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1. Introduction

In an effort to develop clean and sustain-
able next-generation energy sources, scien-
tific interest for organic solar cells (OSCs) 
has been rapidly mounting, as they are 
physically lightweight and flexible, while 
being relatively cheap to manufacture and 
compatible with fast roll-to-roll fabrica-
tion.[1,2] As a critical component in OSCs, 
the cathode interlayer (CIL) between the 
active layer and the cathode metal plays 
an important role in improving power  
conversion efficiency (PCE) and stability 
of the OSCs.[3,4] Successful CILs have been 
demonstrated by using organic materials, 
such as amine-substituted polyfluorene 
derivative,[5,6] aliphatic amine-containing 
polymers,[7–9] and non-conjugated small-
molecule.[10] Notably, n-type organic semi-
conductors are attractive options for the 
CILs, owing to their advantages of rela-
tively high electron affinity and high elec-
tron mobility. Therefore, a series of n-type 

Organic solar cells (OSCs) have experienced rapid progress with the inno-
vation of near-infrared (NIR)-absorbing small-molecular acceptors (SMAs), 
while the unique electronic properties of the SMAs raise new challenges in 
relation to cathode engineering for effective electron collection. To address 
this issue, two fluorinated perylene-diimides (PDIs), PDINN-F and PDINN-
2F, are synthesized by a simple fluorination method, for application as 
cathode interlayer (CIL) materials. The two bay-fluorinated PDI-based CILs 
possess a lower lowest unoccupied molecular orbital (LUMO) energy level of 
≈−4.0 eV, which improves the energy level alignment at the NIR-SMAs (such 
as BTP-eC9)/CIL for a favorable electron extraction efficiency. The mono-
fluorinated PDINN-F shows higher electron mobility and better improved 
interfacial compatibility. The PDINN-F-based OSCs with PM6:BTP-eC9 as 
active layer exhibit an enhanced fill factor and larger short-circuit current 
density, leading to a high power conversion efficiency (PCE) exceeding 18%. 
The devices with PDINN-F CIL retain more than 80% of their initial PCE after 
operating at the maximum power point under continuous illumination for 
750 h. This work prescribes a facile, cost-effective, and scalable method for 
the preparation of stable, high-performance fluorinated CILs, and instilling 
promise for the NIR-SMAs-based OSCs moving forward.
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organic materials have been developed for the effective CILs, 
including functional fullerenes,[11,12] n-doped carbon nano-
tubes and graphenes,[13] organosilica nanodots,[14] naphthalene  
diimides (NDIs),[15–19] perylene-diimides (PDIs),[20–28] and 
osmapentalynes.[29,30] Among them, the PDI-based small 
molecules stand out for their low synthesis costs and high-
performance. Despite the remarkable progress made with the 
CILs, it is still challenging to design a CIL that is suitable for all 
the active layers of the OSCs, as the surface energy, electronic 
properties, and chemical species of the different active layers 
are largely different. This raises concerns with the interlayer  
engineering of the OSC.

At present, the PCE of OSCs is being largely improved 
through the innovation of near-infrared (NIR) absorbing small-
molecular acceptors (SMAs), which are distinct from other 
absorbers due to their significantly lowered lowest unoccu-
pied molecular orbital (LUMO) energy levels, especially when 
accompanied by halogenation (fluorination or chlorination) 
substitution.[31] For example, fluorinated SMAs[32,33] (such as 
IT-4F, IECIO-4F, Y3, and Y6) yield lower LUMO energy levels 
(≈−4.00 eV or lower) and HOMO (highest occupied molecular 
orbital) energy levels, relative to their non-fluorinated coun-
terparts (ITIC, IEICO, Y1, and Y5) (Figure S1 and Table S1,  
Supporting Information). Thus, to minimize the interfacial 
energy offset in the active layer, polymer donors with deep 
HOMO energy levels are specifically needed, and fl uorinated 
donors are generally used to fulfill t his requirement.[34] The 
fluorinated materials are thus interesting to tune the energetic 
properties and aggregation behavior because fluorine is the 
strongest electron negative atom in nature, being small in size. 
Recent studies show that fluorination of SMAs can suppress 
the spin-related pathway of nonradiative loss in OSCs,[35,36] 
which highlights the importance of the fluorination method in 
constructing high-performance photovoltaic materials. Thus, 
the innovation of NIR-SMAs not only results in active layers 
with high device performance but also leads to different surface 
energy and electronic properties of the active layers. Moreover, 
between the active layer and the cathode, an ideal interfacial 
contact is needed to establish an energy level alignment that 
favors effective electron extraction and hole blocking.[37] In the 
NIR-SMAs-based OSCs, the lowered LUMO energy level of the 
SMAs proposes a new challenge with device engineering for 
facilitating carrier collection as most reported interlayers have 
higher LUMO energy levels of ≈−3.7 eV.[20,22] Despite the impor-
tance of engineering an energy barrier-free device, few studies 
have focused on the CIL design in the NIR-NFAs-based OSCs, 
to enhance electron extraction and improve device stability.

Recently, Zhang et al. reported an aliphatic amine-functional-
ized perylene-diimide (PDINN) with the advantages of effective 
work function (WF) tunability, high conductivity, and good inter-
facial interaction with the active layer, resulting in good device 
performance.[38] Despite these advantages, we consider that if 
the LUMO energy level of PDINN (−3.78 eV) could be further 
lowered to ensure a barrier-free contact, the electron extraction 
process in the device can be further optimized, making it more 
suitable as CIL for the NIR-SMAs-based OSCs. As mentioned 
above, fluorination has been established as a highly efficient 
way to improve the device performance of OSCs.[35,36,39] Despite 
the advantages of fluorination, this strategy has not been fully 

investigated within the CILs, especially in the non-fullerene 
OSCs. If successful, the surface energy, electronic properties, 
and stability can be desirably regulated. In addition, substitu-
tion on the bay-position of the PDI molecules has proven to be 
an effective method to modify the energy levels of PDI-based 
molecules.[40] Therefore, we propose the fluorination of the 
bay-position of the PDI core to optimize the LUMO energy 
level for better energy level alignment at the cathode interface. 
With a new fluorination protocol, two fluorinated derivatives of 
PDINN, namely PDINN-F and PDINN-2F, are reported. They 
exhibit much lower LUMO energy levels (−4.08 eV for PDINN-
F and −4.00 eV for PDINN-2F), while retaining the advantages 
of PDINN, such as the outstanding ability to modify the WF 
of the cathodes and good solubility in methanol. The LUMO 
energy level of PDINN-F is below that of the BTP-eC9 acceptor 
(−4.05  eV), leading to a barrier-free electron extraction. Using 
a modified cathode of PDINN-F/Ag, a high PCE of over 18% 
has been achieved in the OSCs with PM6:BTP-eC9 as the active 
layer. In addition, the operation stability of the device is also 
improved by using the PDINN-F CIL, owing to the suppression 
of trap-assisted recombination at the cathode interface.

2. Results and Discussion

2.1. Material Synthesis

Fluorine atom has the strongest electronegativity and the sub-
stituted fluorine atoms on organic molecules show strong non-
covalent interactions (hydrogen-bonding). And the fluorination 
of arenes is a highly effective approach toward regulating their 
optoelectronic properties.[31] However, the method for the fluor-
ination is still limited, especially for the n-type organic semi-
conductors, such as the PDI derivatives. Generally, fluorinated 
PDI is obtained via a “Helax” reaction,[41] that is, the halogen 
(chlorine or bromine) exchange with fluoride anions (KF or 
ammonium fluoride). The slow kinetics consumption is one 
noticeable limitation of this method. In addition, the reaction 
is not easily scaled up to obtain the halide precursor, due to 
the poor selectivity of the perylene core halogenation as well as 
the dangerous quenching of large excesses of bromine or chlo-
rosulfonic acid. In contrast, nitration is much more selective 
thanks to the electron-withdrawing character of the nitro group. 
In addition, the nitration can be carried out at room temper-
ature with the advantages of short reaction time, high yields, 
and an inherent ability to scale up. Interestingly, we found that 
while using the nitro-precursor instead of the aryl halides, the 
fluorination can perform smoothly and complete within only 
15  min. With this straightforward and original methodology, 
here, we proposed a facile, cost-effective, and scalable method 
for the preparation of fluorinated PDIs for CILs.

The synthetic route of the fluorinated PDIs is depicted in 
Figure 1a, which offers good yield (>80%) and gram-scale pro-
duction for each step. Experimental details and characterization 
data are provided in Supporting Information. The tetraester 
2 can be easily obtained from the dianhydride 1, and was  
subsequently nitrated under mild conditions to obtain the  
bay-substituted mono-nitro derivative 3 or bis-nitro derivative 4. 
Remarkably, the dinitro precursors can be easily converted 



to their corresponding fluorinated precursors within 15  min. 
The analysis of 1H NMR data reveals that the bis-nitration 
reaction afforded a regioisomeric mixture of 40% of 4-(1,6) 
and 60% of 4-(1,7), the molar ratio of which can be further 
confirmed by the 19F-NMR of the monomer 6. The heating 
of the bay-fluorinated tetraesters in the presence of p-toluene 
sulphonic acid monohydrate yielded the respective anhy-
drides. Both PDINN-F and PDINN-2F can be easily prepared 
by condensation of N,N-dimethyldipropylenetriamine with 
the fluorinated perylene dianhydride (7 or 8) in methanol 
and in presence of acetic acid. Starting from dianhydride 1, 
the overall yields for PDINN-F and PDINN-2F are 66% and 
45%, respectively. The chemical structures of PDINN-F and 
PDINN-2F were verified by mass spectrometry and NMR spec-
troscopy (Figures S23, S24, and S25, Supporting Information, 
for PDINN-F; Figures S26, S27, and S28, Supporting Informa-
tion, for PDINN-2F). Similar to PDINN, the two fluorinated 
derivatives show good solubility in methanol, which provide 
orthogonal solvent processability for CIL film deposition. The 
bay-fluorinated chemical structures were verified by the 1H 
NMR spectroscopy (Figure 1b). For PDINN-2F, the assignment 
of the aromatic protons to the individual 1,7- and 1,6-isomers 
is also provided in Figure 1b, which is consistent with the pro-
posed chemical structure.

Notably, in the synthesis process of the fluorinated PDIs, 
adding acetic acid during the final reaction is necessary to 
prevent the nucleophilic substitution of the amine with the 
fluorine atom. As a result, the adding acetic acid inevitably 
leads to the protonation of the polar amine groups attached 
to the PDI core, as evidenced by the acetyl proton signal at 
1.93  ppm for PDINN-F and at 2.12  ppm for PDINN-2F in 1H 
NMR (Figure S2, Supporting Information). Moreover, further 
evidence was given by the higher binding energy peak at 
402.7  eV from the protonated nitrogen atom in X-ray photo
electric spectroscopy (Figure S3, Supporting Information).[8] 
From the ratio of integrated peak areas of acetyl proton to 
aromatic protons, it is suggested that there are two acetic 
acid molecules in PDINN-F and four acetic acid molecules in 
PDINN-2F. This was further confirmed by thermogravimetric 
analysis (TGA) (Figure S2, Supporting Information), with the 
weight loss of ≈16% corresponding to the loss of two acetic acid 
molecules in PDINN-F and with the weight loss of ≈26% corre-
sponding to the loss of four acetic acid molecules in PDINN-2F.

To clarify the effect of fluorine substitution on the electronic 
structure of the PDINN derivatives, density functional theory 
calculations using the B3LYP functional and the 6-311G(d,p) 
basis sets were carried out.[42] To simplify the calculations, the 
acetates were not considered. As shown in Table S2, Supporting 

Figure 1.  a) Synthesis routes for PDINN-F and PDINN-2F, along with the chemical structure of PDINN. b) An expanded view in the low fields of 1H 
NMR spectra recorded from the aromatic protons of PDINN-F, PDINN-2F in CD3OD, and PDINN in CD3Cl.



Information, the fluorine substituent on the bay area of the PDI 
core greatly decreased their LUMO energy levels. In addition, 
the fluorine substitution enhances the electronegativity of the 
PDI core and leads to a decreased surface electrostatic potential 
(ESP), which will improve their electrostatic attraction with the 
acceptor (with a strong positive ESP value).[43] Therefore, the 
fluorination of the PDINN derivatives is favorable for electron 
extraction from acceptors in the active layer.

2.2. Photophysical Properties

Cyclic voltammetry measurements were performed to experi-
mentally estimate the LUMO energy level (ELUMO) and HOMO 

energy level (EHOMO) of the PDIs. Figure 2a shows the cyclic  
voltammograms of the PDI derivatives, from which the 
onset oxidation/reduction potentials (ϕox/red) were obtained. 
According to the equation ϕ ϕ= − − ++( 4.8)LUMO red Fc /FcE e  (eV), 
the ELUMO values were calculated as −3.78, −4.08, and −4.00 eV 
for PDINN, PDINN-F, and PDINN-2F, respectively (Table 1). 
The fluorinated derivatives show relatively lower LUMO energy 
levels, which confirms the predicted influence of fluorination 
on the PDI core. The LUMO energy levels of PDINN-F and 
PDINN-2F are very close to that of the NIR-absorbing accep-
tors, which would lead to better energy level alignment at the 
cathode interface and, thus, improve the energy landscape for 
electron extraction. From cyclic voltammograms, the EHOMO 
values of the three PDIs are −6.02, −6.05, and −6.06  eV for  

Figure 2.  a) Cyclic voltammograms of PDINN and its fluorinated derivatives. b) UPS spectra of the Ag electrodes covered with different PDI CILs. 
c) Normalized film absorptions of the PDI CILs. d) Solid-state ESR spectra of the PDI CILs. e–g) 2D GIWAXS diffraction patterns of the thin films of
PDINN (e), PDINN-F (f), and PDINN-2F (g).

Table 1.  Comparison of the photophysical properties of PDINN, PDINN-F, and PDINN-2F.

Film absorption [nm] ε,a) [10 4 M−1 cm−1] LUMO [eV] HOMO [eV] WF of Ag with CIL [eV]

CILs λmax λedge

PDINN 473 630 2.30 −3.78 −6.02 3.72

PDINN-F 490 600 2.27 −4.08 −6.05 3.78

PDINN-2F 486 580 1.90 −4.00 −6.06 3.77

a)solution absorbance



PDINN, PDINN-F, and PDINN-2F, respectively. The  
low-lying EHOMO values mean that these PDI-based CILs will 
sufficiently block holes from various donors (usually with 
EHOMO of ≈−5.50 eV).

It is known that the WF-modifying ability of the CIL on the 
metal cathode is associated with the interfacial dipole of the 
CILs and plays a vital role in creating a built-in potential across 
the device.[11,44] With our interlayer on the metal electrode, an 
interfacial dipole is created by the donation of nitrogen lone 
pair electron of amine group of the CIL to the electrode and/
or the permanent dipoles of ammonium. This dipole helps to 
establish ohmic contact between the organic layer and cathode 
through pinning the Fermi level of the cathode to a desirable 
position shallower than the quasi-Fermi levels of the active 
layer.[11] Ultraviolet photoelectron spectroscopy (UPS) was 
used to probe the WF values of the Ag cathode modified by 
the three PDIs, and the results are shown in Figure 2b. It can 
be seen that all of the PDIs effectively reduced the WFs of the 
Ag electrode, showing WF values of 3.72, 3.78, and 3.77 eV for 
PDINN, PDINN-F, and PDINN-2F, respectively. The slightly 
higher WF values of PDINN-F/Ag and PDINN-2F/Ag are due 
to the relatively small interfacial dipoles caused by their ammo-
nium, which is consistent with Russell’s results.[11] Anyway, the 
WF values of less than 3.8  eV for the PDINN-F and PDINN-
2F-modified Ag electrode are low enough to form ohmic con-
tact with active layer. The benefits of the two new fl uorinated 
PDIs, including their suitable LUMO energy levels and strong 
WF-modifying ability, directly motivate us to utilize these mate-
rials as better CILs in efficient OSCs.

The UV–Vis absorption spectra of the three CIL films a re 
displayed in Figure  2c, which shows the maximum absorp-
tion peaks at 473  nm for PDINN, 490  nm PDINN-F, and  
486 for PDINN-2F. In solution, the molar extinction coeffi-
cient (ε) of the three PDIs was measured, showing a value of  
2.30 × 10 4 M−1 cm−1 for PDINN, 2.27 × 10 4 M−1 cm−1 for 
PDINN-F, and 1.90 × 10 4 M−1 cm−1 for PDINN-2F (Figure S4, 
Supporting Information), the lower value for PDINN-2F may be 
ascribed to the twist of the PDI core when two fluorine atoms 
are added. For PDINN-2F, a distinct radical anion (polaron) 
feature is found in both solutions at 680  nm (Figure S4,  
Supporting Information) and film a t 730  nm, which implies a  
self-doping effect.[45,46] While for PDINN-F, the self-doping effect 
indicated by the polaron absorption is largely weakened and can 
only be observed in the solid-state. The doping effect w as f ur-
ther verified by the electron spin resonance (ESR) spectroscopy, 
as shown in Figure 2d. All three samples show significant sig-
nals of self-doping behavior (g value of ≈2.0), which is enabled 
by the unpaired electrons in amine and/or the acetate anion 
in the polar group of PDIs and generally beneficial to improve 
the electrical conductivity of these materials.[16] Our result is in 
accordance with previous observations.[47] In our case, the lower 
LUMO energy level of PDINN-2F facilitates charge transfer 
thus the high intensity of the ESR signal is observed.

To elucidate both the crystallinity and texture formation (i.e., 
preferential orientation) of the PDI-based small molecules 
in their thin-films, we employed synchrotron-based grazing-
incidence wide-angle X-ray scattering (GIWAXS) measure-
ments (Figure 2e–g). The three PDI-based CILs exhibit a fairly 
polycrystalline structure due to the aggregation of the PDI 

core. The characteristic peaks of π–π packing (q  =  ≈1.8 Å−1) 
at the in-plane direction imply that the three PDI molecules 
exhibit a preferred edge-on orientation with a π–π stacking 
distance of 3.5 Å.[48] The degree of crystallinity is progressively 
increasing from PDINN-2F to PDINN-F and to PDINN. Their 
corresponding π−π stacking crystalline coherence length was 
calculated (via Scherrer equation) to be 43.73, 51.6, and 52.2 Å, 
respectively (Figure S5, Supporting Information). We assume 
that the weakened crystallinity of PDINN-2F is due to the steric 
hindrance of the excess acetates attached to the polar chains.[49]

The electron mobilities of the PDI-based CILs were meas-
ured using an electron-only device structure, within the frame-
work of the space-charge-limited current model. By fitting the 
J–V curves (Figure S6, Supporting Information), we estimated 
the electron mobilities of PDINN, PDINN-F, and PDINN-2F as 
1.2 × 10−4, 1.2 × 10−4, and 8.0 × 10−5 cm2 V−1 s−1, respectively. 
In addition, we measured the electrical conductivity by depos-
iting the PDI CILs on the two parallel silver electrodes. The 
conductivities of PDINN, PDINN-F, and PDINN-2F calculated 
from the I–V curves (Figure S7, Supporting Information) are 
5.2 × 10−4, 1.6 × 10−5, and 1.1 × 10−6 S cm−1, respectively. Thus, 
it is suggested that the electron mobility and conductivity of the 
three PDI-based small-molecular CILs are dominated by the 
morphology rather than the charge concentration in solid films. 
For PDINN-F, although a relatively weak molecule aggregation 
hinders the electron transport in film, PDINN-F exhibits a high 
enough electron-transport behavior as a CIL.

2.3. Photovoltaic Performance

To evaluate the effect of the fluorinated CILs on device  
performance, we fabricated conventional OSCs with a structure 
of indium tin oxide (ITO)/(poly(3,4-ethylenedioxythiophene): 
polystyrene sulfonate) (PEDOT:PSS)/PM6:BTP-eC9/CILs/Ag  
(Figure 3a). As for the active layer, PM6:BTP-eC9 blend represents 
the state-of-the-art photovoltaic blend (Figure S8, Supporting 
Information), in which BTP-eC9 is a typical NIR absorbing 
acceptor with a low LUMO energy level of −4.05  eV.[50] From 
Figure  3b, negligible energy offset between the LUMO level of 
the acceptor and the CIL is realized when the fluorinated inter-
layers are used, leading to a more favorable electron transport 
pathway.[17,30]

Current density–voltage (J–V) characteristics of the optimal 
OSCs with different CILs are compared in Figure 3c, and the 
relevant photovoltaic parameters are summarized in Table 2. 
The PDINN-based device exhibits a good efficiency of 17.50%, 
along with a VOC of 0.839  V, a Jsc of 26.97  mA cm−2, and an 
FF of 77.33%. Since PDINN-F delivers a more favorable electron 
transport pathway than PDINN, the FF and JSC are improved to 
78.23% and 27.39 mA cm−2, respectively, and finally, the PCE of 
the OSCs based on PDINN-F is boosted to 18.02%. On the other 
hand, the PDINN-2F-based device shows a relatively lower PCE 
of 16.81%, resulted mainly from the loss in FF and JSC. We pre-
liminarily attribute this loss to the poor electric conductivity of 
PDINN-2F. Figure  3d shows the incident photon-to-converted 
current efficiency (IPCE) curves, and the integrated currents 
from the IPCE spectra match well with the JSC values meas-
ured from the J–V curves. The PDINN-F-engineered device 



shows significantly higher IPCE response in the 650–850  nm 
range, which is the absorption from BTP-eC9. The higher IPCE 
in the acceptor absorption range indicates that PDINN-F can 
offer a more efficient electron extraction from the acceptor thus 
improving the photocurrent of the device. To support this, the 
electron-only devices of ITO/ZnO/BTP-eC9/CILs/Ag were fab-
ricated, and the device based on acceptor/PDINN-F exhibited 
a higher current density (Figure S9, Supporting Information), 
suggesting a better electron extraction behavior relative to the 
devices based on PDINN and PDINN-2F.

We further investigated the film thickness sensitivity of three 
CILs on the photovoltaic performance of the OSCs. Commonly, 
the widely used PEIE and PFN CILs only work well at a critical 
thin thickness (<5  nm), where the electron can only tunnel 
through the CIL and be collected by the cathode. It is suggested 
this problem can be overcome with a desirable interfacial 

contact where the LUMO energy levels of CILs are below that 
of acceptors.[17] For the fluorinated derivatives, PDINN-F shows 
a better thickness-insensitivity due to its better matched LUMO 
energy level with respect to that of BTP-eC9, as highlighted in 
Figure S10 and Table S3, Supporting Information. Thus, it is 
beneficial for PDINN-F CIL to be used in the large-area device 
fabrication.

2.4. The Effect of Fluorinated CIL on Carrier 
Recombination of the OSCs

The charge recombination behavior of OSCs based on the three 
PDIs was further investigated. We studied the dependence of 
Jsc and Voc on the light intensity (P), as shown in Figure 4a. 
In general, parameters Jsc and P follow the relationship of  

Table 2.  Photovoltaic performance of the OSCs based on PM6:BTP-eC9 with Ag as cathode and the PDINN derivative as CIL under the illumination 
of AM 1.5 G, 100 mW cm−2.

Devices Voc
a) [V] FFa) [%] Jsc

a) [mA cm−2] PCEa) [%] Jsc from IPCE [mA cm−2]

PDINN 0.839 77.33 26.97 17.50 26.24

0.834 ± 0.003 77.41 ± 0.34 26.67 ± 0.25 17.23 ± 0.26

PDINN-F 0.841 78.23 27.39 18.02 26.40

0.839 ± 0.003 77.60 ± 0.47 27.35 ± 0.10 17.80 ± 0.15

PDINN-2F 0.835 76.18 26.43 16.81 25.97

0.831 ± 0.004 75.86 ± 0.21 26.35 ± 0.09 16.60 ± 0.17

a)Average value and standard deviation data are calculated from 10 devices.

Figure 3.  a) Device structure of the OSCs. b) Energy levels of PM6, BTP-eC9, PDINN, PDINN-F, and PDINN-2F, along with the WF of Ag electrodes 
modified by the CILs. c) J–V curves of the optimized OSCs under the illumination of AM 1.5G, 100 mW cm−2. d) IPCE spectra and integrated current 
densities of the corresponding devices.



Jsc ∝ Pα.[51] The value of α should be 1 if the carriers are entirely 
extracted by the electrodes, while α  < 1 indicates some extent 
of bimolecular recombination. For the PDINN, PDINN-F, 
and PDINN-2F-based OSCs, the values of α are 0.997, 1.00, 
and 0.984, respectively. It is indicated that the PDINN-F-based 
device exists efficient transportation of carriers and negligible 
bimolecular recombination, which agrees well with the higher 
FF and Jsc value in the device. For the effect of Voc on P, the  
competition between the bimolecular recombination and 
Shockley–Read–Hall type, trap-assisted recombination makes 
the slope of Voc versus ln(P) between kT/q and 2kT/q.[51] The 
devices using PDINN and PDINN-2F as CILs exhibit slopes 
of 1.17kT/q and 1.43kT/q, while the device with PDINN-F CIL 
shows a slope of 1.12kT/q, which is closer to kT/q, indicating the 
suppression of the trap-assisted recombination in the device.

Then, we investigated the charge carrier dynamics by 
exacting the carrier density (n) and charge carrier lifetime (τ) 
using charge extraction (CE) and transient photovoltage meas-
urements, respectively, under different light intensity P. As 
shown in Figure  4b, the OSCs with PDINN-F show higher  
carrier density, which is in line with its higher Jsc value. A 
longer carrier lifetime was also detected in the PDINN-F-based 
device under different P conditions, as shown in Figure 4c. The 
bimolecular recombination rate constants (krec) can be obtained 
from the carrier densities and lifetime according to the equation 
of krec  = 1/((λ  + 1)nτ), where λ is the recombination order.[52] 
A lower krec value indicates the reduced recombination in the 
device. Since the krec is reciprocal to the product of n and τ, thus 
PDINN-F shows the smallest krec value among the samples. 
This implies that charge recombination is effectively suppressed 
in the PDINN-F-based device.

2.5. The Effect of Fluorinated CIL on Charge 
Transport of the OSCs

The exciton dissociation and charge collection properties of 
the OSCs with the three PDIs CILs were evaluated. Figure 5a 
shows the photocurrent density (Jph) as a function of the effec-
tive voltage (Veff) of the devices.[53] The photocurrent density Jph 
is defined as Jph = JL − JD, where JL and JD are the photocurrent 
densities under illumination and in the dark, respectively. The 
effective voltage Veff is defined as Veff = V0 − Vbias, where V0 is 
the voltage at which Jph is zero and Vbias is the applied external 
voltage bias. The Veff raises a suitable internal electric field in 
the device to suppress the charge recombination. In our case, 
the Jph is saturated at Veff of 1 V. The charge dissociation prob-
ability (P(E,T)) was estimated by the value of Jph/Jsat, where  
Jsat represents the saturated photocurrent density. Under 
short circuit conditions, the (P(E,T)) values of the device with 
PDINN, PDINN-F, and PDINN-2F as CILs are 98.2%, 98.2%, 
and 98.1%, respectively. Furthermore, the photocurrent of 
the PDINN-F-based device is higher in the low-voltage range, 
which indicates that less driving force is needed to extract the 
carriers from the device.

Figure 5b shows J–V curves of the devices based on the three 
PDIs as CIL in the dark state. In the reverse bias region, the 
reverse saturation current of the PDINN-F-based device is the 
smallest among the three devices, indicating that PDINN-F 
effectively reduces the leakage current and internal charge loss 
by protecting the underlying active layer and eliminating pin-
holes and traps in it.[54] The result is also consistent with the 
highest FF and Jsc values of the device with PDINN-F CIL. In 
addition, the reverse saturation current reflects the number of 

Figure 4.  a) The dependence of Jsc and Voc of the OSCs on the light intensity. b,c) The dependence of carrier density (b) and charge carrier lifetime 
(c) of the OSCs on the light intensity.



charges (holes) that can overcome the energetic barrier in the 
reverse bias. Thus, the reduced reverse current densities of the 
PDINN-F-based device indicate the suppression of holes injec-
tion at the cathode interface. Under a positive bias, the current 
density of the PDINN-F-based device is higher than the other 
two devices due to smaller series resistance. As a result, the 
device shows a better rectification effect, which is beneficial to 
the reduction of the bypass leakage.

With the three PDI-based CILs, the carrier mobility in the 
OSCs was investigated using photoinduced charge-carrier 
extraction with linearly increasing voltage (Photo-CELIV; 
Figure  5c).[55] Transient current and characteristic features 
were recorded for calculating the mobility of the faster  
carrier component in the working OSCs with an equation:

d A t j j2 /(3 (1 0.36 / ))2
max
2

0µ = − + ∆ , where d is the BHJ active 
layer thickness, A is the voltage rise speed of the applied 
voltage pulse, tmax is the time to reach the extraction current  
maximum, and Δj and j0 are the shifting and initial current step, 
respectively. The device with PDINN-F CIL exhibits the highest 
charge mobility of 2.70 × 10−4 cm2 V−1 s−1, while the devices 
with PDINN or PDINN-2F CIL show relatively low mobility of  
2.06 × 10−4 and 1.45 × 10−4 cm2 V−1 s−1, respectively. The meas-
ured mobility trend agrees with the recombination results  
discussed above. These results suggest that PDINN-F CIL facili-
tates the electron transport/extraction from the active layer.

2.6. Interfacial Contact and Morphology

The surface roughness of the CILs surface deposited on the 
PM6:BTP-eC9 active layer was evaluated by the atomic force 

microscopy (AFM, Figure S11, Supporting Information), showing 
a smooth surface with the root-mean-square roughness (Rq) 
values of 0.65  nm for PDINN and 0.94  nm for PDINN-F. The 
smooth surface of PDINN and PDINN-F can ensure a good inter-
facial contact to prevent defects when in contact with top metals. 
While, PDINN-2F exhibits a rough surface with an Rq value of 
2.80 nm, which is rougher than the pristine active layer surface 
(Rq = 2.27 nm), thus degrading the performance of the device.

Meanwhile, the individual surface free energy of the active 
layer and the different CILs were calculated (Figure S12, 
Supporting Information) based on the Owens equation.[56,57] 
It can be seen that the active layer of PM6:BTP-eC9 shows a 
surface energy value of 19.1 mN m−1. For PDINN, it shows an 
energy of 57.3 mN m−1 due to the polar group attached. It is well 
known that fluorination can decrease the surface energy, while 
with our fluorinated interlayer, they show significantly increased 
surface energies: a value of 61.2 mN m−1 for PDINN-F and  
71.2 mN m−1 for PDINN-2F. This result suggests that amination 
dominated the surface energy of the interlayers. Generally, a 
solution of high free energy materials is unfavorable to wet and 
spread on the low surface energy solid. Hence, PDINN-2F with 
high surface energy hinders the uniformity of the interlayer, 
which is also confirmed by the AFM measurement. In addition, 
we calculated the interfacial energy of our CILs and PM6:BTP-eC9  
active layer.[58] As shown in Table S4, Supporting Information, 
lower interfacial energies of 44.0 and 49.2 mN m−1 between the 
active layer and PDINN or PDINN-F CIL respectively indicate 
higher interfacial compatibility for the CILs and active layer, 
which is advantageous for PDINN and PDINN-F to form a 
uniform thin film on the surface of the active layer during the 
layer-by-layer solution deposition. However, the active layer with 

Figure 5.  a) Plots of the photocurrent density versus effective voltage. b) J–V characteristic curves of the devices in dark state. c) Photo-CELIV traces 
of the devices.



PDINN-2F CIL showed a relatively higher interfacial energy 
value of 62.3 mN m−1, indicating poor interfacial compatibility 
of PDINN-2F CIL with the active layer.

2.7. Stability

The long-term stability of the interlayer/electrode contact is an 
important issue that will directly impact the success of these 
materials and their OSC applications. Thus, we compared the 
device stability for the OSCs with the three PDI CILs. The 
devices were aged under 1-Sun equivalent illumination from 
white LEDs, continuously putting out current at the maximum  
power point which was calibrated by the measured J–V 
characteristic curves every hour. As shown in Figure 6a, the 
device with PDINN-F CIL maintained 80% of the initial PCE 
value after 750 h. While, the devices with PDINN and PDINN-
2F CIL retained 77% and 75% of their initial PCE values, 
respectively. It is reported that PM6:BTP-eC9 blend is a thermo-
dynamically unstable system,[59] thus the relaxation of the blend 
can cause the “burn-in” degradation for the devices. As for the 
difference in their degradation, the effect of CILs was taken into 
account. The relatively better stability of the PDINN-F-based  
devices is probably related to the suppressed trap-assisted 
recombination which usually induces so-called “burn-in”  
degradation in devices.[60] In addition, most of the PCE loss of 
our devices occurs during the first 50 h of aging, after which 
the tendency of decay slows, which is consistent with the report 
by Forrest et al.[61]

Finally, we systematically compared the advantages of these 
CILs in terms of device performance, energy level alignment 
at the cathode interface, suppression of charge recombina-
tion, electron extraction efficiency, interfacial contact, and the 
stability of devices, as shown in Figure 6b. PDIs that exhibit 

the best performance in each item will get full scores, and 
the other two get marks following the ratio to the best one. It 
is clear that PDINN-F shows advantages in almost all items, 
and the only less performance in interfacial contact is also 
good enough to form a smooth film for high efficiency in 
OSCs.

3. Conclusion

We have reported two new fluorinated PDI derivatives, 
PDINN-F and PDINN-2F, synthesized by the direct conver-
sion of the aryl nitro to its fluorinated counterpart under 
mild reaction conditions within 15  min. The two bay-fluori-
nated PDI derivatives possess lowered LUMO energy level of 
≈−4.0 eV, and PDINN-F also shows higher electron mobility. 
In the OSCs based on PM6:BTP-eC9 with PDINN-F as CIL, 
the matched LUMO energy level of the CIL with the BTP-
eC9 acceptor removes the interfacial energy barrier on the 
cathode improves the electron extraction of the OSCs. There-
fore, the OSCs based on PM6:BTP-eC9 with PDINN-F/Ag 
as the cathode, exhibited a high PCE of 18.02% with the 
enhanced FF and JSC. Complimentary physical characteri-
zations indicate that the high photovoltaic performance of 
the PDINN-F-based OSCs benefits from the suppression of 
charge recombination and the promotion of electron collec-
tion. In addition, the PDINN-F-based devices also achieved 
high stability, which represents an important advance toward 
future applications. Our results indicate that the fluorodeni-
tration reaction is a mild, cost-effective, and scalable method 
for the preparation of fluorinated PDIs, and the proper fluor-
ination on the CILs can both enhance the device efficiency 
and stability, making the NIR-SMAs-based OSCs more 
promising.

Figure 6.  a) Normalized PCE plotted against aging time under 1-Sun illumination from white LED for representative devices. b) Radar chart for the 
comparison of the performance of three PDIs in various physical measurements.
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