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ABSTRACT: While the impact of alkyl side-chain length on the photovoltaic
properties of conjugated polymers and their performance in bulk heterojunction
(BHJ) solar cells has been studied extensively, analogous studies on pyrrolo-
perylene-based polymers have not received adequate attention. To explore these
effects, we synthesized two copolymers based on N-annulated pyrrolo-perylene
and consisting of cyano group substituents on thiophene vinylene thiophene
units with two different alkyl groups of 2-decyltetradecyl and 7-decylnonadecyl,
and we studied them with regard to chemical structure and photovoltaic
performance. UV—vis spectroscopy and cyclic voltammetry studies showed that
variations in alkyl chain length affect crystallization, light absorption, and the
highest occupied molecular orbital and lowest unoccupied molecular orbital
energy levels. These factors have a pronounced impact on the morphology of
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BHJ thin films and their charge carrier separation and transportation
characteristics, which, in turn, influences photovoltaic properties.
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B INTRODUCTION

Bulk heterojunction (BHJ) organic solar cells (OSCs) have
attracted considerable attention as sunlight harvesting devices
because they can be fabricated at low cost on flexible substrates
using roll-to-roll coating technologies.' ™ To date, BHJ OSCs
composed of low-bandgap polymers and [6,6]-phenyl-C,;-
butyric acid methyl ester (PC,BM) have exhibited power
conversion efficiencies (PCEs) exceeding 9% in a single
junction solar cell.** Intensive efforts are underway aimed at
developing even more efficient BHJ OSCs through the design
and synthesis of new polymeric donor materials.®” Among the
strategies being explored, side-chain engineering has shown
considerable potential for the development of high-perform-
ance photovoltaic polymers.* "> Indeed, the crystallinity of
such polymers in the solid state, and their solubility in organic
solvents are directly controlled by the characteristics of the alkyl
side chains of the polymer backbone. Proper selection of the
tethering position, length, and bulkiness of these side chains is
paramount for obtaining desired photovoltaic properties.'>™'®

The present work focuses on the effects of alkyl chain length
in push—pull conjugated polymers. Thiophene vinylene
thiophene, with cyano groups as electron-withdrawing
units'”'® and N-annulated pyrrolo-perylene units as electron-
donating units, were selected due to their structural symmetry
and rigid fused aromatic system. These characteristics promote
electron delocalization and molecular packing.'”*° There have
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been surprisingly few investigations of the effects of alkyl side
chain geometry in pyrrolo-perylene polymers.

We report herein a systematic study of two high-efliciency,
low band gap pyrrolo-perylene polymers, 24PPTCT and
29PPTCT, with different alkyl side chains. The replacement
of a 2-decyltetradecyl side chain with a longer 7-decylnonadecyl
side chain resulted in significant changes in the crystallization
characteristics, optoelectronic properties, and morphological
structure of the polymers. These changes, in turn, had a
significant impact on the subsequent photovoltaic performance
of OSCs based on these polymers. To determine the
mechanism(s) underlying these effects, we analyzed OSC
devices made with 24PPTCT and 29PPTCT spectroscopically
and determined structure-performance relationships. Significant
differences in the photovoltaic performance of the two polymer
blends emanate from the different side chain lengths, which
affect morphology and charge transport. This finding provides
valuable insight for the development of efficient pyrrolo-
perylene OSCs.

B EXPERIMENTAL SECTION

Materials. Pd, (dba); and P(o0-Tol); were purchased from
Umicore. All reactions were performed using standard Schlenk
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techniques under a nitrogen atmosphere. All chemical reagents were
purchased from Aldrich and used as received.

Synthesis of Monomers and Polymers. 1-Nitroperylene (1).
Compound 1 was synthesized according to the literature.”’ 'H NMR
(DMSO, 300 MHz): 8.53—8.57 (d, 2H), 7.95—8.04 (m, 4H), 7.68—
7.85 (m, 4H), 7.57—7.60(t, 1H).

1H-Phenanthro[1,10,9,8-cdefglcarbazole (2). Compound 2 was
also synthesized according to the literature.”’ '"H NMR (DMSO 300
MHz): 12.21 (s, 1H), 8.74—8.77 (d, 2H), 8.17—-8.19 (d, 2H), 7.92—
7.99 (t, 4H), 7.79—7.85 (t, 2H).

1-(2-Decyltetradecyl)-1H-phenanthro[1,10,9,8-cdefg]carbazole
(3). Compound 3 was also synthesized according to the literature.” 'H
NMR (CDCl,, 300 MHz): d (ppm) 8.60—8.63 (d, 2H), 8.10—8.14 (d,
2H), 7.91-7.93 (d, 2H), 7.84—7.85 (d, 2H), 7.84—7.91 (t, 2H), 4.28—
4.32 (d, 2H), 2.16 (m, 1H), 1.10—1.42 (m, 40H), 0.85—0.91 (m, 6H).

1-(7-Decylnonadecyl)-1H-phenanthro[1,10,9,8-cdefg]carbazole
(4). Under nitrogen atmosphere, compound 2 (4 g, 14.4 mmol), NaH
(0.60 g, 25.2 mmol), 11-(6-bromohexyl)tricosane (12.0 g, 22.8 mmol)
was dissolved into dry THF and then stirred at 66 °C for 12 h. The
reaction mixture was then cooled to room temperature, poured into
water and extracted with dichloromethane. The organic solution was
dried with plenty of anhydrous magnesium sulfate and evaporation
under low pressure. The crude product was purified by column
chromatography on silica gel with n-hexane as eluent and yielded a
product like yellow oil. (Yield: 6.5 g, 65.3%) 'H NMR (CDCl,, 300
MHz): d (ppm) 8.66—8.68 (d, 2H), 8.13—8.16 (d, 2H), 7.92—7.95 (d,
2H), 7.84—7.85 (d, 2H), 7.85—7.91 (t, 2H), 4.71—4.75 (t, 2H), 2.12
(m, 1H), 1.10—1.42 (m, 49H), 0.85—0.91 (m, 6H).

3,10-Dibromo-1-(2-decyltetradecyl)-1H-phenanthro[1,10,9,8-
cdefgjcarbazole (M;). With the absent of light, compound 3 6.5 g
10.8 mmol) was dissolved into dichloromethane. NBS (3.84 g, 21.6
mmol) was added into the solution, and the resulting mixture was
stirred at room temperature for 6 h. Then, the reaction mixture was
poured into water and extracted with dichloromethane. The organic
solution was dried with plenty of anhydrous magnesium sulfate and
evaporation under low pressure. The crude product was purified by
column chromatography on silica gel with n-hexane as eluent and
yielded a yellow product. (Yield: 4.93 g, 59.7%) "H NMR (CDCl,, 300
MHz): d (ppm) 8.60—8.63 (d, 2H), 8.29—8.32 (d, 2H), 7.94 (s, 2H),
7.85—7.91 (t, 2H), 4.29—4.32 (d, 2H), 2.14 (m, 1H), 1.10—1.42 (m,
40H), 0.85—0.91 (m, 6H). MS (EI) m/z: 759 (M").

3,10-Dibromo-1-(7-decylnonadecyl)-1H-phenanthro[1,10,9,8-
cdefg]carbazole (M,). With the absent of light, compound 4 (6.5 g,
9.68 mmol) was dissolved into dichloromethane. NBS (3.45 g, 19.4
mmol) was added into the solution, and then the reaction mixture was
stirred at room temperature for 6 h. The reaction mixture was poured
into water and extracted with dichloromethane. The organic solution
was dried with plenty of anhydrous magnesium sulfate and evaporation
under low pressure. The crude product was purified by column
chromatography on silica gel with n-hexane as eluent and yielded a
yellow product. (Yield: 5.6 g, 67.3%) "H NMR (CDCl,;, 300 MHz): d
(ppm) 8.69—8.72 (d, 2 H), 8.36—8.39 (d, 2 H), 8.11 (s, 2 H), 7.90—
7.93 (t, 2 H), 4.60—4.64 (t,2 H), 2.06—2.12 (m, 1 H), 1.18—1.37 (m,
49 H), 0.87—0.91 (m, 6 H). MS (EI) m/z: 829 (M+).

(E)-2,3-Bis(5-(trimethylstannyl)thiophen-2-yl)acrylonitrile (M).
Monomer M was synthesized referring to the literature.” '"H NMR
(300 MHz, CDCL;) d (ppm): & 7.66—7.65 (d, 1H), 7.56 (s, 1H),
7.43-7.42 (d, 1H), 7.22—7.21 (d, 1H), 7.15—7.13 (d, 1H), 0.53—0.32
(m, 18H).

Polymerization of 24PPTCT. In a 25 mL dry flask, monomer M,
(0.3 g 0.394 mmol) and monomer M (0.214¢g, 0.394 mmol) were
dissolved in 12 mL of chlorobenzene, and the mixture was subjected to
bubbling with nitrogen for 30 min. Pd, (dba); (7.2 mg, 0.00790
mmol) and P(o-Tol); (9.6 mg, 0.0316 mmol) were added, and the
resulting mixture was stirred for 48 h at 110 °C afterward.
Subsequently, for end-capping, 2-bromothiophene and tributyl-
(thiophen-2-yl)stannane were added into the flask, and the reaction
mixture was stirred for 6 h. The resulting mixture was then dropped
into methanol (300 mL with S mL of HCl aq), causing the polymer to
precipitate as pellets. The crude polymer was collected by filtration
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and purified by Soxhlet extraction with methanol, acetone, hexane,
toluene, chloroform, 1-bromobenzene and 1,2-dibromobenzene,
successively. The 24PPTCT was obtained by precipitation of the
chloroform solution into methanol. (Yield: 0.082 g, 22.4%, M, = 21
200 g/mol, M,, = 30 104 g/mol, PDI = 1.42) 'H NMR (500 MHz,
CDCL,) d (ppm): 5 8.43 (br, 4H), 7.84 (br, 4H), 7.60 (br, 2H), 7.44
(br, 2H), 4.44—4.62 (br, 2H), 2.1 (s, 1H), 1.1 (br, 40), 0.77 (br, 6).

Polymerization of 29PPTCT. In a 25 mL dry flask, monomer M,
(0.3 g 0.362 mmol) and monomer M (0.196 g, 0.362 mmol) was
dissolved in 12 mL of chlorobenzene, then bubbling with nitrogen for
30 min. Pd, (dba); (6.6 mg, 0.0072 mmol) and P(o-Tol); (8.8 mg,
0.0289) were added, and the resulting mixture was stirred for 48 h at
110 °C. Then, for end-capping, 2-bromothiophene and tributyl-
(thiophen-2-yl)stannane were added into the flask and the reaction
mixture was stirred for 6 h. The reaction mixture was then dropped
into methanol (300 mL with S mL HCl aq), causing the polymer to
precipitate as pellets. The crude polymer was collected by filtration
and purified by Soxhlet extraction with methanol, acetone, hexane,
toluene, chloroform, 1-bromobenzene and 1,2-dibromobenzene,
successively. The 29PPTCT was obtained by precipitation of the
chloroform solution into methanol. (Yield: 0.21 g, 65.6%, M, = 23 400
g/mol, M,, = 30 654 g/mol, PDI = 1.31) '"H NMR (500 MHz, CDCl,)
d (ppm): 5 8.28—8.41 (br, 4H), 7.87 (br, 4H), 7.60 (br, 2H), 7.40 (br,
2H), 4.06—4.62 (br, 2H), 2.1 (s, 1H), 1.12—1.18 (br, 49), 0.77 (b, 6).

General Measurements. '"H NMR and *C NMR spectra were
recorded using a Bruker Advance-300 spectrometer and DRX-500
MHz spectrometer. HRMS (EI) spectra were obtained using a high-
resolution gas chromatography (GC) mass spectrometer with a
LabRAM HRB800 UV. Mass spectra were recorded using a high-
resolution 4800 TOF/TOF mass spectrometer with Voyager DE-STR.
Copolymer molecular weights and polydispersities were determined by
gel-permeation chromatography (GPC) using a polystyrene standard.
In the GPC, water was used as the mobile phase in a high-pressure
GPC assembly using a Model MS1S pump with u-Styragel columns of
HR4, HR4E, and HRSE, which yielded 500 and 100 A resolutions.
Thermogravimetric analysis (TGA) was performed on a TA TGA
2100 analyzer under purified nitrogen at a heating rate of 10 °C/min.
Differential scanning calorimetry (DSC) was conducted under
nitrogen on a TA Instruments 2100 DSC. Samples were heated to
10 °C/min from 50 to 250 °C. The UV—vis absorption spectra were
recorded using a Cary 5000 UV-—vis—near-IR double beam
spectrophotometer. Cyclic voltammetry (CV) was performed using a
PowerLab/AD instrument model system in a 0.1 M tetrabutylammo-
nium hexafluorophosphate (Bu,NPF;) solution in anhydrous acetoni-
trile as the supporting electrolyte, at a scan rate of 50 mV/s. A glassy
carbon disk (~0.05 cm?) coated with a thin polymer film, an Ag/AgCl
electrode and a platinum wire were used as the working, reference and
counter electrodes, respectively. Atomic force microscopy (AFM) was
conducted using a Multimode IIIa microscope (Digital Instruments)
in tapping mode to obtain surface images (surface area: S X S ym) of
the pure polymer and polymer:PC;BM blend films under ambient
conditions.

Fabrication and Characterization of photovoltaic devices and
hole-only devices. Photovoltaic devices with the structure ITO/
PEDOT:PSS/polymer:PC, BM/Al or Ca/Al were fabricated. The
indium tin oxide (ITO)-coated glass substrate was cleaned by
successive sonication in detergent, distilled water, acetone, and
isopropyl alcohol. A 40 nm thick layer of PEDOT:PSS (Clevios P
VP Al 4083, filtered at 0.45 ym PVDF) was spin-coated on the
cleaned ITO substrate that had been exposed to ozone for 20 min.
The PEDOT:PSS layer was baked on a hot plate at 120 °C for 15 min,
and then the substrates were transferred into a nitrogen-filled
glovebox. The active layer was then spin-coated onto the PEDOT:PSS
layer from a predissolved composite solution that had been filtered
through a 0.45 um syringe filter. Finally, as the top electrode, an Al or
Ca (S nm)/Al cathode (100 nm) was deposited onto the active layer
under vacuum (2 X 107 Torr) in a thermal evaporator. In the final
solar cells, the active layer area was 0.09 cm” The current density—
voltage (J—V) characteristics of the photovoltaic devices were
measured under ambient conditions using a Keithley Model 2400
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Scheme 1. Synthetic Routes and Chemical Structures Polymers
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Figure 1. (a) TGA plots of two polymers and DSC graph of (b) 24PPTCT and (c) 29PPTCT with a heating rate of 10 °C/min under a nitrogen

atmosphere.

source measurement unit. An Oriel xenon lamp (450 W) with an
AM1.5G filter was employed as a solar simulator, with the light
intensity calibrated to 100 mW/cm? using a silicon cell with a KGS
filter calibrated by the National Renewable Energy Laboratory. EQE
spectra were obtained using a photomodulation spectroscopic setup
(model Merlin, Oriel), a calibrated Si UV detector, and a SR570 low-
noise current amplifier. A hole-only device was fabricated by spin
coating PEDOT:PSS (Clevios P VP AI 4083, ca. 40 nm) onto the
precleaned ITO, followed by coating with the pure polymer and BHJ
film, using the same method as was used to fabricate the solar cells.
Finally, a 100 nm thick layer of Au was thermally evaporated onto the
active film. All characterization experiments were performed in an
ambient atmosphere.
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B RESULTS AND DISCUSSION

Synthesis and Characterization of Polymers. To
investigate the effects of the side chain length on the
photovoltaic properties of OSCs, two polymers based on 2-
decyltetradecyl and 7-decylnonadecyl-substituted N-annulated
pyrrolo-perylene were prepared. The backbone structures of
these two polymers were identical such that any observed
differences in bulk properties could be correlated to differences
in side chain structure. The chemical structures and synthetic
paths for these materials are shown in Scheme 1. Two
alternating copolymers were obtained via typical Stille coupling
polymerization at 110 °C and 48 h. To obtain the pure
polymer, we subjected the polymer products to successive
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Figure 2. Normalized absorption and PL spectra of two synthesized polymers; in (a) dilute chloroform solutions and (b) films. (c) Cyclic
voltammograms of 24PPTCT and 29PPTCT. (d) Energy level diagram of the materials in the conventional photovoltaic device.

Table 1. Optoelectronic Properties of 24PPTCT and 29PPTCT

UV—vis absorption spectrum

cyclic voltammetry

polymer Amax (nm) solution A, (nm) film A, (nm) film
24PPTCT 530 572 701
29PPTCT 549 587 715

“Estimated from the absorption edge in film (B, = 1240/, €V).

E,

opt (eV)a
1.76
173

Egpeet = \(€V)

0.66
0.64

Eromo (eV)
—3.66
-3.74

E et ed (EV) Enomo (eV)
-0.70 —5.06
—0.62 —5.04

Soxhlet extractions with methanol, acetone, hexane, and
chloroform. The monomer structures were confirmed by
mass spectrometry and NMR spectroscopy. Polymer structures
were confirmed by analyses of H NMR spectra. The
synthesized polymers were all soluble at room temperature in
common halogenated organic solvents (chloroform, chloro-
benzene, and 1,2-dichlorobenzene). The molecular weights of
the synthesized polymers and their polydispersity indices
(PDIs) were estimated by gel permeation chromatography
(GPC). The number-average molecular weights (M,) of
24PPTCT and 29PPTCT were 21200 and 23400 g/mol,
respectively, with PDIs of 1.42 and 1.31, respectively.

TGA and DSC were used to elucidate the thermal properties
of the synthesized polymers. Figure la shows thermogravi-
metric curves of the two copolymers obtained under a nitrogen
flow. Both copolymers exhibited high thermal stability, showing
less than 5% weight loss during heating to ca. 405 °C, a
desirable characteristic for OSC polymers.*® Interestingly, DSC
thermograms (Figures 1b,c) showed no apparent thermal
transition for 24PPTCT, implying that this polymer exists in an
amorphous state at room temperature.24 In contrast,
29PPTCT, which contains an linear alkyl spacer (C6), showed
distinct melting and crystallization transitions at 253 and 205
°C, respectively. This suggests that the relatively planar
structure of 29PPTCT results in a lower degree of steric
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hindrance and less torsional interactions, which in turn result in
stronger intermolecular 7—7 interactions.”®

Optical Properties. Normalized UV—vis absorption
spectra of 24PPTCT and 29PPTCT in dilute solutions and
in the form of spin-coated films from chloroform are shown in
Figures 2ab. A summary of the absorption data, including
absorption maxima and the corresponding band edges, is
provided in Table 1. Two absorption bands covering a broad
range were observed. Whether in solution or as a thin film,
29PPTCT exhibited red-shifted absorption peaks relative to
those of 24PPTCT. This finding is consistent with the DSC
analysis, which suggested that the 7-decylnonadecyl chain of
29PPTCT allows the molecule to adopt a more planar structure
by the stronger intermolecular interactions.>®

For both polymers, the absorption spectra in solution were
similar to those obtained from thin films, the latter exhibiting
clear red-shifts in absorption maxima. Such shifts are generally
observed in conjugated systems and are due to aggregation of
the polymer main chain and interchain interactions in the solid
state.”” The optical bandgaps calculated from these spectra
were 1.76 eV (absorption edge ~701 nm) for 24PPTCT and
1.73 eV for 29PPTCT (absorption edge ~71S nm).

Photoluminescence (PL) spectra of two copolymers in
chloroform solution and in the thin film state are also shown in
Figure 2a,b. 24PPTCT and 29PPTCT are both red emitters,
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Figure 3. J—V curves of photovoltaic devices using (a) 24PPTCT and (b) 29PPTCT as active layers.

with solution spectra maxima at 618 and 645 nm, respectively.
Compared to the solution spectra, the maximum solid state
emission of 24PPTCT was red-shifted to 640 nm, while the
29PPTCT maximum emission showed a red-shift to 669 nm.

Electrochemical Properties. Cyclic voltammetry (CV)
was used to characterize the electrochemical behavior and
highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) energy levels of the
synthesized polymers. Electrochemical data are summarized in
Table 1. The HOMO/LUMO levels of 24PPTCT and
29PPTCT were calculated from the onset potentials of
voltammetric redox peaks relative to oxidation potential of
ferrocene, 4.8 eV below the vacuum level, as shown by the
following equation.”**’

HOMO = —[E,__.*

‘'onset

— E, (ferrocene)] — 4.8 eV

LUMO = —[E red _ E_, (ferrocene)] — 4.8 eV

onset

The calculated HOMO levels of 24PPTCT and 29PPTCT
were —5.06 and —5.04 eV, respectively. The calculated LUMO
levels were —3.66 eV for 24PPTCT and —3.74 eV for
29PPTCT. Thus, the electrochemically obtained HOMO
energy level of 29PPTCT was only slightly higher than that
of 24PPTCT, likely due to the effects of the longer 7-
decylnonadecyl chain of the side group. These observations, in
combination with the UV—vis absorption data, suggest that the
backbone of 29PPTCT is more planar than that of 24PPTCT,
possibly because the branched alkyl chains exhibit less steric
hindrance or due to more extended intermolecular 77—z
interactions.™

Relatively high open-circuit potentials (V,.) should be
generated in photovoltaic devices based on these conjugated
polymers because V,_ is determined primarily by the energy
difference between the HOMO of the donor and the LUMO of
the acceptor.®’ Also note that these polymers boast ideal
LUMO energy levels for effective charge transfer to acceptor
materials (Figure 2d).>* Therefore, both 24PPTCT and
29PPTCT are suitable for further applications in photovoltaic
devices.

Photovoltaic Performance. To demonstrate the effect(s)
of alkyl chain length on photovoltaic performance, devices
comprising a ITO/PEDOT:PSS/copolymers:PC, BM/Al
structure were fabricated. A solution of polymer and PC, BM
in o-dichlorobenzene (a total concentration 40 mg/mL) was
prepared. o-Dichlorobenzene was used because uniform,
pinhole-free films tend to form when this solvent is slowly
evaporated. The donor/acceptor weight ratio reportedly
impacts photovoltaic performance. Therefore, devices based
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on 24PPTCT or 29PPTCT:PC,;BM with different donor/
acceptor weight ratios (1:1, 1:2, 1:3, and 1:4) were fabricated.
The corresponding J—V characteristics curves are presented in
Figure 3, and the performance parameters of photovoltaic
devices are summarized in Table 2. The optimal polymer/

Table 2. Summarized Performance of Devices Containing
24PPTCT and 29PPTCT

blend V.. T FF  PCE

polymer: PCBM ratios V) (mA/cm?) (%) (%)
24PPTCT:PC,BM 1:1 0.81 4.4 35.1 1.32
1:2 0.79 5.9 36.2 1.71

1:3 0.81 6.2 42.1 2.11

1:4 0.80 9.5 47.8 3.63

29PPTCT:PC,BM 1:1 0.80 6.2 38.6 2.01
1:2 0.80 7.5 50.4 3.00

1:3 0.79 8.6 558.7 3.78

1:4 0.80 11.3 54.4 4.80

PC,BM ratio in terms of best solar cell performance was 1:4
for both polymers. The 24PPTCT:PC,,BM device produced an
open circuit voltage (V,.) of 0.80 V, a short-circuit current (J,.)
of 9.5 mA cm™ a fill factor (FF) of 47.8%, and a PCE of
3.63%. The 29PPTCT:PC,,BM device showed a PCE of 4.80%
with V,. = 0.80 V, J,. = 11.3 mA cm ™, and FF = 54.4%. Higher
PCEs were obtained with the 29PPTCT:PC,,BM device than
with the 24PPTCT:PC,BM cell. This effect was due primarily
to the higher J,. and FF values of the latter polymer. Generally,
in polymer solar cells, the J, and FF values are affected by
surface morphology and hole mobility as discussed below.

To further improve the photovoltaic performance of the
pyrrolo-perylene-based solar cells, a Ca/Al layer is used to
replace the only Al layer, so that the cathode can collect
electrons more efficiently. Thus, the PCE is elevated to 4.95%,
with a larger J,. of 11.5 mA ecm™, a V, of 0.81, and a FF of
54.6% for the 29PPTCT:PC,;BM device. This efficiency of
4.95% achieved by 29PPTCT-based device is higher than those
from most reported pyrrolo-perylene-based donors. Under the
same deivce conditions, the PCE of the 24PPTCT:PC,,BM
device is 4.26% (J.. = 10.7 mA cm™2, V,. = 0.81 V, and FF =
49.2%).

To understand why the 29PPTCT:PC, M-based device
exhibited high PCE values, EQE curves were generated under
optimized conditions. As depicted in the insets of Figure 3,
both copolymers exhibited efficient photoresponses from 300
to 700 nm, corresponding to a maximum EQE of 63% for the
29PPTCT:PC,;BM device and 58% for the
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Figure 4. (a) Photocurrent density (J,,) plotted against the effective applied voltage (V) for the 24PPTCT and 29PPTCT devices. (b) Light
intensity dependence of J,. on a logarithmic scale. Fitting a power law to these data yields a. (c) Measured V. of photovoltaic cells processed with
24PPTCT and 29PPTCT as a function of illumination intensity, together with linear fits to the data.
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Figure 5. AFM images of (a and b) polymer-only films and (c and d) 24PPTCT or 29PPTCT:PC,,BM blend films (1:4 w/w).

24PPTCT:PC,,BM device. Higher EQE values are responsible
for the higher ], values of the 29PPTCT-based polymer solar
cells.> According to the EQE curves and the solar irradiation
spectrum, the integral J. values of the 24PPTCT- and
29PPTCT-based OSCs are 8.9 mA cm™ and 10.7 mA cm™,
respectively, which agree with measured J,. values within a 5%
error.

Effects of Recombination on Efficiency. Figure 4a shows
the experimental photocurrent as a function of an effective
applied voltage (V.4) under two different conditions. The
photocurrent (J,;,) was calculated as J,, = J; — Jp, where J; and
Jp are the current density under illumination and in the dark,
respectively. Vg is defined as Vg = V; — V, where Vj is the
voltage at which ], is zero and V is the applied voltage. For V;,
— V > 0.1 V, the photocurrent was dependent on the square
root of the voltage due to charge recombination effects, as
described by the equation

]Ph = 4G, [Hi(e)The) JV

Here, G is the free charge carrier generation rate, ) and
Tj() are the mobility and lifetime, each carrier, respectively.**
As shown in Figure 4a, the 29PPTCT photocurrent of within
the square root regime (V, — V > 0.1) was higher than that of
the 24PPTCT copolymer. This suggests a lower rate of charge
recombination in the 29PPTCT because of intermolecular
interactions and the effect(s) of the C6 alkyl spacer, which
suppress recombination reactions and increase both ], and
FE.*

To obtain further information on the charge recombination
kinetics, the variation in J,. with changes in illumination
intensity was examined (Figure 4b; data are plotted on a log—
log scale and fitted to a power law). J,. can be correlated to
illumination intensity (I) by
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Figure 6. Dark J—V characteristics of hole-only device for (a) pure polymers and (b) polymer:PC,;BM blends.
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At short circuit, minimal bimolecular recombination (a ~ 1)
is required to achieve the highest carrier sweep out, with
deviations from @ ~ 1 indicating the presence of bimolecular
recombination.” A fit of the data in Figure 4b yielded
exponential factors (a) of 0.913 and 0.978 for devices
processed with 24PPTCT and 29PPTCT, respectively, under
optimal conditions. The a of 24PPTCT is relatively far from
unity, indicating that bimolecular recombination is substantial
in this device. However, a increases to 0.978 for devices
processed with the 29PPTCT polymer. The almost linear
dependence of ] indicates that sweep-out at short circuit is
very efficient, while bimolecular recombination is relatively
weak. These results suggest that the lower rate of bimolecular
recombination results in relatively high J;. and FF values in the
29PPTCT device, thereby resulting in enhanced device
performance.*®*’

Recombination mechanisms were also extracted from curves
of V,. as a function of light intensity, as shown in Figure 4c.
The photocurrent at V,_ is zero; hence all recombination of
photogenerated carriers occurs within the cell. Thus, by
studying recombination at V. valuable information can be
extracted regarding various mechanisms. V. and light intensity
(I) are related as follows:

1

V. :(ELUMO — Eyomo —

ocC

IR

A) -

where e is the elementary charge, k is the Boltzmann constant,
T is temperature in Kelvin, and A represents the relatively small
band tailing to energy below the acceptor LUMO. Thus, for
bimolecular recombination

|

= k—TIn(I) + C(constant)
e

Under this expression, the slope of a plot V. against In(I)
will be kT/e for bimolecular recombination. Monomolecular
recombination, by contrast, shows a stronger dependence, with
a slope of 2kT/e.**™* The slope of the curve in Figure 4b
corresponding to the device made with 29PPTCT is 1.18 kT/e,
implying that only bimolecular recombination occurs at open
circuit. In contrast, the analogous slope for the 24PPTCT
device is 1.52 kT/e, indicating that both monomolecular and
bimolecular recombination occur in this device.

Film Morphology. Atomic force microscopy (AFM) in
tapping mode was used to examine the surface morphologies of
the active layers of the OSCs. Figure 5 shows the topographic
images of the pure and blend films processed with two different
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polymers. To ensure accurate comparisons, the blend films
were prepared under conditions equivalent to those used when
fabricating the pure polymer devices.

The 24PPTCT film (Figure Sa) exhibits a flat, relatively
formless with a root-means-squared (RMS) roughness of 1.23
nm. However, the spin-coated film from pure 29PPTCT
(Figure Sb) shows clearly aggregated domains and increased
phase separation with a larger RMS roughness of 3.86 nm.
Moreover, in the 24PPTCT-blend film (Figure Sc), no obvious
evidence of phase separation of 24PPTCT and PC;BM is
observed, indicating homogeneous mixing of the components.
The surface processed with 24PPTCT and PC,;BM is also very
smooth, with RMS surface roughness of 1.01 nm. When
29PPTCT, which contains a linear alkyl spacer (C6), was used
in the blend rather than 24PPTCT, the film morphology
changed markedly (29PPTCT:PC,BM; Figure Sd). Aggre-
gated structures with randomly oriented domains 25—50 nm
wide are observed, and the film becomes rougher (RMS
roughness 3.21 nm). The aggregated domains probably
originate from the enhanced intermolecular interactions in
29PPTCT.* The increased surface roughness also indicates an
increase in the self-organized ordering of the polymer.** The
higher surface roughness and ordering of the crystalline domain
in the 29PPTCT system are expected to provide separate
pathways for electrons and holes, and to increase ] in the
29PPTCT system.*

Charge Transport. In BHJ solar cells, photogenerated
charge extraction at the electrode decreases with increasing
carrier sweep-out, which is limited by carrier mobility and loss
of photogenerated carriers by recombination; hence, the
mobility of charge carriers in the active film is a critical factor.
We therefore examined the hole mobility in pure polymer and
polymer:PC,;BM films by measuring the dark current density—
voltage (J—V) behavior. The J—V data were analyzed using a
space-charge limited current (SCLC) model described by the
Mott—Gurney law, which includes a small field-dependent term
as shown in the following equation:

(Vg = Vi = Vo)’
B exp|

where ] represents the current density, L is the film thickness of
the active layer, y, is hole mobility, €y, represents the dielectric
permittivity of the active layer, V. is the applied voltage, V,
represents the voltage drop due to contact resistance and series
resistance across the electrodes, V}; is built-in voltage, and S is
the field activation factor.*

Vv

appl ‘/r - ‘/bi

L

] = gg()er”h
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Figure 6 shows experimental J—V curves from the hole-only
device ITO/PEDOT:PSS/polymer or polymer:PC, BM/Au.
Fitting to the experimental results revealed hole mobilities in
pure polymer films of 1.62 X 10™* cm® V™' s for 24PPTCT
and 4.31 X 107" em® V7' 57! for 29PPTCT. The observed
increase in hole mobility in the 29PPTCT polymer agrees well
with morphological analyses, which showed higher degrees of
domain aggregation and crystallinity when 29PPTCT was used
to the donor material.

Figure 6b shows that hole mobilities of the polymer:PC, M
blend films were similar to those of pure polymer films. Higher
hole mobilities were also observed in blends of 20PPTCT and
PC,,BM (1.22 X 10™* cm? V™! s71), relative to those in blends
of 24PPTCT:PC,,BM (8.79 X 10~° cm® V™! s7!). These results
indicate that stronger intermolecular interactions in 29PPTCT
resulted in higher hole mobilities in the BHJ films and
enhanced the stability of charge—exciton separation, both of
which improved the charge transport properties of the hole
carrier.**

B CONCLUSION

We systematically investigated the effect of the geometry of
alkyl side chains on the optoelectronic and photovoltaic
properties of pyrrolo-perylene-based polymers. We found
that, when 2-decyltetradecyl side chains were replaced with 7-
decylnonadecyl side-chains, both the electronic properties and
film morphology changed markedly. 20PPTCT, which contains
7-decylnonadecyl side chains, exhibited more red-shifted light
absorption, a smaller band gap, a more planar structure, and a
higher hole mobility than 24PPCT, which contains 2-
decyltetradecyl side chains. The introduction of 7-decylnona-
decyl side-chains increased the . and FF values of polymer
solar cells made with these materials. The 29PPTCT devices
exhibited the best overall performance of 4.80% PCE with a V_
of 0.80 V, a J,. of 11.3 mA cm™2 and a FF of 54.4%. Intensity-
dependent J—V curves revealed that bimolecular recombination
was suppressed in 29PPTCT devices. In addition, the
dominance of bimolecular recombination when approaching
open circuit and the lack of monomolecular recombination at
open circuit resulted in high ], and FF values.
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