74 9.2 (8.8) 75

1 c) 0.96  9.4 63 5.7 (5.4) 75

2 0.98 10.4 70 7.1 (6.9) 75

3 0.98 10.3 67 6.8 (6.6) 75

    a) The average PCE was obtained from more than 20 devices;  b) Inverted structure 
of ITO/PFN/PM6:PC 71 BM/MoO 3 /Au (80 nm);  c) Semitransparent device with the 
structure of ITO/PFN/PM6:PC 71 BM/MoO 3 /Au (10 nm).   
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neat polymer fi lm, the OOP profi le shows pronounced (100) 
diffraction peaks at 0.31 Å −1  with a  d -spacing of 20.3 Å, whereas 
the IP profi le also exhibits strong (100) and weak (200) diffrac-
tion peaks at 0.31 and 0.62 Å −1 , respectively. In addition, the 
OOP profi le shows one sharp and intensive peak at 1.66 Å −1 , 
which corresponds to the (010) π–π stacking with a  d -spacing 
of ≈3.78 Å. This result implies that the neat polymer fi lm 
exhibits a face-on dominated molecular orientation with respect 
to the substrate. When blended with PC 71 BM, the IP (100) 
peak was distinctly weakened, whereas the OOP (100) peak 
hardly changed. Meanwhile, the π–π stacking of the polymer 
in the blend fi lms was completely disrupted. The broad peak at 
 q  ≈ 1.4 Å −1  is attributed to PC 71 BM aggregation. When DIO was 
used as an additive, the lamellar diffraction and π–π stacking 
diffraction signifi cantly increased; with an increasing amount 
of DIO, the lamellar stacking continued increasing, and the 
π–π stacking remained almost unchanged. We also calculated 
the coherence length ( L  100 ), which was deduced from the full 
width at half maximum (FWHM) of IP (100) peaks using 
Sherrer equation. [ 20 ]  The values of 1.1, 1.4, and 2.2 nm for 
1%, 2%, and 3% DIO were obtained, which are substantially 
increased with increasing DIO contents from 1% to 3%. Hence, 
with DIO as an additive, the overall crystallinity of the polymer 
was enhanced.  

 The phase-separated morphologies of the blends prepared 
using different conditions were further investigated using 
RSoXS. [ 21,22 ]  A photon energy of 284.2 eV was selected to pro-
vide high polymer/fullerene contrast while avoiding the high 
absorption associated with the carbon 1s core level, which 

would produce background fl uorescence and could lead to 
radiation damage. [ 23 ]  Figure  4 b shows the RSoXS profi les of the 
polymer:PC 71 BM (1:1.2, w/w) blend fi lms that were cast from 
the  o -DCB without or with DIO as a processing additive. The 
scattering profi les represent the distribution function of spatial 
frequency  s  ( s  =  q /2 π ) of the samples and are dominated by log-
normal distributions, which can be fi tted by a set of Gaussians 
in the lin-log space. The distribution median  s  median  corresponds 
to the characteristic median length scale  ξ  of the corresponding 
log-normal distribution in real space with  ξ  = 1/ s  median , which 
is a model-independent statistical quantity. When the blend 
fi lms were processed with pure  o -DCB, the profi le showed a 
low scattering intensity with  ξ  of ≈20 nm, which indicates that 
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 Figure 3.    a) Transmission spectrum and photograph of the semitrans-
parent device and b) current-density–voltage characterization of the 
semitransparent polymer solar cell with the device structure of ITO/
PFN/ PM6 :PC 71 BM/MoO 3 /Au.

 Figure 4.    a) GIXD profi les for the pure fi lm of  PM6  and blend fi lms of 
 PM6 :PC 71 BM (1:1.2, w/w) with different amounts of DIO and b) RSoXS 
profi les for the blend fi lms of  PM6 :PC 71 BM (1:1.2, w/w) with different 
amounts of DIO.
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the phase separation is weak and resulted in notably impure 
domains. When DIO was used as the additive, the scattering 
profi le showed a much higher intensity and two log-normal dis-
tributions (Figure S3, Supporting Information). At high  q , the 
value of  ξ  is located at ≈20 nm irrespective of processing, but 
at low  q ,  ξ  increases with the increase in DIO concentration. 
The corresponding  ξ  increases, i.e., 40, 45, and 63 nm for 1%, 
2%, and 3% DIO, respectively. It is evident that the fi lms that 
were cast with DIO as the additive show hierarchical or a two-
length-scale structure and exhibit phase separation at a small 
length scale that is similar to that of the blend fi lm that was 
processed using pure  o -DCB. It is reported that the hierarchical 
structure is a favorable morphology to improve the device per-
formance. [ 24,25 ]  Similarly, suffi cient aggregation of the polymer 
and fullerene has to be present. Here, the improved perfor-
mance is consistent with this paradigm and occurs due to the 
creation of more pure domain that provide better charge trans-
port and reduced recombination. As the domains get too large, 
exciton harvesting suffers. 

 Furthermore, the surface and bulk of the blend fi lms were 
also studied using atomic force microscopy (AFM) and trans-
mission electron microscopy (TEM). As shown in Figure S4 
(Supporting Information), the root-mean-square (RMS) values 
are 0.61, 1.63, 2.03, and 2.27 nm for the blends processed 
without additive and with 1% DIO, 2% DIO, and 3% DIO, 
respectively. However, increasing the amount of DIO results in 
an enhanced phase separation, which should be caused by the 
enhanced polymer crystallinity. As shown in  Figure    5  , the blend 
fi lm that was processed using only  o -DCB shows a poor phase 
separation. When 1% DIO was added as the additive, a fi brillar 
network was clearly observed. When more DIO was added, the 
phase separation became much stronger, and the mesh size 
between the fi brils became larger. As previously mentioned, 
the AFM and TEM results are consistent with the GIXD and 
RSoXS measurements.  

 In summary, a new copolymer based on BDT-F as the donor 
and BDD as the acceptor, which is named  PM6 , was designed 
and synthesized for photovoltaic applications. The polymer 
exhibited a large bandgap of 1.80 eV and a deep HOMO energy 
level of −5.45 eV. The  PM6 -based inverted PSCs showed high 
PCE of 9.2% and  V  oc  of 0.98 V with a relatively thin fi lm thick-
ness of 75 nm, which is benefi cial for tandem PSCs. Further-
more, the  PM6 -based semitransparent device exhibited a high 
average transmission of 67% in the visible range and a PCE 
of 5.6%, which is among the high values for single-junction 

semitransparent PSCs. These results indicate that  PM6  is a ver-
satile material for opaque or semitransparent single-junction 
PSCs and tandem PSCs.  
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 Figure 5.    TEM images of PM6:PC 71 BM blend fi lms: a) without DIO; b) with 1% DIO; c) with 2% DIO; and d) with 3% DIO.
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