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Abstract Tuning the interfacial layers in OPVs should enable reduced resistance
and control of the work function of the electrode. We synthesized an amine-func-
tionalized polyfluorene derivative (PF-PDMA) as an interfacial layer for organic
photovoltaic cells. We fabricated a conventional device using PF-PDMA as an
electron transport layer. P3BHT and PCqBM were employed as the active layer to
form the bulk heterojunction. The power conversion efficiency of the device fab-
ricated using the interlayer (3.18 %) was higher than that of the device without the
interfacial layer (2.36 %).

Keywords Interfacial layer - Polyfluorene - Electron transport layer -
Alcohol-soluble polymer

Introduction

Over the past few years, organic photovoltaic devices (OPVs) have attracted great
interest as alternative energy sources because of their many advantages, which
include low processing cost, high flexibility, and light weight. Interfacial layers,
such as hole transport layers (HTLs) and electron transport layers (ETLs), are
employed between the electrode and active layer to improve the efficiencies of
OPVs. The poly(3,4-ethyenedioxylene-thiophene):poly(styrene sulfonic acid)
(PEDOT:PSS) is widely used as the HTL, and low work function metals (i.e., Ca,
Mg, LiF) are used to form the ETL. However, each layer is weak and unstable with
respect to oxidation [1, 2]. Various strategies have been applied to increase the
device stability and improve device performance [3-5].
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In an attempt to resolve the above problem, alcohol-soluble polyelectrolytes,
such as poly[(9,9-bis(3’-(N,N-dimethylamino)propyl)-2,7-fluorene)-alt-2,7-(9,9—
dioctylfluorene)] (PFN) and polyethylenimine ethoxylated (PEIE), etc. have been
developed as interfacial layers [5—8]. These materials easily form layers on nonpolar
organic active layers without damaging the surface because of solvent selectivity.
Moreover, they realign the electric fields within a device because of the dipole of the
pendant group; this enables control of the vacuum level of the electrode surface to
up or down, thus tuning the work function of the metal electrode. In addition, they
could reduce the series resistance of organic photovoltaic cells [9].

Some charged ionic conjugated polymers have been reported as interlayers for
OPVs [7-9]; however, to improve their solubility, they require some amount of
water, which could damage the organic active layer. Therefore, in this study, we
designed a fluorine polymer with non-ionic dimethylamine functional groups. We
supposed that the hydrophobic polymer backbones faced to active layer and the
polar dimethylamine groups faced to metal electrode which would increase the
vacuum level of the electrode and the open-circuit voltage of the OPV devices [9].
We synthesized poly[(9,9’-bis(4-(6-N,N-dimethylaminehexyloxy)phenyl)fluorene-
2,7-diyl)] (PF-PDMA) as an electron transporting interlayer for organic photo-
voltaic cells, as shown in Scheme 1, and investigated the effect of this interfacial
layer in OPVs.

Experimental details
Measurements

'H NMR was measured by the Varian Mercury Plus 300 MHz. Absorption
spectroscopy and cyclic voltammetry (CV) were performed using a JASCO JP/V-
570 instrument and CH Instruments Electrochemical Analyzer. The energy level of
the polymer was determined in an acetonitrile solution containing 0.1 M tetrabuty-
lammonium tetrafluoroborate (TBABF,) with a supporting electrolyte and a Ag/
AgNOj; reference electrode, platinum wire counter electrode, and platinum working
electrode. The performance of conventional OPVs was determined using a
McScience K201 LABS50 Solar Simulator under AM 1.5 G illumination
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Scheme 1 Scheme for the synthesis of PF-PDMA
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(100 mW/cmz), and the external quantum efficiency (EQE) was measured using a
McScience K3100 EQX.

Materials

Bis(1,5-cyclooctadiene)nickel(0) (Ni(COD),) was purchased from Strem Chemi-
cals. Silica cells for column chromatography and the fullerene derivative, i.e., [6,6]-
phenyl-Cqg;-butylic acid methyl ester (PCq;BM), were obtained from EM-index.
Poly(3-hexylthiophene-2,5-diyl) (P3HT) as a donor was purchased from Rieke
Metals. All other materials were purchased from Aldrich and used without further
purification.

Synthesis of polymer

6,6'-(((2,7-Dibromo-9H-fluorene-9,9-diyl)bis(4,1-phenylene))bis(oxy))
bis(N,N-dimethylhexan-1-amine) (2)

Compound 1 [10] was synthesized using a previously reported method. 2,7-
Dibromo-9,9-bis(4-(6-bromohexyloxy)phenyl)-9H-fluorene (1; 1.66 g, 2.0 mmol)
was dissolved in dry tetrahydrofuran (THF; 5.0 mL) and dimethylamine (2 M THF
solution, 12.9 mL, 25.8 mmol) was added dropwise to the solution. After 1 h; the
solution was then left to react for 24 h at room temperature. When the reaction was
complete, the solvent was removed. The residue was dissolved in 0.1 M sodium
hydroxide solution (0.5 mL) and chloroform (5 mL). After stirring for 30 min, the
solvent was removed under reduced pressure and the residue was purified by silica
gel column chromatography to give a yellow viscous liquid. "H NMR (300 MHz,
CDCl3): 6 7.6 (d, 2H), 7.5 (dd, 4H), 7.0 (d, 4H), 6.7 (d, 4H), 3.9 (t, 4H), 2.3 (t, 4H),
2.2 (s, 12H), 1.7 (m, 4H), ~1.3-1.5 (m, 12H). *C NMR (300 MHz, CDCl5): 6
158.2, 153.7, 137.8, 136.3, 130.7, 129.3, 129.0 121.8, 121.6, 114.3, 67.9, 64.4, 31.8,
294, 29.3, 26.1, 22.7, 14.2.

PF-PDMA

Polymer PF-PDMA was synthesized from the corresponding monomers via
Yamamoto coupling in an argon atmosphere. 6,6'-(4,4'-(2,7-Dibromo-9H-fluor-
ene-9,9-diyl)bis(4,1-phenylene))bis(oxy)bis(N,N-dimethylhexan-1-amine) (2; 0.6 g,
0.8 mmol), Ni(COD), (0.34 g, 1.25 mmol), and 2,2'-dipyridyl (0.21 g, 1.32 mmol)
were dissolved in a toluene/dimethylformamide mixed solvent (1:1; 10 mL). After
stirring for 30 min, 1,5-cyclooctadiene (0.2 mL) was added to the flask. The
mixture was then left to react at 80 °C for 36 h. To complete the synthesis,
bromobenzene was added as an end-capping reagent. The synthesized polymer was
purified by recrystallization from ether, column chromatography, and Soxhlet
extraction with methanol for 1 day to remove any remaining impurities.
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Fabrication of OPVs

ITO glass was cleaned with acetone and 2-propanol and then treated with UV-
ozone. A 40 nm thick layer of PEDOT:PSS (Clevios P) was spin-coated onto the
ITO glass, which was then baked at 140 °C for 15 min in air. The substrate was
transferred to a glove box for spin coating the BHJ active layer to thickness of
100 nm. The solution for applying the active layer was prepared by overnight
dissolution in dichlorobenzene (0-DCB) with P3HT:PCqBM (1.0:0.7 w/w ratio,
polymer concentration of 15 mg/mL). After 2 h of drying, a solution of PF-PDMA
in ethanol (1 mg/mL) was spin-casted at 2000 rpm for 30 s and annealed at 100 °C
for 10 min. Last, an Al metal cathode (120 nm) was applied by thermal evaporation
(Active area: 0.09 cm?).

Results and discussion
Optical and electrochemical properties of the synthesized polymer

The normalized absorption spectrum is plotted in Fig. 1. The maximum absorption
wavelengths of the solution and film states were 308 and 312 nm, respectively. The
optical band-gap was calculated by measuring the onset wavelength of the
absorption spectrum of the polymer film using the following equation: Eg”* = 1240/
Jedge- The measured onset absorption wavelength of the polymer film was 330 nm,
which corresponds to optical band-gap energy (E‘épt) of 3.76 eV. The energy level of
the highest occupied molecular orbital (HOMO) was determined via CV in solution,
and the lowest unoccupied molecular orbital (LUMO) was measured from the
HOMO energy level and optical band gap energy. The measured optical properties
of the polymer are summarized in Table 1.

Fig. 1 UV-visible absorption = PF-PDMA solution
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Table 1 Optical and electrochemical properties of the synthesized polymer

Polymers Jmmax, abs (M) Aoy (M) Aegee (nm)  EgP* (V) HOMO (eV)  LUMO (eV)
Solution® Film Film

PF-PDMA 308 312 330 3.76 —6.16 —2.40

21 x 107> M in methanol

® Polymer film was applied onto a quartz plate by spin-casting from a solution in methanol at 800 rpm for
30s

¢ Calculated from the absorption band edge of the polymer films using Eg™ = 1240/cqge

Performance of the OPVs

The synthesized polymer, i.e., PF-PDMA, was used as an interfacial layer in organic
photovoltaic cells. The OPVs were fabricated with the following structure: ITO/
PEDOT:PSS/P3HT:PCs;BM/PF-PDMA/AL. For comparison, an OPV device with-
out an interfacial layer (ITO/PEDOT:PSS/P3HT:PC¢,BM/Al) was also fabricated
and characterized as a reference device.

Fig. 2 J-V curves (a) and EQE (a)
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Table 2 Performances of conventional OPVs

Device Voc (V) Jsc (mA/em?®)  FF PCE (%) Ry, (Qcm? R, (Qcm?)
Without PE-PDMA  0.50 9.23 051 236 232.96 13.60
With PE-PDMA 0.61 9.45 055 3.18 321.76 11.86

The current density—voltage curve (J-V curve) and external quantum efficiency
(EQE) values of the fabricated devices are plotted in Fig. 2. The device fabricated
using PF-PDMA showed better performances at all values than the reference device:
The open-circuit voltage (Voc) increased from 0.50 to 0.61 V, the short circuit
current density (Jsc) increased from 9.23 to 9.45 mA/cm?, and the fill factor (FF)
increased from 0.51 to 0.55 with the addition of the interfacial layer. The shunt
resistance of the device fabricated using the interfacial layer increased while the
series resistance of the device decreased relative to those of the reference device.
Therefore, the overall power-conversion efficiency (PCE) of the device with PF-
PDMA was higher (3.18 %) than that of the reference device (2.36 %). The
performances of the fabricated OPV devices are summarized in Table 2.

The differences of the two devices originated from the dipole character of the
interfacial layer between the metal electrode and organic contact. The dipoles
increased the built-in potential and redistributed the electric fields in the devices.
Therefore, the vacuum level of the metal electrode increased and the work function
of the electrode could be tuned. Thus, the Vo of the device increased as a result of
the presence of this interfacial layer. In addition, dipoles enhanced the extraction of
electrons from the acceptor surface and reduced hole electron recombination in
active layer. Moreover, the PF-PDMA interlayer could reduce the series resistance
between the electrode and organic film [9, 11-13].

Conclusion

In this study, we synthesized non-ionic polyfluorene derivatives with amine
functional groups in the side chain. The synthesized polymer was employed as the
electron transporting interfacial layer in OPVs. The open circuit voltages, short
circuit currents, and fill factors of the device fabricated using the interfacial layer
were higher than those of the reference device without an interfacial layer.
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