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ABSTRACT: A series of end-functionalized poly(3-hexylthiophene)s (P3HTs) were synthesized by end-capping with electron-
deficient moieties (EDMs, oxadiazole (OXD) and triazole (TAZ)) to prevent the negative influence of bromine chain ends in the
common uncapped P3HT in polymer solar cell (PSC) applications. On the basis of the electron-withdrawing capability of the
planar OXD end groups, P3HT-end-OXD relative to the uncapped P3HT exhibits a raised absorption coefficient, extended
exciton lifetime, and increased crystalline order in the blend with PCBM, leading to an effectual improvement in photovoltaic
parameters. However, P3HT-end-TAZ has an opposite result even worse than that of the uncapped P3HT, arising from bulky
TAZ end groups. As a consequence, P3HT-end-OXD gives a power conversion efficiency (PCE) of 4.24%, which is higher than
those of the uncapped P3HT (3.28%) and P3HT-end-TAZ (0.50%). The result demonstrates that the EDM modification is a
valuable method to tailor the structural defect of polymer chain ends. However, the efficacy is dependent on the structure of
EDM.

KEYWORDS: end group modification, polymer chain ends, poly(3-hexylthiophene), electron-deficient moiety,
electron-withdrawing capability, polymer solar cell

■ INTRODUCTION

Conjugated polymers have received considerable attention as
semiconductors for applications in organic optoelectronic
devices by virtue of their ease of fabrication, promising
flexibility, and solution processability.1,2 Regioregular poly(3-
hexylthiophene) (rr-P3HT) is the most representative
conjugated polymer having the advantages of self-assembly
ability and desirable sunlight harvesting characteristics
(absorption of light up to 650 nm with high absorption
coefficient), and consequently it has been investigated for
applications in polymer thin-film transistor (PTFTs) and bulk
heterojunction (BHJ) polymer solar cells (PSCs), for which
benchmark hole mobility (μh) of amorphous silicon (0.1 cm2

V−1 s−1)3 and an excess of 5% in power conversion efficiency
(PCE)4−6 have been achieved, respectively.
P3HTs with high regioregularity (RR) are usually prepared

using the MuCullough method,7 Rieke zinc (Zn*) mediated
method,8 and Grignard metathesis (GRIM) method9 by
regiocontrol of organometallic intermediates from 2,5-dibro-

mo-3-hexylthiophene monomers. Syntheses via these methods
all yield uncapped P3HTs with the end group composition, one
end with hydrogen and the other end with bromine, originating
from methanol quenching after polymerization.10 The struc-
tural defect of bromine chain ends was found to be regarded as
impurity sites in the photoactive layer, giving rise to an
influence in PSC performance by the disturbance of chain
packing, trapping of a charge carrier, quenching of photo-
generated excitons, or unfavorable film morphology, even
though the end group content is rather low relative to the
repeat unit (3-hexythiophene) of the P3HT.11−15 Furthermore,
the other report also suggested that the small concentrations of
residual reactive end groups in polymer chain ends would make
PSC more sensitive to photoactive layer thickness and thermal
degradation, affecting the device stability adversely.16
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On the other hand, end-functional-group-modified P3HTs
were found to be able to enhance the efficiency or stability of
PSC resulting from improved bicontinuous network morphol-
ogy in P3HT with CdSe quantum rods11 or P3HT with
PCBM14,15 composite films. Phase separation between donor
and acceptor in the blends is an essential factor for a PSC to
function because exciton dissociation can mainly occur by
charge transfer at the donor−acceptor (D−A) interface and the
generated electrons and holes are conducted toward the
cathode and anode via their respective channels.17−19 However,
exciton diffusion length in conjugated polymers is extremely
short on the order of 10 nm, which is disadvantageous for
exciton migration to an interface of D−A within its lifetime,
namely an unexpected exciton decay is possibile.18,19

Since exciton diffusion length depends on both the mobility
and lifetime of an exciton, a longer lifetime could contribute an
increased diffusion length to the exciton.20 Yang and Shao
suggested that the inclusion of an appropriate organic small
molecule with a long exciton lifetime in the photoactive layer is
conducive to improving PSC performance.21 The Müller-
Buschbaum group also presented an increased effective exciton
lifetime induced by strong spin−orbit coupling through the
doping of heavy metal nanoparticles, which can lend support to
further enhance the efficiency of the P3HT:PCBM solar cells.22

Additionally, in our previous work, grafted oxadiazole (OXD)
on the end of the side chain on poly[2-methoxy-5-(2′-
ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV) or poly-
(9,9-dioctylfluorene) (PFO) by a nonconjugated decyloxy
group as a spacer can promote exciton dissociation and
electron transport, which may reflect a potentiality on
improvement of PCE by such modification.23 Another effort
of incorporation of electron-deficient moieties (EDMs, OXD or
triazole (TAZ)) as end-cappers in PFO as the emitting layer in
polymer light emitting diodes (PLEDs) can induce a minor
amount of extended conjugation length species (more order
structure regarded as β-phase)24 near chain ends to promote
energy transfer from an amorphous matrix to the β phase for
more efficient device performance.25,26

On the basis of these considerations, here we propose a
simple way for P3HT via end-capping EDM, such as OXD and
TAZ (Scheme 1), to investigate characteristic differences and
optoelectronic influence in photovoltaic devices relative to
those of the common uncapped P3HT. The end-functionalized
P3HT with OXD in chain ends, P3HT-end-OXD, as a donor
exhibits the best PSC of 4.24% among the three P3HT:PCBM
blends due to an effectual increase in short-circuit current
density (Jsc) and fill factor (FF) of the resulting PSC. The
improvement of device efficiency is attributed to the raised
absorption coefficient and extended exciton lifetime for
photocurrent creation and better chain ordering for effective

charge carrier transport, originating from the electron-with-
drawing capability of the planar OXD end groups. The results
indicate that the structural defect of the polymer chain ends is a
non-negligible influence on PSC performance but can be
tailored by a fine modification with appropriately functional
EDMs.

■ EXPERIMENTAL SECTION
Materials and Synthesis. All materials and reagents were

purchased from commercial sources and used without further
purification. All reactions were conducted under a nitrogen
atmosphere using standard Schlenk line techniques or in a
nitrogen-filled glovebox. N′-Benzoyl-4-bromobenzohydrazide
(1),25 2-(4-bromophenyl)-5-phenyl-1,3,4-oxadiazole (OXD-
Br),25,27 3-(4-bromophenyl)-4,5-diphenyl-1,2,4-triazole (TAZ-
Br),25,28 uncapped P3HT (designated as P3HT-end-H/Br),9

and end-functionalized P3HTs (P3HT-end-OXD and P3HT-
end-TAZ)29 were prepared according to the literature, and their
synthetic procedures are described in detail in the SI (Schemes
S1 and S2).

General Instrumentation. The 1H NMR and the EI-MS
spectra were carried out on a Varian Unity Inova 500 NMR
spectrometer in deuterated solvent and a MAT-95XL high
resolution mass spectrometer (HRMS) using an electron
impact ionization procedure, respectively, in the NSC Regional
Instrument Centre at National Tsing Hua University, Taiwan.
The gel permeation chromatography (GPC) was measured
using HPLC grade THF as an eluent at a flow rate of 1.0 mL
min−1 in 7.8-mm-i.d. and 300-mm-long Styragel HR2, 3, and 4
columns in series (Waters) at 40 °C to analyze molecular
weight distributions and polydispersity indices (PDI) of
polymers relative to polystyrene standards from a Waters
2481 UV detector and Waters 2410 RI detector. The
calibration curve was determined by using 10 specified
standards with molecular weights ranging from 1360 to 1.29
× 106 kDa. UV−vis absorption spectra were taken on the thin
films cast onto quartz glasses by using a PerkinElmer Lambda
35 spectrophotometer. Density functional theory (DFT)
calculation for the chain conformation is performed using the
Gaussian 09 package at the B3LYP/6-31G* level.30 The X-ray
photoelectron spectroscopy (XPS) and ultraviolet photo-
electron spectroscopy (UPS) spectra were obtained with a
VG Multilab 2000 instrument under a pressure of 1 × 10−9

mbar using monochromatized Mg (Kα) X-rays (hν = 1254.6
eV) and He I radiation (hν = 21.22 eV) as the light source,
respectively. The highest occupied molecular orbital (HOMO)
level of each P3HT is determined from the result of UPS along
with the following equation, HOMO level = hv − (Ecutoff −
Eonset), where Ecutoff and Eonset are the turning points at high and
low binding energy regions, respectively. The P3HT samples

Scheme 1. Molecular Structures of P3HTs and Their Corresponding End Groups
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for XPS and UPS analyses were spin-coated on ITO glasses
from their polymer solutions in o-DCB (10 mg mL−1) under a
nitrogen-filled glovebox and annealed at 110 °C for 10 min
after solvent annealing. Time-resolved photoluminescence
(TR-PL) spectroscopy of P3HT films on cleaned ITO
substrates were analyzed by a time-correlated single photon
counting (TCSPC) system with a microchannel plate photo-
multiplier tube (Hamamatsu Photonics R3809U-50) and a
spectrometer (Edinburgh, Lifespec-ps with TCC900 data
acquisition card). The measurement was proceeded with a
pulse laser of 405 nm for excitation (P3HT-end-H/Br, -OXD,
and -TAZ have λmax at 555, 555, and 518 nm, respectively) and
collected at 650 nm. The predetermined number of counts for
each collection of emission decay was set for 3000 counts. The
transmission electron microscopy (TEM) images were
recorded on a JEOL JEM-2100 transmission electron micro-
scope operating at 200 kV. The TEM samples of P3HT:PCBM
blend films were prepared previously by spin-coating onto
ITO/PEDOT:PSS substrates in accordance with the PSC
fabrication process and transferred on top of a Cu grid covered
with a carbon film through floating on deionized water and
then followed by evaporation of the solvent in a desiccator
under a vacuum. Grazing-incidence wide-angle X-ray scattering
(GIWAXS) was conducted on beamline 17A1 of the National
Synchrotron Radiation Research Center (NSRRC), Taiwan,
with a wavelength of 1.321 Å and constant incidence angle of
0.15° on the P3HT:PCBM blend films spin-cast onto Si/
PEDOT:PSS substrates in accordance with the PSC fabrication
process. All the thicknesses of films were determined by a
Tencor P-10 profilometer.
Hole-Only Device Fabrication and Characterization.

The hole-only devices were manufactured by casting the
P3HT:PCBM blend films onto the ITO/PEDOT:PSS
substrates with the post-treatment as a PSC fabrication process,
and then Au electrodes with a thickness of 60 nm were
thermally evaporated on top of the photoactive layer. All
devices were measured in a nitrogen-filled glovebox using a
Keithley 238 source measure unit (SMU). The hole mobilities
can be estimated precisely by fitting the dark current versus
voltage curves for hole-only devices with a single-carrier space
charge limited current (SCLC) model using the following
formula: J = 9ε0εrμV

2/8L3, where ε0 is the permittivity of free
space, εr is the dielectric constant of the materials, μ is the
carrier mobility, and L is the thickness of the film. The applied
bias voltage for a device is corrected for the built-in potential
(Vbi) across its photoactive layer so that V = Vapplied − Vbi.

31

PSC Fabrication and Performance Measurement. ITO
glasses were used as the anodes and cleaned stepwise in
detergent aqueous solution, deionized water, isopropyl alcohol,
and acetone. The cleaned ITO glasses were exposed on oxygen
plasma at a power of 50 W under a pressure of 1.93 × 10−1

Torr for 5 min. PEDOT:PSS (Clevios P VP AI 4083, 1.5 wt %
in water) layers with a thickness of 30 nm were spin-coated on
the oxygen plasma-treated ITO glasses and then baked at 140
°C for 10 min under a vacuum as the hole injection layer. On
top of PEDOT:PSS layers, P3HT:PCBM (1:0.8 w/w) films
(200 nm) were spin-coated from their blend solutions in o-
DCB at a concentration of 36 mg mL−1 and dried within
covered glass Petri dishes. After solvent annealing, the resulting
films were annealed at 110 °C for 10 min. All processes were
carried out in a glovebox with nitrogen, except these two steps
for ITO cleaning and PEDOT:PSS coating. Finally, the PSC
fabrication was completed by thermal evaporation of a thin

layer of Ca (about 8 nm) covered with a layer of Al (100 nm)
as a cathode through a shadow mask under a pressure of 2 ×
10−6 Torr. The active area of the devices is approximately 0.06
cm2. The current density−voltage (J−V) characteristics of the
PSCs were measured using a Keithley 2400 source measure
unit (SMU) while illuminated under AM1.5G illumination at
an intensity of 100 mW cm−2 from a San-Ei XES-40S2, 150 W
solar simulator in a nitrogen-filled glovebox. The external
quantum efficiency (EQE) spectra were collected by using a
QE-R system (Enlietch, Taiwan) with monochromatic light
from an Oriel 150 W xenon lamp passing through a
monochromator onto the unencapsulated PSCs under air.

■ RESULTS AND DISCUSSION
Material Synthesis and Characterization. The molecular

structures of P3HT-end-H/Br, end-functionalized P3HTs, and
their individual end groups are shown in Scheme 1. To avoid a
disturbance to intrinsic chain packing of P3HT by modified
chain ends, the EDMs without tert-butyl groups were used as
end-cappers here and synthesized following the reported
methods.25,27,28 P3HTs were controlled with a high RR and
appropriate molecular weight (∼50 kDa) to maintain the
original absorption capability, chain packing, and electric
properties of rr-P3HT for efficient device performance.12,32−34

The P3HT-end-H/Br was polymerized via the GRIM method9

and converted to end-functionalized P3HTs with EDMs in
chain ends by an in situ method through subsequent addition
of Grignard reagent with end-capper for the termination
reaction (OXD for P3HT-end-OXD and TAZ for P3HT-end-
TAZ).29 All P3HTs were purified by Soxhlet extraction and
then reprecipitated with methanol. As listed at Table 1, RR and

molecular weight distribution of three P3HTs are nearly
identical, such that these two factors affecting the PSC
performance can be excluded, accomplishing a fair competition
in the structural differences of end groups.32−34 Besides, the
success of the end group conversion was confirmed by
elemental composition using XPS. Compared to P3HT-end-
H/Br with the remained Br 3d signal, the new peaks in the
range of N 1s are only observed in two end-functionalized
P3HTs, as shown in Figure S1.

Optical and Electronic Properties. The UV−vis
absorption spectra of spin-cast thin films of P3HTs and their
blends with PCBM are shown in Figure 1, and the
corresponding characteristic data are summarized in Table 2.
For the pristine P3HT films, P3HT-end-TAZ exhibits the
weakest absorption coefficient profile under the same thickness
of 200 nm (especially on the shoulder 603 nm associated with

Table 1. Physical Properties of P3HTs Used in This Work

P3HTs RR (%) Mn (kDa) PDI DPa

P3HT-end-H/Br 99.4 38.4 1.8 230.4
P3HT-end-OXD 99.3 40.0 1.8 237.9
P3HT-end-TAZ 98.8 40.6 1.7 240.6

aDegree of polymerization is estimated from the following formula,
DP = (Mn,polymer − 2 × Mw,end‑group)/Mw,repeat‑unit. The numberend‑group of
P3HT-end-OXD and -TAZ is 2 by reason for these end-cappers with
aryl structure.29 The molecular weight (Mw) of the end group in
P3HT-end-H/Br is 1.01 Da for the H atom and 79.90 Da for the Br
atom. The Mw of the OXD end group is 221.23 Da, and the Mw of the
TAZ end group is 296.34 Da. The repeat unit of P3HT is 3-
hexylthiophene, having a Mw of 166.28 Da.
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the interchain interaction)35,36 with the highest extent of blue-
shifts at maximum absorption (λmax) and absorption onset
(λonset) among the three P3HTs. The result arises from looser
interchain packing imparted by the steric hindrance of TAZ end
groups and, therefore, can bring about decreased absorption.13

However, the characteristic absorption band of P3HT-end-
OXD is identical to that of P3HT-end-H/Br, yet the former has
a slightly higher absorption coefficient than the latter, allowing
a promotion of more exciton generation by photoexciation.13,32

The optical band gap (Eg
opt) determined from the λonset (the

inset in Figure 1a) for P3HT-end-TAZ of 1.95 eV is slightly
higher by 0.02 eV than those of P3HT-end-H/Br and -OXD,
which can be also ascribed to the interruption of π-conjugation
by bulky TAZ end groups. For the blend films with PCBM
(Figure 1b), the absorption trend is similar to that in the cases
of a polymer alone. The HOMO levels of P3HTs were
estimated by ultraviolet photoelectron spectroscopy (UPS), as
shown in Figure S2. P3HT-end-OXD has the HOMO level
−5.47 eV lower than those of P3HT-end-H/Br (−5.32 eV) and
-TAZ (−5.40 eV), resulting in a slightly enhanced Voc of its
PSCs, as mentioned below. Using the values of HOMO level
and the Eg

opt, the values of lowest unoccupied molecular orbital
(LUMO) levels of P3HT-end-H/Br, -OXD, and -TAZ were
calculated to be −3.39, −3.54, and −3.45 eV, respectively.
Fluorescence Quenching Effect. In view of the presence

of π-delocalization between EDMs and nearly 3-hexylthiophene
units in end-functionalized P3HTs, we also perform TR-PL
spectroscopy to identify subtle differences of exciton lifetimes
(τ) in P3HTs. Figure 2 shows the individual emission decay
curves of pristine P3HT films with single exponential tail fits in
the time range of 4 to 6 ns for exclusion of effects of the
instrument response function (IRF). Compared to P3HT-end-
TAZ with 466 ps, the measured PL lifetime of P3HT-end-OXD
was increased by more than 27% from P3HT-end-H/Br of 411

to 524 ps. Aside from the removal of the exciton quencher
bromine end groups, the other possible grounds for extended
exciton lifetime in end-functionalized P3HTs was the improved
coplanarity of successive 3-hexylthiophene units near chain
ends due to electron-withdrawing capability of EDMs as
revealed below.13 Therefore, photoexcitons in such minor
amounts of conjugated species at chain ends will probably
transfer to longer conjugated species, giving rise to an increase
in exciton lifetime. This behavior is analogous to a MEH-PPV
single chain system, in which two to three chromophores with
different conjugation lengths appear and the exciton of short
conjugation length can transfer its energy to that of longer
conjugation length species before emission.37 For these reasons,
the fine modification of P3HT by the incorporation of EDMs
onto chain ends can increase exciton lifetime, which in turn
provides more chance for excitons to travel to the P3HT and
PCBM interface in the photoactive layer for exciton
dissociation.20

Film Morphology. To examine the influence of PCBM
distribution within the thin films of end-functionalized P3HTs
with EDM end groups, the blend films are examined by TEM
to probe the extent of phase separation between P3HT and
PCBM. In their TEM images, relatively dark regions represent
PCBM-rich domains for the reason that PCBM has higher
density (1.50 g cm−3)38 than P3HT (1.10 g cm−3).39 In
contrast to P3HT-end-H/Br:PCBM and P3HT-end-
OXD:PCBM blend films with identical homogeneous mor-
phologies, P3HT-end-TAZ:PCBM blend film exhibits relatively
blurred bicontinuous phase with some isolated PCBM
aggregations, leading to deterioration in PSC performance.33

The reasonable ground for such appearance is the presence of
additional space created by poor intermolecular stacking due to
nonplanar TAZ end groups, where more PCBM molecules can
be accommodated, as shown in Figure 3.

Figure 1. Optical absorption spectra of P3HTs: (a) pristine films (the inset shows a magnified range of 600 to 700 nm) and (b) blend films with
PCBM.

Table 2. Optical Properties and Molecular Energy Levels of
P3HTs

P3HTs
λmax

(nm)a
λonset
(nm)a

Eg
opt

(eV)b
HOMO
(eV)c

LUMO
(eV)d

P3HT-end-H/
Br

554 643 1.93 −5.32 −3.39

P3HT-end-
OXD

554 643 1.93 −5.47 −3.54

P3HT-end-
TAZ

517 636 1.95 −5.40 −3.45

aDetermined from absorption spectra of P3HTs in pristine films.
bEg

opt determined from the onset of absorption spectra in pristine
films. cEvaluated by UPS. dCalculated by the equation: LUMO =
HOMO + Eg

opt.

Figure 2. TR-PL decay curves of P3HT films monitored at 650 nm.
Here, the green curve is the IRF, and the solid lines at times of 4−6 ns
are single exponential tails fit to the data for each sample.
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Polymer Chain Conformation and Molecular Order.
The minimum-energy chain conformations of the three P3HTs
were verified by DFT method using the simplified model of
methyl-substituted tetrathiophene (designated as Tetramer) to
investigate the effect of EDM end groups in backbone
coplanarity of end-functionalized P3HTs relative to P3HT-
end-H/Br. The calculations were carried out using the Gaussian
09 programs with the B3LYP/6-31G* basis set; the results are
shown in Figure S3. Compared to tetramer-end-TAZ, the
optimized molecular conformation of tetramer-end-OXD has
smaller dihedral angles in most thiophene−thiophene linkers
than tetramer-end-H/Br. The simulation result indicates the
backbone of P3HT-end-OXD can be induced with a better
extent of coplanarity by electron-withdrawing OXD end groups
than P3HT-end-H/Br, which can promote interchain packing
for efficient hole transport.40,41 In addition, since the phase
separation correlates well with the nanoscale organization for
both components, the blend films are also characterized by
GIWAXS to explore interchain packing of P3HTs and
molecular ordering of PCBM.42 The 2D GIWAXS patterns

(Figure 4a−c) with a series of out-of-plane (h00) diffraction
arcs and a slight in-plane (010) diffraction arc demonstrate that
all P3HTs in blend films have a well-organized lamellar
structure oriented normal to the substrate as reported in the
literature for P3HT:PCBM blends.32,33 However, polymer
chains of each of the three P3HTs exhibit different degrees of
ordering in their blends, as evidenced by their diffraction
intensities. From the integrated diffraction patterns along qz
and qx directions (Figure 4d and e), the distinct differences of
(100) and (010) diffraction intensities, especially in the P3HT-
end-TAZ:PCBM with an intense decrease, indicate that P3HT-
end-TAZ has the lowest crystallinity among the three P3HT
blend films due to poor interchain packing by the presence of
bulky TAZ end groups as reflected in the decreased UV−vis
absorption described above.43 The intense out-of-plane (100)
diffraction peaks of P3HT-end-H/Br:PCBM and P3HT-end-
TAZ:PCBM blend films are at qz’s of 0.375 Å−1 and 0.368 Å−1,
corresponding to their d spacings of 16.76 and 17.07 Å,
respectively, whereas P3HT-end-OXD:PCBM is at a qz of 0.380
Å−1 (d = 16.54 Å). Moreover, the in-plane (010) diffraction

Figure 3. TEM images of (a) P3HT-end-H/Br:PCBM, (b) P3HT-end-OXD:PCBM, and (c) P3HT-end-TAZ:PCBM blend film morphology.

Figure 4. 2D GIWAXS patterns of (a) P3HT-end-H/Br:PCBM, (b) P3HT-end-OXD:PCBM, and (c) P3HT-end-TAZ:PCBM blend films. The
corresponding integrated 1D diffractograms along (d) out-of-plane and (e) in-plane scattering geometry from 2D GIWAXS patterns. The inset in d
shows a magnified range of 0.25 to 0.5 Å−1.
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peaks of all the blend films are at a qx of 1.620 Å−1,
corresponding to the π−π stacking distances of all the P3HTs
being the same (3.88 Å). Another notably emerged 2D
GIWAXS halo at a q of 1.360 Å−1 (d = 4.62 Å) in all the blend
films is attributed to disordered short-range packing of PCBM,
whose diffraction intensities have the same trend as that of the
P3HT domains, with the sequence of P3HT-end-OXD >
P3HT-end-H/Br ≫ P3HT-end-TAZ. These phenomena of
higher crystallinity and closer packing in the P3HT-end-
OXD:PCBM blend suggest that OXD end groups with a planar
structure can provide similar functionality as nonvolatile
additives44−47 in P3HT:PCBM-based PSCs to assist the
interchain interaction of P3HT for an improved degree of
crystallinity in P3HT domains as achieved in the solvent
annealing treatment,48 resulting in more efficient pathways with
a lower resistance for charge carrier transport to the electrodes.
Hole Transporting and Photovoltaic Properties. To

further confirm the improvement of hole carrier transport in
the blend films with P3HT-end-OXD as the donor relative to
the other two P3HTs, hole mobilities across the photoactive
layers were measured by applying the SCLC model on the
hole-only devices with ITO/PEDOT:PSS/P3HT:PCBM/Au
structure, and the results are shown in Figure S4. The hole
mobility of the P3HT-end-OXD blend film is increased from
P3HT-end-H/Br with a value of 8.68 × 10−6 to 1.30 × 10−5

cm2 V−1 s−1 but is significantly higher than that of P3HT-end-
TAZ (μh = 4.02 × 10−8 cm2 V−1 s−1) by a factor more than 300,
which is also consistent with the GIWAXS result.
The PSCs with the device structure ITO/PEDOT:PSS/

P3HT:PCBM/Ca/Al were fabricated to evaluate the effect in
photoelectric conversion efficiency by the EDM modification in
P3HT chain ends. The J−V curves of the devices with these
P3HT:PCBM blends as photoactive layers are shown in Figure
5a, and their photovoltaic parameters are listed in Table 3. For
the P3HT-end-TAZ:PCBM blend, the device exhibits a
dramatic drop in Jsc and FF, leading to the worst PCE of
0.50% among the three P3HTs. However, for the device with
P3HT-end-OXD:PCBM, the PCE was remarkably improved to

4.24% as compared to that of P3HT-end-H/Br:PCBM
(3.28%), which is mainly due to the enhancement of Jsc and
FF, from 9.50 mA cm−2 and 59.02% to 10.45 mA cm−2 and
67.16%, respectively.
In accordance with the detailed analyses above, the enhanced

Jsc in the device with P3HT-end-OXD:PCBM can be attributed
to the improvement of P3HT-end-OXD in absorption
coefficient, exciton lifetime, and crystallinity in the blend film.
In addition, its series resistance (Rs) of 6.40 Ω cm2 lower than
that with P3HT-end-H/Br (Rs = 14.56 Ω cm2) and P3HT-end-
TAZ (Rs = 577.81 Ω cm2) can also support the significant
increase in FF value and provide more efficient charge carrier
transport pathways within the photoactive layer.49,50 Therefore,
in the P3HT-end-OXD-based device, more photoexcitons can
be created and then are able to dissociate to electron−hole
pairs after migration to the D−A interface. Finally, the
separated charge carriers can favorably transport to the
electrodes, resulting in the positive contribution to the
photocurrent of PSCs, in which the better performance can
also be manifested by EQE measurement in the device with
P3HT-end-OXD as a donor. As shown in Figure 5b, the EQE
of the device with P3HT-end-OXD is 49 to 63% in the range of
420 to 620 nm, which is higher than those of P3HT-end-H/Br
(43 to 57%) and P3HT-end-TAZ (20 to 31%).

■ CONCLUSION

In this work, we have presented two end-functionalized P3HTs
with the EDM modification in chain ends of common
uncapped P3HT. In comparison with the uncapped P3HT,
the end-functionalized P3HT with the planar OXD end groups
not only can provide multiple functionalities to promote it with
a higher absorption coefficient, slightly lower HOMO level, and
longer exciton lifetime but also can increase chain ordering
without a change of extent of phase separation in the blend film
with PCBM for effective charge carrier transport, which are
advantageous for improving the PSC performance. BHJ
photovoltaic devices by using P3HT-end-H/Br, P3HT-end-
OXD, and P3HT-end-TAZ as the donor and PCBM as the
acceptor exhibit PCEs of 3.28%, 4.24%, and 0.50%, respectively.
These results demonstrate that the type of polymer chain end is
also a critical factor in PSC performance, but the structural
defect of bromine chain ends can be tailored via end-capping
with functional EDMs. However, the efficacy depends on the
structure of EDM, such as size and planarity. Hence, the
success of the fine modification in P3HT might also provide a
promising route for other polymers for enhancement of PSC
performance.

Figure 5. (a) J−V characteristics under AM 1.5G illumination with irradiation of 100 mW cm−2 and corresponding (b) EQE spectra of the
photovoltaic devices based on P3HT:PCBM blend films.

Table 3. Photovoltaic Performance of the Devices Based on
the P3HT:PCBM Blend Films

polymer Voc (V) Jsc (mA cm−2) FF (%) PCE (%)a max/avg

P3HT-end-H/Br 0.59 9.50 59.02 3.28/3.17
P3HT-end-OXD 0.61 10.45 67.16 4.24/4.10
P3HT-end-TAZ 0.60 4.39 19.18 0.50/0.45

aMaximum and average of power conversion efficiencies of the PSCs.
The average value was calculated from at least five devices.
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