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trap-assisted recombination processes originate within the 
polymer.[26] Here, we describe our efforts to chemically sup-
press intrinsic charge traps by adding small amounts of 
2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4-TCNQ). 
We discuss how this leads to improved photodiode performance 
and show that it is applicable to multiple types of polymers.

Trap-assisted recombination in a donor polymer is a two-step 
process (Figure 1a) where a hole is first trapped within the band 
gap and then recombines with an oppositely charged electron. 
Our hypothesis is that the introduction of additional carriers 
(i.e., dopants) will fill the states within the band gap where traps 
reside and thus render them electronically inert (Figure 1b). In 
the ground state a strong electron acceptor will induce elec-
tron transfer from the polymer to the acceptor and fill the trap 
states with a positively charged species. In the excited state 
photogenerated holes will be blocked from entering trap states 
and hole transport will be trap-free. The charge transfer pro-
cess decreases the trap density rather than eliminating the trap 
states. The trap-filling mechanism is different from previous 
doping strategies.[27–30]

To minimize the opposing effect that counter ions may act as 
extrinsic traps we opted to test these hypotheses by introducing 
F4-TCNQ at parts-per-thousand (ppt) concentration. Specifi-
cally, the high-efficiency polymer, poly[4,8-bis(5-(2-ethylhexyl)
thiophen-2-yl)benzo[1,2-b;4,5-b′]dithiophene-2,6-diyl-alt-(4-
(2-ethylhexyl)-3-fluorothieno[3,4-b]thiophene-)-2-carboxylate-
2-6-diyl)] (PBDTTT-EFT) was treated with low concentrations of 
F4-TCNQ. Ground state electron transfer is expected to occur 
from the polymer to F4-TCNQ (Figure 2a).[31,32] The ground 

The predominant challenge for all photovoltaic technologies 
is to minimize losses associated with recombination. Organic 
photovoltaics (OPVs) differ from their inorganic counterparts 
because of appreciable electronic disorder and significant 
structural heterogeneity in the OPV active layer.[1,2] These 
traits increase internal loss pathways known as geminate 
and nongeminate recombination.[3,4] In geminate recombina-
tion the electron and hole originate from the same photon, 
whereas in nongeminate recombination they do not. In 
efficient OPVs there is little geminate recombination. Non-
geminate recombination losses are dominant, and they lead 
to a photocurrent bias dependence and a poor device fill factor 
(FF).[5–11]

Nongeminate recombination includes the recombination of 
electrons and holes (bimolecular recombination) and a trapped 
charge with a free charge (trap-assisted recombination).[12] 
Bimolecular recombination is often suppressed by opti-
mizing charge mobility and film thickness.[13,14] Trap-assisted 
recombination is induced by typical OPV operating condi-
tions (low light, low current density), and it is more difficult 
to remedy.[15–18] Traps can be extrinsic or intrinsic.[19] Oxygen, 
water, or chemical impurities are typical extrinsic traps, and are 
typically removed by chemical purification.[20–24] On the other 
hand, intrinsic traps are much more difficult to eliminate due 
to the inherent inhomogeneity of OPVs.[19,25]

Intrinsic charge traps arise from the energetic and structural 
disorder in organic semiconductors. Since the photogenerated 
charges originate mainly in the donor polymer, and fullerene 
derivatives are thought to be trap-free, most intrinsic 
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Figure 1.  Models of trap-assisted recombination and trap-filling:  
a) Recombination between trapped holes and free electrons by a trap 
state; b) Trap-filling and suppression of trap-assisted recombination.
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state electron transfer is supported by the onset of absorption 
peak in infrared region and this peak is not observed with equal 
content of 7,7,8,8-tetracyanoquinodimethane (TCNQ) having  
−4.5 eV lowest unoccupied molecular orbital (LUMO) level 
(Figure S1 in the Supporting Information).[24] Modest pho-
toluminescence spectrum quenching is observed by adding 
F4-TCNQ in neat polymer films, and we attribute this to 

disrupted conjugation in donor polymer by charge transfer 
(Figure S2 in the Supporting Information). We next fabricated 
photovoltaic devices to test whether this low F4-TCNQ content 
leads to improved device performance. Photovoltaic devices with 
similar film thickness (≈105 nm) were characterized in terms 
of short-circuit current (Jsc), open-circuit voltage (Voc), FF, and 
power conversion efficiency (PCE) (Table 1). Interestingly, the 
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Figure 2.  a) Chemical structures and energy level diagrams for PBDTTT-EFT, F4-TCNQ, and PC71BM. The arrow depicts the charge transfer process 
between PBDTTT-EFT and F4-TCNQ occurring in the dark. Photovoltaic performance of PBDTTT-EFT/PC71BM solar cells with and without F4-TCNQ 
(0.01%): b) J–V curves; c) Corresponding EQE plots. d) FF-Rsh correlation with and without F4-TCNQ (0.01%). e) Histograms of FF with different n 
and Rsh.
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lowest F4-TCNQ content (0.01%) results in the highest increase 
in PCE, from 7.6% to 8.6% (Figure 2b). The Jsc increases slightly, 
from 17.11 to 17.39 mA cm−2, and no change in the Voc (0.80 V) 
is observed. The most significant improvement comes from 
the FF, which increases from 55.2% to 61.8%. This is different 
from previous reports that have shown that F4-TCNQ improves 
device performance by increasing the Jsc.[33,34] To confirm our 
data, we measured the external quantum efficiency (EQE) to cal-
culate the current density. We find that 0.01% doping increases 
the spectral response above 600 nm but decreases the response 
below 500 nm, leading to an almost un-changed current density 
of 17.18 mA cm−2 compared to 17.06 mA cm−2 for the control 
(Figure 2c). With further F4-TCNQ addition the PCE drops to 
7.9%, and finally to 7.8% at 0.1% addition. The decay is due to 
decreases in FF suggesting that extra F4-TCNQ adversely affects 
device performance. Furthermore, the split trend of FF and Jsc 
here can be explained by the different working mechanisms 
of trap-filling and increased charge density.[33] We also added 
TCNQ instead of F4-TCNQ. Adding 0.01% TCNQ decreases the 
photovoltaic performances, and most notable, the FF (Figure S3 
and Table S2 in the Supporting Information).

The FF is an important parameter for OPVs, however, it is 
currently the least understood. The observation that charge 
transfer improves the FF provides a means to study this param-
eter further. The FF is determined by the series resistance (Rs), 
shunt resistance (Rsh), and diode performance (Figure S4 in the 
Supporting Information).[8,35] The Rs and Rsh can be determined 
from the slope of J–V curve at the Voc and Jsc, respectively, while 
the diode performance is determined from the ideality factor 
(n).[36] For control and 0.01% F4-TCNQ OPVs we find the Rs 
is fairly uniform (Table S1 in the Supporting Information). 
Moreover, differences in Rsh can only account for a less than 
1% change in FF (Figure 2d,e; see details in the Supporting 
Information). Therefore n is responsible for the improved FF.

To lend more support to our proposed trap-filling mechanism 
we further characterized the control and F4-TCNQ devices. Small 
amounts of additives like 1,8-diiodooctane (DIO) and 1-chlo-
ronaphthalene can improve photovoltaic performance by opti-
mizing film morphology. Here, we do not observe a morphology 
change with 0.01% F4-TCNQ or TCNQ content (Figure S5–S7 in 
the Supporting Information). With further addition, we observe 
some nanoscale aggregates in the film (Figure S8 in the Sup-
porting Information), however this change occurs with a decrease 
in performance. The dark J–V curves indicate that 0.01% 
F4-TCNQ does not increase parasitic leakage current (Figure 3a). 
Under illumination the charge-transport properties require con-
sideration of the built-in potential and the photocurrent density 
(Jph) at low effective voltage (Veff) (see details in the Supporting 

Information).[37] Previous studies suggest that additional charges 
induce charge-accumulation and decrease the built-in potential, 
which would suppress charge separation at donor–acceptor inter-
faces.[38] Here we find that the built-in potentials are the same 
(0.89 V) for doped and control devices. On the other hand 0.01% 
F4-TCNQ leads to an increase in Jph at low Veff (Figure 3b) and 
does not appear to induce new recombination pathways. Mott–
Schottky plots also do not show space charge region in 0.01% 
F4-TCNQ devices (Figure S9 in the Supporting Information).

Trap filling should increase charge transport and decrease 
trap density. We examine these properties using the J–V curves 
of hole-only and electron-only devices (Figure 3c,d). Electron 
mobility and electron trap density are consistent in both con-
trol and 0.01% F4-TCNQ devices showing that the counter ions 
do not influence electron mobility or behave as electron traps. 
In contrast, 0.01% F4-TCNQ increases the hole mobility to a 
point where it balances with the electron mobility (Table 2). At 
the same time, the hole trap density decreases from a signifi-
cant value to an undetectable level. Based on these results, we 
confirm that small amount of ground-state charge transfer fills 
hole traps without introducing new electronic defects. When 
adding 0.1% F4-TCNQ, both the hole and electron mobility 
decrease with increased hole and electron trap density (Table 2 
and Figure S10 in the Supporting Information).

Balanced mobility decreases bimolecular recombination, 
while decreased trap density suppresses trap-assisted recombi-
nation. To differentiate the two recombination mechanisms we 
measured Jsc and Voc as functions of light intensity (Figure S11 
in the Supporting Information).[39] The Jsc slopes of the control 
and 0.01% F4-TCNQ samples are 1.04 and 1.05 (Figure 3e,f and 
Table 2), illustrating similar low levels of bimolecular recom-
bination. Under open-circuit conditions, the recombination 
mechanism can be distinguished from the dependence of Voc 
on the natural logarithm of the light intensity. Trap-assisted 
recombination has a slope of 2 kT/e, while bimolecular recom-
bination has a slope of kT/e. We find that 0.01% F4-TCNQ 
decreases the slope at Voc from 1.12 kT/e to 1.06 kT/e indicating 
suppression of trap-assisted recombination is responsible for 
improved FF. We also examined 0.1% F4-TCNQ in more detail 
(Table 2 and Figure S12 in the Supporting Information) and 
found that the increased slopes of Jsc (1.12) and Voc (1.18 kT/e) 
are responsible for the poor FF at higher F4-TCNQ content.

Having successfully improved the relative photovoltaic perfor-
mance of PBDTTT-EFT/PC71BM by trap filling we now test the gen-
eral nature of this approach. We fabricated additional devices using 
statistical polyselenophene–polythiophene copolymers (P3HT-
stat-P37S (80:20)) (inset of Figure 4a) and poly[N-9′-heptadecanyl-
2,7-carbazole-alt-5,5-(4′,7′-di-2-thienyl-2′,1′,3′-benzothiadiazole)] 
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Table 1.  Photovoltaic performances of PBDTTT-EFT/PC71BM solar cells with various F4-TCNQ content.

Materials Jsc [mA cm−2] Voc [V] FF [%] FFavg [%] PCEmax
a) [%] PCEavg [%]

Control 17.11 0.80 55.2 56 ± 1.1 7.6 b) 7.3 ± 0.2

0.01% 17.39 0.80 61.8 62 ± 0.5 8.6b) 8.2 ± 0.3

0.05% 17.71 0.80 55.5 55 ± 1.1 7.9b) 7.4 ± 0.2

0.1% 17.75 0.80 54.7 54 ± 1.4 7.8 7.6 ± 0.2

a)Average PCE of 20 devices fabricated under identical conditions ± 1 standard deviation (σ); b)Maximum lies outside ± 1σ (standard deviation).
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(PCDTBT) (inset of Figure 4c).[40–46] Selenophene-containing poly-
mers have a low FF and thus are ideal candidates for this strategy. 
PCDTBT is a well-studied donor–acceptor polymer. When 
F4-TCNQ is added, we observe better rectifying J–V curves in 
both polymers (Figure 4a,c) without any obvious change in film 
morphology (Figure S13 and S14 in the Supporting Information).  
Consistent with results for PBDTTT-EFT, charge transfer improves 
PCE by increasing the FF in both cases (Table 3 and Figure 4; see 
details in Table S3 and S4 in the Supporting Information).

In conclusion, we have studied the effect of ppt-level F4-TCNQ 
on the performance of three polymers useful for OPVs. In all 
cases increases in FF are observed leading to an increase in 
overall device performance. While adding F4-TCNQ at ppt levels 

does not alter active layer morphology, it modifies the electronic 
properties by trap-filling and this is responsible for FF improve-
ments. We feel that these findings are important because traps 
are inevitable in OPVs. Further studies on other ground state 
electron acceptors, as well as electron donors for nonfullerene 
systems, may lead to significant progress in OPV performance.

Experimental Section
Materials: PBDTTT-EFT (Mn = 61 kDa, Mw = 134 kDa, Đ = 2.2) was 

purchased from Solarmer Energy Inc. China. P3HT-stat-P37S (80:20) 
was synthesized by our group according to reported methods (Mn = 21 
kDa, Mw = 26 kDa, Đ = 1.3).[42–44] PCDTBT (Mn = 37 kDa, Mw = 112 kDa, 
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Figure 3.  a,b) Dark and photo J–V curves of PBDTTT-EFT/PC71BM. c,d) Hole-only and electron-only charge transport curves. e,f) Measured Jsc and 
Voc of PBDTTT-EFT/PC71BM solar cells plotted against light intensity. The open and closed squares represent the values of Voc and Jsc under different 
illumination intensities.

Table 2.  Charge transport and recombination in PBDTTT-EFT/PC71BM.

Materials Hole mobility  
[cm2 V−1 s−1]

Electron mobility 
[cm2 V−1 s−1]

Hole/electron 
mobility ratio

Hole trap density  
[cm−3]

Electron trap 
density [cm−3]

Slope  
of Jsc

Slope of Voc  
[kT/e]

Control 2.30 × 10−5 1.00 × 10−4 0.23 5.89 × 1016 None 1.04 1.12

0.01% 1.07 × 10−4 1.01 × 10−4 1.06 None None 1.05 1.06

0.1% 8.06 × 10−5 4.97 × 10−5 1.62 4.13 × 1016 3.84 × 1016 1.12 1.18
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Đ = 3.0) was provided by the Leclerc group.[45,46] PC71BM was purchased 
from American Dye Source. PEDOT:PSS (Clevios P VP AI 4083) was 
purchased from Heraeus. Zinc acetate dihydrate, ethanolamine, and 
2-methoxyethanol were purchased from Sigma-Aldrich. All solvents in 
the experiments were used as received from Sigma-Aldrich.

Instrumentation: Gel permeation chromatography (GPC) 
measurements were carried out using a Malvern 350 HT-GPC system 
at 140 °C with 1,2,4-trichlorobenzene (stabilized with butylated 
hydroxytoluene). Molecular weights were determined using narrow 
dispersity polystyrene standards. Absorption spectra were recorded on 
a Varian Cary 5000 spectrometer. Photoluminescence was performed 
on a Photon Technology International (PTI QuantaMaster 40-F NA) 
spectrofluorometer with a photomultiplier detector and xenon arc lamp 
source. The film thickness was examined by a surface profilometer (KLA-
Tencor P16+). Atomic force microscopy (AFM) imaging was carried 
out on a Bruker Dimension Icon microscope. Bright field transmission 
electron microscopy (TEM) was performed on a Hitachi H-7000 
transmission electron microscopy at 100 kV accelerating voltage.

Device Fabrication and Testing: Indium-tin oxide (ITO)-coated glass 
substrates (Colorado Concept Coatings LLC) were cleaned successively 
with aqueous detergent, deionized water, methanol, and acetone for 

15 min each, and then treated in an oxygen-plasma cleaner for 10 min. 
PEDOT:PSS was filtered through a 0.45 μm polyvinylidene fluride (PVDF) 
syringe filter, spin-coated at 2000 rpm, and then annealed at 150 °C 
for 10 min in an ambient atmosphere. PBDTTT-EFT was dissolved in 
chlorobenzene at concentration of 14 mg mL−1. The solution was then 
mixed with PC71BM at a blend ratio of 1:1.5 with vigorous stirring at 
70 °C overnight. 3% (vol%) DIO was added to solutions before use. 
The solar cells were fabricated by spin-coating (3000 rpm for 40 s) the 
active layer on PEDOT:PSS-coated ITO in a N2-filled glove box, followed 
by methanol washing at 4000 rpm for 30 s. P3HT-stat-P37S (80:20) was 
dissolved in o-dichlorobenzene at concentration of 17 mg mL−1, and was 
then mixed with PC71BM at a blend ratio of 1:1. The solar cells were 
fabricated by spin-coating at 700 rpm for 30 s, followed by thermal 
annealing at 150 °C for 10 min. PCDTBT was dissolved in a blend 
solvent of o-dichlorobenzene/chlorobenzene with blend ratio of 3:1 
(vol%) at concentration of 5 mg mL−1, and was then mixed with PC71BM 
at a blend ratio of 1:4. Devices were fabricated by spin-coating at 1500 
rpm for 50 s, followed by thermal annealing at 70 °C for 10 min. For the 
devices with F4-TCNQ, different volumes of F4-TCNQ chlorobenzene 
solution were added in the each blend solution before spin-coating. 
LiF (0.8 nm) and Al (100 nm) were thermally evaporated using an 

Figure 4.  Photovoltaic performances of P3HT-stat-P37S/PC71BM solar cells with and without F4-TCNQ (0.1%): a) J–V curves; b) Corresponding EQE 
plots. Photovoltaic performances of P3HT-stat-P37S/PC71BM solar cells with and without F4-TCNQ (0.1%): c) J–V curves; d) Corresponding EQE plots.

Table 3.  Photovoltaic performances of P3HT-stat-P37S (80:20)/PC71BM and PCDTBT/PC71BM solar cells with and without F4-TCNQ.

Materials Jsc [mA cm−2] Voc [V] FF [%] FFavg [%] PCEmax
a) [%] PCEavg [%]

Control P3HT-stat-P37S 10.17 0.56 53.6 53 ± 1.6 3.1b) 2.9 ± 0.1

0.1% F4-TCNQ 

P3HT-stat-P37S

10.45 0.53 63.4 62 ± 1.7 3.5 3.4 ± 0.1

Control PCDTBT 9.93 0.87 60.2 60 ± 0.8 5.2 5.1 ± 0.1

0.1% F4-TCNQ PCDTBT 10.68 0.88 67.5b) 66 ± 1.0 6.3 6.2 ± 0.1

a)Average PCE of ten devices fabricated under identical conditions ± 1 standard deviation (σ); b)Maximum lies outside ± 1σ (standard deviation).
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Angstrom Engineering (Kitchener, ON) Covap II metal evaporation 
system at 1 × 10−6 torr. The device area is 0.07 cm2 as defined by shadow 
mask. J–V curves were obtained by a Keithley 2400 source meter under 
simulated AM 1.5G condition with power intensity of 100 mW cm−2. 
The mismatch of spectrum was calibrated using Si diode with a KG-5 
filter. Light-intensity dependent J–V curves were carried out by adjusting 
sample-light source distance and calibrated with the current of the Si 
detector. EQE measurements were recorded using a 300 W Xenon lamp 
with an Oriel cornerstone 260 1/4 m monochromator and compared 
with a Si reference cell that is traceable to the National Institute of 
Standards and Technology. The samples for dark and photo charge 
transport studies were fabricated and tested according to the same 
method as described for PBDTTT-EFT:PC71BM solar cells. The LiF/Al 
was replaced with silver (200 nm) as top electrodes for the C–V test. 
C–V measurements were performed using an Agilent 4284A precision 
LCR meter under the Cp–Rp model. All measurements were performed 
in the dark. C–V sweeps were performed between −1 and +2 V with an 
AC signal of 1 kHz. The hole-only devices were fabricated by replacing 
the LiF/Al with gold (80 nm) as top electrodes, while in electron-only 
devices the PEDOT:PSS was replaced by zinc oxide (ZnO) as bottom 
electrodes. The ZnO layer was prepared by stirring 200 mg zinc acetate 
dihydrate and 56 mg ethanolamine in 2 mL 2-methoxyethanol at room 
temperature for 12 h, and spin-coating the precursors at 3000 rpm for 
60 s, followed by thermal annealing at 200 °C for 1 h.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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