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Effects of End-On Oriented Polymer Chains at the Donor/Acceptor 
Interface in Organic Solar Cells 
Fanji Wang,ab Kyohei Nakano,a Hiroyuki Yoshida,cd Kazuhito Hashimoto,b Hiroshi Segawa,ef Chain-
Shu Hsug

 and Keisuke Tajima*a

Molecular alignment at the interface between the electron donor and acceptor (D/A) materials in thin films may have a large 
effect on the charge generation process in organic solar cells (OSCs). In this study, the effects of the polymer chain 
orientations at the D/A interface were investigated in OSCs with planar heterojunction (PHJ) structures. Poly(3-
alkylthiophene) films with edge-on (main chain parallel to the interface) and end-on (main chain vertical to the interface) 
orientations at the surface were used to construct PHJs with a fullerene derivative. Ultraviolet photoelectron spectroscopy 
and low-energy inverse photoelectron spectroscopy revealed that the difference in polarization energy through the charge-
permanent quadrupole interaction causes a rigid energy shift of 0.5 eV between the two orientations. The PHJ device with 
the end-on oriented polymer chains at the D/A interface showed a smaller photovoltage loss expected from the energy 
structure and a more efficient charge separation than the device with the edge-on oriented polymer chains. These 
improvements were attributed to charge delocalization along the end-on oriented polymer chains normal to the D/A 
interface, through which the effective binding energy of the charge pairs in the interfacial charge-transfer state was reduced. 
These results provide important information about molecular arrangements at the D/A interface that may enable further 
improvements in OSC performance.

Introduction
The performance of solution-processed organic solar cells (OSCs) 
has been improved substantially based on mixed bulk 
heterojunction (BHJ) structures and the power conversion 
efficiency (PCE) of OSCs has already exceeded 12%.1-5 
Nevertheless, the mechanism for efficient charge generation in 
OSCs despite the strong Coulombic interaction originating from 
the low dielectric constants of the organic materials is not fully 
understood.6-7 It has been proposed that entropic gain,8-10 
thermally non-equilibrated “hot” processes,11-14 charge 
delocalization,15-22 and interfacial cascade structures23-28 play key 
roles in the mechanism. Among them, the effect of the delocalized 
nature of the charge pairs at the donor/acceptor (D/A) interfaces 
has previously been investigated by using transient optical 

measurements.15-19 Both the intra- and intermolecular charge 
delocalization can weaken the effective Coulombic binding of the 
charge pairs and facilitate the dissociation of the interfacial 
charge-transfer state (CTS). This suggests that the relative 
orientation between the donor and the acceptor molecules may 
be important for efficient charge separation because the shapes 
of the molecules and the molecular orbitals (MOs) are generally 
anisotropic.

Mixed BHJ structures are not suitable for experimental 
investigation of the molecular orientation because the molecular 
positions and the orientations are poorly controlled in the 
randomly mixed films. However, planar heterojunction (PHJ) 
structures are suitable for this purpose because the donor and 
acceptor are in separate layers, and the relative orientation is well 
defined by the molecular orientations to the interfacial plane.29 
Several studies on the effects of the molecular orientation in PHJs 
have previously been reported.30-38 Among them, the effects of 
the chain orientation of π-conjugated polymers at the D/A 
interface are of particular interest because of their highly 
anisotropic structures and excellent performance in mixed 
BHJs.35-38 However, studies are so far limited to the comparison of 
edge-on (main chain parallel and π-plane vertical to the D/A 
interface) and face-on (main chain and π-plane parallel to the D/A 
interface) orientations of the donor polymers. Because the 
charges are mainly delocalized along the polymer main chain, 
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both the orientations could produce similar Coulombic binding of 
the charge pair, with the positive charge delocalized laterally to 
the interfacial plane of the CTS. We hypothesize that the end-on 
orientation (main chain vertical to the D/A interface) could have 
the delocalized positive charge perpendicular to the interfacial 
plane. This orientation should greatly reduce the binding energy 
in the CTS through the weakened Coulombic interaction with the 
longer effective charge distance, thus improving the OSC 
performance. The end-on orientation of the polymers at D/A 
interface and its effects on the charge generation processes have 
yet to be reported. 

In this study, three polymer films with either edge-on or end-on 
orientations at the surface were prepared and evaluated (Figures 
1a and b). Pristine P3HT film has the edge-on orientation at the 
surface owing to the low surface energy of the linear alkyl 
chains.39 We previously developed polymer-based surface-
segregated monolayers (SSMs) to control the polymer alignments 
at the film surface.40-45 During spin-coating, both P3DDFT and 
P3BT-F17 with semifluoroalkyl groups at the side chains and at one 
end of the main chain, respectively, segregate on top of the thin 
films to form monolayers with controlled molecular orientations. 
Due to the different positions of the semifluoroalkyl groups with 
low surface energy, P3DDFT adopts the edge-on orientation at the 
surface of the P3HT film after spin-coating from the mixed 
solution (P3DDFT/P3HT, Figure 1b),40-42 whereas P3BT-F17 adopts 
the end-on orientation (P3BT-F17/P3HT, Figure 1b).41-43 The effects 
of the chain orientation and molecular dipole moments on the 

ionization energy (IE) and electron affinity (EA) are quantitatively 
determined by ultraviolet photoelectron spectroscopy (UPS) and 
low-energy inverse photoelectron spectroscopy (LEIPS), 
respectively. In addition, the contact film transfer (CFT) method 
allows us to transfer the polymer films onto [6,6]-phenyl-C61-
butyric acid methyl ester (PCBM) film without using heat, 
pressure, or organic solvents, leading to the formation of a well-
defined D/A interface suitable for PHJs.39, 46-47 We compared the 
electronic structures, light absorption, exciton diffusion, charge 
separation and recombination processes of the PHJ devices with 
the structures of PCBM//P3DDFT/P3HT and PCBM//P3BT-
F17/P3HT, which had edge-on and end-on orientations, 
respectively, at the D/A interface (Figure 1c). 

Results and discussion
The surface segregation behavior of P3DDFT and P3BT-F17 in P3HT 
films was investigated by X-ray photoelectron spectroscopy (XPS), 
which reproduced previous results.40-43 The details of the 
measurements are summarized in Supporting Information 
(Section S1). The concentrations of P3DDFT and P3BT-F17 in blend 
solutions with P3HT were optimized to be P3DDFT (0.6 mg 
mL−1)/P3HT (7.0 mg mL−1) and P3BT-F17 (2.6 mg mL−1)/P3HT (5.0 
mg mL−1) to achieve the maximum surface coverages of the SSMs 
over 95% with high surface F/C atomic ratios, based on an 
idealized bilayer model with complete coverage.40-43 A pristine 
P3HT film (7.6 mg mL−1) was also prepared as the control sample 
without the SSMs. Similar film thicknesses of 66, 63, and 65 nm 
were determined by X-ray reflectivity (XRR) for the P3HT, 
P3DDFT/P3HT and P3BT-F17/P3HT films, respectively (Figure S2). 
The surface roughnesses of the three films were also similar, with 
arithmetic mean roughnesses (Ra) of 1.39–1.83 nm measured by 
atomic force microscopy (AFM) (Figure S3). These conditions were 
used for the subsequent experiments.

The molecular orientations in the three films were evaluated by 
in-plane and out-of-plane X-ray diffraction (XRD), 2D grazing-
incidence wide-angle X-ray scattering (GIWAXS), and UV-vis 
absorption spectroscopy in transmittance mode (Figure 2). The 
P3HT and P3DDFT/P3HT films exhibited similar diffraction 
patterns in both XRD and GIWAXS, indicating that P3DDFT on the 
surface had little effect on the chain order of P3HT in the bulk 
(Figure 2a, b, d and e). The diffraction peaks at low qxy and qz of 
around 0.38 Å-1 were assigned to the lamellar structure of P3HT, 
and their larger intensity in the out-of-plane direction than in the 
in-plane direction suggested that the edge-on orientation was 
dominant in the bulk of the P3HT and P3DDFT/P3HT films. The 
polymer chains on the surface of P3HT and P3DDFT/P3HT films 
also adopt the edge-on orientation due to the low surface energy 
of the linear alkyl and semifluoroalkyl chains.39, 41, 43 The P3HT and 
P3DDFT/P3HT films showed similar UV-vis absorption spectra, 
including the absorption coefficients (Figure 2c), which reflected 
the similar chain orientations.

 
Figure 1. (a) Chemical structures of the poly(3-alkylthiophene)s used 
in this study. (b) Schematics of the P3HT, P3DDFT/P3HT, and P3BT-
F17/P3HT donor films. (c) Schematic of the fabrication process for the 
PHJ devices by CFT. The interfacial orientations of polymers are edge-
on for PCBM//P3DDFT/P3HT and end-on for PCBM//P3BT-F17/P3HT, 
where // denotes the interface made by CFT.
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In contrast, the P3BT-F17/P3HT film showed a clear diffraction 
peak at 0.46 Å-1 (13.6 Å) from the P3BT-F17 lamellar structure in 
the in-plane directions in the XRD and GIWAXS patterns in 
addition to the peak from the lamellar structure of P3HT 
(Figures 2a and f). These results are consistent with the 
formation of the ordered SSM with the end-on P3BT-F17 at the 
film surface as previously reported.40-41 In addition, for the 
P3BT-F17/P3HT film, the intensity of the P3HT lamellar peak in 
the out-of-plane direction was lower and the peak for the 
lamellar order of P3HT was broader in the GIWAXS patterns 
compared with P3HT and P3DDFT/P3HT films (Figures 2b and f). 
The UV-vis absorption spectrum of the P3BT-F17/P3HT film had 
a similar shape but a much lower absorption coefficient 
compared with the other two films (Figure 2c). This was 
attributed to the large fraction of vertically oriented main chains 
in the film, which weakens the interaction between the electric 
field of normal incident light and the transition dipole moment 
of the molecules.41 These results suggest that end-on oriented 
P3BT-F17 on the film surface affects the orientation order of 
P3HT in the bulk and induces a greater proportion of P3HT 
chains to be vertically oriented.40 Note that the weaker light 
absorption of the end-on oriented P3BT-F17/P3HT is detrimental 
for OSCs. 

The introduction of the semifluoroalkyl chains and the 
difference in the chain orientations can change the electronic 
structure of the films through many factors, such as surface 
dipole moments, polarization energy, and intermolecular 
interactions.48 The energy levels of the three films were 
determined by UPS and LEIPS49-52 (Figure 3a). From the cut-off 
energy of the secondary electrons in UPS, the vacuum levels 
(Evac) of the P3HT, P3DDFT/P3HT, and P3BT-F17/P3HT films were 

determined to be 3.45, 4.50, and 4.51 eV, respectively, with 
respect to the Fermi level (EF). The shifts (Δ) of Evac from the P3HT 
film for P3DDFT/P3HT and P3BT-F17/P3HT films were 1.05 and 

Figure 2. (a) In-plane and (b) out-of-plane XRD patterns, and (c) absorption coefficient spectra of P3HT (black), P3DDFT/P3HT (blue), and 
P3BT-F17/P3HT (red) films. 2D GIWAXS patterns of (d) P3HT, (e) P3DDFT/P3HT, and (f) P3BT-F17/P3HT films. The green arrows in (a) and 
(f) show the lamellar structure peak of P3BT-F17 in the in-plane direction, which indicates the formation of end-on oriented packing at the 
film surface.

 
Figure 3. (a) Combined UPS and LEIPS spectra for P3HT (black), 
P3DDFT/P3HT (blue), and P3BT-F17/P3HT (red) films with respect to 
EF. (b) Energy level diagram of P3HT, P3DDFT/P3HT, and P3BT-
F17/P3HT films. Δ and the numbers in red represent the vacuum level 
shift and the orientation-dependent energy shift, respectively.
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1.06 eV, respectively, which originated from the surface dipole 
layer formed by the aligned permanent dipole moments of the 
semifluoroalkyl chains in the SSMs.27, 42-43, 47 The similar Δ values 
indicated similar dipole effects on the electronic structures of 
P3DDFT and P3BT-F17 at the surface of the P3HT layers.

The UPS spectrum in the Fermi-edge region showed two peaks 
around −2 and −4 eV with respect to the EF (Figure 3a). According 
to density functional theory (DFT) calculations on a model 
oligomer of P3HT, the broad feature around −2 eV arose from 
intrachain band dispersion consisting of several delocalized 
polythiophene MOs with the onset derived from the highest 
occupied molecular orbital (HOMO). The second sharp peak 
originated from the degenerated polythiophene MOs with smaller 
delocalization (Figure S4). The positions of the two peaks for the 
P3HT and P3DDFT/P3HT films were similar. In contrast, both 
peaks for the P3BT-F17/P3HT film showed a shift in the higher-
energy direction of approximately 0.5 eV compared with the P3HT 
and P3DDFT/P3HT films. IEs were determined from the onset 
energy of the HOMO-derived band with respect to Evac as 4.70, 
5.75, and 5.26 eV for the P3HT, P3DDFT/P3HT, and P3BT-F17/P3HT 
films, respectively.

The LEIPS spectra of P3HT and P3DDFT/P3HT showed rising 
signals with onsets at around 1 eV with respect to the EF, which 
were assigned to the lowest unoccupied molecular orbital 
(LUMO)-derived bands (Figure 3a). The onset for the P3BT-
F17/P3HT film showed a shift in the higher-energy direction of 
approximately 0.5 eV compared with P3HT and P3DDFT/P3HT. 
The EA was determined from the onset energy of the LUMO-
derived band with respect to Evac of each film. To eliminate 
systematic error and determine the EA accurately,49 the LEIPS 
spectra were measured with three different photon emission 
energies (Section S2, see details in the Supporting Information). 
The EAs of the P3HT, P3DDFT/P3HT, and P3BT-F17/P3HT films 
were calculated to be 2.24, 3.41, and 2.90 eV, respectively.

The IEs, EAs, and Evac of the three films with respect to the EF 
are summarized in Figure 3b. The P3DDFT/P3HT film had a similar 

electronic structure to the pristine P3HT film, except for a Δ value 
of 1.05 eV due to the surface dipole moment of the 
semifluoroalkyl chains. In contrast, the P3BT-F17/P3HT film 
showed a similar Δ value but an upward energetic shift in both IE 
and EA of approximately 0.5 eV compared with the other two 
films. Because UPS and LEIPS only detect the surface region of the 
films, these results indicate that the electronic structure of the 
poly(3-alkylthiophene) with the end-on orientation was different 
from that with the edge-on orientation. The dependence of 
electronic energy levels on the molecular orientation has 
previously been observed in films of semiconducting small 
molecules48, 53-55 and theoretically explained by an electrostatic 
model.49, 54-56 The rigid energetic shift caused by the orientation 
change of the molecules was attributed to the difference in the 
electrostatic polarization energy, which can be approximated by 
the charge-permanent quadrupole interactions in thin films.48, 55-

57 Therefore, assuming that the HOMO and LUMO energy levels of 
the polymer molecules and the intermolecular interactions in the 
films were the same for P3HT, P3DDFT, and P3BT-F17, the change 
in Figure 3b can be simply separated into the following two 
independent factors: (1) The vacuum level shift (Δ) caused by the 
surface dipole with no change in energy levels with respect to EF

43 
and (2) the rigid shift of the energy levels with respect to EF caused 
by the orientation effect with no change in the vacuum level.48 
This orientation effect has been predicted for vertically oriented 
semiconducting polymers in thin films, but this is the first 
experimental observation. Further discussion of the energy 
structures based on the SSM coverage dependence of the IE shifts, 
and the electrostatic energy calculations using the charge-
permanent quadrupole interaction model are provided in 
Supporting Information (Section S3).

To obtain the actual energy diagrams for PHJs with the acceptor 
layer, we further considered the interfacial energy level 
alignments modified by the interfacial dipoles and the charge 
accumulations in the layers (i.e., band bending). We investigated 
the change in the cut-off energy of the secondary electrons in the 

Figure 4. Energy diagrams of (a) PCBM//P3DDFT/P3HT and (b) PCBM//P3BT-F17/P3HT. The EDA in the two PHJs is shown in red.
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UPS spectra of a pristine PCBM film and PCBM//polymer PHJ 
films on an indium tin oxide (ITO) substrate (Figure S11). The 
PCBM//P3DDFT/P3HT and PCBM//P3BT-F17/P3HT PHJ films 
were prepared by transferring the corresponding polymer films 
onto the PCBM layer. Our previous study indicated that the D/A 
interface of PHJs prepared by CFT is well-defined with negligible 
intermixing, so the surface structures of the donor films are 
retained at the D/A interface after the film transfer.27, 47, 58 
Therefore, the edge-on and end-on oriented polymer chains 
were maintained at the D/A interfaces of PCBM//P3DDFT/P3HT 
and PCBM//P3BT-F17/P3HT PHJs, respectively (Figure 1c). 

The cut-off energy of secondary electrons in UPS showed that 
Evac of both PCBM//P3DDFT/P3HT and PCBM//P3BT-F17/P3HT 
films are shifted to the lower-energy side by 0.85 eV from that 
of the pristine PCBM film (Figure S11). As mentioned above, the 
large permanent dipole moments of the semifluoroalkyl chains 
in P3DDFT and P3BT-F17 lead to Δ of 1.05–1.06 eV at the film 
surfaces, which mainly contributes to the observed Δ (0.85 eV) 
at the organic interface in PHJs. The reduction of Δ by about 0.2 
eV in the PHJ films can be ascribed to the depolarization owing 
to the existence of acceptor layer changing the effective 
dielectric constant approximately from 2 to 3.5 (see the model 
below). 

To support our experimental results, an electrostatic 
numerical calculation based on the report by Oehzelt et al.59 was 
performed for the film structures of PCBM//P3DDFT/P3HT and 
PCBM//P3BT-F17/P3HT. The calculated energy values 
quantitatively reproduced the observed energy parameters, 
confirming the validity of this model calculation (Section S5, see 
details in the Supporting Information). Contributions to the shift 
of Evac from the band bending by charge transfer were small for 
both structures, suggesting that the observed Δ was mainly 
caused by the interfacial dipole moment of the semifluoroalkyl 
chains.

Based on these results, energy diagrams for the PHJs could be 
constructed (Figure 4). IE (Figure S11) and EA51 of the pristine 
PCBM film were 5.95 and 3.76 eV, respectively. The energy levels 
of the P3DDFT and P3BT-F17 layers in the PHJs were taken from 
the single films (Figure 3b) with an interfacial dipole moment 
correction of 0.85 eV. For PCBM//P3BT-F17/P3HT, the orientation 
of the P3HT in the bulk of the films could change from end-on at 
the PCBM//P3BT-F17 interface to the edge-on at the surface, 
resulting in the change of the IE from 4.20 to 4.78 eV and the EA 
from 1.84 to 2.24 eV with respect to Evac. These changes are 
shown as the bending of the HOMO and LUMO of P3HT in Figure 
4b. From the energy diagrams, the differences between the IE of 
the donor and the EA of the acceptor (EDA) were estimated as 1.79 
and 1.29 eV for PCBM//P3DDFT/P3HT and PCBM//P3BT-
F17/P3HT, respectively (Table 1). EDA can be regarded as the energy 
of the free charge pairs (i.e., charge-separated state) in the PHJs. 
We used the IE of P3BT-F17 to evaluate EDA rather than that of 
P3HT because the P3BT-F17 interfacial layer was near the D/A 

interface with a thickness of ~8 nm, which should play a major role 
in the charge generation process.

Figure 5. (a) J-V curves, (b) EQE spectra, (c) reflective UV-vis spectra, 
and (d) IQE spectra of two bilayer OSCs of PCBM//P3DDFT/P3HT 
(blue) and PCBM//P3BT-F17/P3HT (red). In the IQE spectra, 
wavelengths above 600 nm are not shown owing to the inaccuracy 
caused by the low EQE signal and large background noise in the 
reflective spectra. (e) Schematic of the spatial delocalization of bound 
hole-electron pairs in the CTS of PHJ devices with edge-on and end-on 
polymers at the D/A interface. Green ellipses extended along the 
polymer main chains represent the intramolecular delocalization of 
the holes.
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To complete the fabrication of the PHJ devices, MoO3 and Ag 
were thermally evaporated onto the PHJ structures. The final 
device structure was 
glass/ITO/ZnO/PCBM//SSM/P3HT/MoO3/Ag, where // denotes 
the interface created by the CFT method (Figure 1c). The J-V 
characteristics of the PHJ devices with the structures of 
PCBM//P3DDFT/P3HT and PCBM//P3BT-F17/P3HT under AM1.5 
(100 mW cm-2) irradiation are shown in Figure 5a and the 
photovoltaic performances are summarized in Table 1.

Firstly, we correlated the interfacial energetics of PHJs with the 
observed difference in open circuit voltage (VOC) of the OSCs. The 
energy loss from the charge separated state to the photovoltages 
(EDA−eVOC) was different in the two PHJ devices (1.17 eV for 
PCBM//P3DDFT/P3HT and 0.87 eV for PCBM//P3BT-F17/P3HT). 
This difference indicates that the edge-on and the end-on 
molecular orientations at the D/A interface affect the loss 
process. It has been proposed that VOC has a more direct 
correlation with interfacial CTS energy (ECT) of

eVOC = ECT − nkTln(J00/Jph(VOC))                    (1)
where e is the elementary charge, n is the ideality factor, k is 

the Boltzmann constant, T is the temperature, J00 is the pre-
exponential factor for the reverse saturation current density, and 
Jph(VOC) is the photogeneration rate of the charge density under 
open circuit conditions. ECT can be obtained experimentally from 
the low-temperature limit of VOC and the second term is the 
voltage loss determined by the balance between the charge 
generation and the bimolecular recombination rates in the film. 
We performed variable temperature measurements of VOC under 
white LED light irradiation (Figure S13). The slopes of the VOC-T 
curves were similar, suggesting the voltage loss due to the charge 
generation/recombination kinetics was similar in both devices. ECT 
values extrapolated from the low-temperature limits of VOC for 
PCBM//P3DDFT/P3HT and PCBM//P3BT-F17/P3HT devices were 
1.13 and 0.95 eV, respectively (Table 1).

ECT can be expressed with EDA as
ECT = EDA − Eb                             (2)

where Eb is the Coulombic binding energy of the electron-hole 
pair in CTS. Eb values calculated from the experimental results 
were 0.66 and 0.34 eV for PCBM//P3DDFT/P3HT and 
PCBM//P3BT-F17/P3HT, respectively (Table 1). Thus, 

PCBM//P3BT-F17/P3HT with the end-on oriented polymer chains 
at the D/A interface had a considerably lower Eb than that of 
PCBM//P3DDFT/P3HT. In CTS at the D/A interface, the intrachain 
charge delocalization of the hole along the polymer backbone was 
predicted (Figure 5e). Therefore, the vertical delocalization of the 
hole in the PCBM//P3BT-F17/P3HT device was expected to have a 
larger effective distance and weaker Coulombic interaction in CTS 
than that in the PCBM//P3DDFT/P3HT device with the edge-on 
orientation. This could lead to a smaller loss of photovoltage in 
PCBM//P3BT-F17/P3HT device.

 To support this difference in the CTS energy, we conducted 
time-dependent DFT calculations of the model interfaces for the 
edge-on and the end-on orientations (Section S6, see details in the 
Supporting Information). We assumed that the lowest excited 
states with the intermolecular charge transfer property were 
relevant to the charge separation. The calculations with different 
intermolecular distances and functionals gave us a consistent 
result. At the same distance, the end-on orientation gave a higher 
electronic energy for the CTS than the edge-on orientation, which 
supported the weaker Coulombic interaction in the CTS with the 
end-on orientation. 

The weaker Coulombic interaction in the CTS with the end-on 
orientation could also facilitate the dissociation of the charge 
pairs. Therefore, we examined the charge generation process in 
the OSCs. The observed short-circuit current densities (JSC) of the 
PCBM//P3DDFT/P3HT and PCBM//P3BT-F17/P3HT devices were 
0.67 and 1.03 mA cm−2, respectively (Figure 5a and Table 1). 
Interestingly, despite the lower absorption coefficient of the 
P3BT-F17/P3HT film (Figure 2c), JSC of the PCBM//P3BT-F17/P3HT 
device was much higher than that of the PCBM//P3DDFT/P3HT 
device. This result indicates that the end-on oriented polymer 
chains at the D/A interface could be advantageous for charge 
generation.

To confirm this, the charge generation efficiency was evaluated 
quantitatively. The external quantum efficiency (EQE) spectra of 
the two devices are shown in Figure 5b. The PCBM//P3BT-
F17/P3HT device exhibited a higher EQE over the entire spectrum 
compared with the PCBM//P3DDFT/P3HT device. The 
photocurrents calculated from the EQE results corresponded well 
to the JSC measured under simulated solar light irradiation. UV-vis 

Table 1. Summary of the photovoltaic performance for the two PHJ devices. 

VOC

(V)
JSC

(mA cm−2)
FF
(%)

PCE
(%)

EDA

(eV)
ECT

a

(eV)
Eb

(eV)
Ea

b

(meV)

PCBM//P3DDFT/P3HT
0.62

(0.03)
0.67

(0.05)
0.550 

(0.043)
0.227

(0.022)
1.79

1.13
(0.02)

0.66
14.4
(2.1)

PCBM//P3BT-F17/P3HT
0.42

(0.02)
1.03

(0.10)
0.633 

(0.009)
0.270

(0.024)
1.29

0.95
(0.01)

0.34
6.9

(0.7)

Values in parentheses are standard deviations. aCTS energy extrapolated from the fitting curve of the temperature dependence of VOC. 
bCharge generation activation energy obtained from the temperature dependence of JSC.
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absorption spectroscopy in reflectance mode was performed on 
the films with the device architecture and the results are shown 
in Figure 5c. Compared with PCBM//P3DDFT/P3HT, PCBM//P3BT-
F17/P3HT showed much smaller absorption in the region of the 
vibronic peaks from the polythiophenes at 550 and 600 nm. This 
result is consistent with the end-on orientation of the polymer 
chains, as discussed for the transmission absorption spectra in 
Figure 2c. Based on the EQE and absorption spectra, internal 
quantum efficiency (IQE) was calculated (Figure 5d). The 
PCBM//P3BT-F17/P3HT device had a much higher IQE over the 
entire spectrum than the PCBM//P3DDFT/P3HT device, indicating 
superior charge generation at the D/A interface with the end-on 
oriented polymer chains.

To elucidate the effects of the chain orientation on the charge 
separation process, temperature-dependent JSC measurements 
were performed on two PHJ devices from −40 to 20 °C. The 
observed JSC was fitted by the Arrhenius equation27, 60

JSC = J0exp(-Ea/kT)                       (3)
where J0 is the preexponential factor, k is the Boltzmann 

constant, and Ea is the activation energy reflecting the energetic 
depth of the trapping of the Coulombic interaction at the D/A 
interface.27, 60 The measured ln(JSC)-1/T relationships were well fit 
by linear functions (Figure S15) and the Ea values obtained from 
the slopes are summarized in Table 1. Compared with the 
PCBM//P3DDFT/P3HT device, the temperature dependence of JSC 
for the PCBM//P3BT-F17/P3HT device was weaker, indicating 
lower Ea. The lower Ea of the PCBM//P3BT-F17/P3HT device 
suggests that the end-on oriented polymer chains at the D/A 
interface helped to suppress the geminate recombination loss in 
the device. This suppression could also contribute to the higher fill 
factor (FF) in the PCBM//P3BT-F17/P3HT device (Figure 5a and 
Table 1). Although higher hole mobility was expected for the 
PCBM//P3BT-F17/P3HT device through intrachain charge 
transport, as previously reported,40, 61 this factor could not be the 
main reason for the increased JSC and FF in the PHJ device because 
the polymer film was thin enough to collect the charges efficiently 
under short-circuit conditions.27 To support this result, the 
dependence of JSC on light intensity was measured at room 
temperature and low temperatures (Figure S16). JSC increased 
linearly with light intensity for both devices, indicating that the 
bimolecular recombination loss was negligible under short-circuit 
conditions in this temperature range. Therefore, the geminate 
recombination from the CTS formed by photoirradiation was the 
dominant loss mechanism in the PHJ devices under short-circuit 
conditions. We concluded that the improved charge separation 
from the CTS and the suppressed geminate recombination 
through CTS of the PCBM//P3BT-F17/P3HT device arose from the 
end-on oriented polymer chains at D/A interface create a large 
effective distance and weak Coulombic interaction in the CTS 
(Figure 5e).
We further attempted to separate the charge separation 
efficiency quantitatively into the primary processes of exciton 
diffusion, charge transfer, and charge separation. However, this 

was a challenging task because the decomposition of IQE spectra 
to each process produced ambiguous results (Sections S7 and S8, 
see Supporting Information for discussion).

Conclusions
In conclusion, UPS and LEIPS showed that the end-on orientation 
of poly(3-alkylthiophene) in films altered the energy structures 
through the orientation dependence of the polarization energy. 
The results for OSCs based on the PHJs indicated that the polymer 
chains with the end-on orientation at the D/A interface produced 
a lower voltage loss from EDA and better charge generation 
efficiency. The intrachain delocalization of the holes vertical to the 
D/A interface weakened the Coulombic interaction in the 
interfacial CTS and improved the charge separation. Achieving an 
end-on orientation at the D/A interfaces in BHJ structures is a 
huge challenge,62 although it would produce highly efficient 
charge separation with a much lower energetic driving force. 

Experimental
Materials 
P3BT-F17 and P3DDFT were synthesized following previously 
reported methods.44-45 The number average molecular weights of 
P3BT-F17, P3DDFT, and P3HT were 6000, 8400, and 9200 with 
polydispersity indices of 1.08, 1.27, and 1.12, respectively, 
measured by gel permeation chromatography. PCBM (99.5%) was 
purchased from Solenne.
Device fabrication 
For each device, a patterned ITO-coated glass substrate was 
cleaned by sequential ultrasonication in detergent solution, 
water, 2-propanol, and acetone, followed by UV-O3 treatment. 
Zinc acetate (100 mg) and 2-amine ethanol (28.4 μL) (both from 
Wako) were dissolved in ethanol (1.6 mL), stirred for 4 h, spin-
coated on ITO substrates at 3000 rpm for 30 s, and then dried at 
200 °C for 1 h to form the ZnO interfacial layer. After the formation 
of ZnO, PCBM in chlorobenzene (10 mg mL-1) was spin-coated 
onto the ZnO layer on the ITO substrates at 600 rpm for 60s. CHCl3 
solutions of  P3HT (7.6 mg mL−1), P3BT-F17 (2.6 mg mL−1)/P3HT (5 
mg mL−1) and P3DDFT (0.6 mg mL−1)/P3HT were spin-coated on 
glass/poly(p-styrenesulfonate sodium salt) (PSS) substrates at 
1500 rpm for 60 s. PSS was a sacrificial layer and prepared by spin 
coating an aqueous solution of PSS (30 mg mL−1) at 3000 rpm for 
30 s on glass substrates. Pre-annealing was performed at 60 °C for 
12 h, and then at 165 °C for 2 h before transfer. The 
glass/PSS/polymer substrate was gently placed upside down on 
the ITO/ZnO/PCBM substrate, and one drop of water was placed 
on the edge of the two substrates. Water selectively penetrated 
into and dissolved the PSS layer, allowing the polymer layer to be 
transferred onto the PCBM layer. A MoO3 hole-transporting layer 
(10 nm) and Ag electrodes (80 nm) were deposited by thermal 
evaporation under high vacuum (~10−4 Pa) through a metal mask. 
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All the samples were encapsulated with a glass cap and UV-
curable resin in a dry N2-filled glovebox.
Measurements
The XPS analysis was performed with a surface analysis 
instrument (PHI 5000 VersaProbe II, ULVAC-PHI). 
Monochromatized Al Kα (photon energy 1486.6 eV) radiation was 
used for all the measurements. The XRD and XRR analyses were 
performed on an X-ray diffractometer (SmartLab, Rigaku) with 
monochromatized Cu Kα radiation (λ = 0.154 nm) generated at 45 
kV and 200 mA with an incident angle of 0.2°. The reflection 
patterns were fitted by using GlobalFit software (Rigaku). The 2D 
GIWAXS analyses were performed at the BL46XU beamline of 
SPring-8 with an X-ray energy of 12.39 keV. The incident angle of 
the measurements was fixed at 0.12° using a Huber 
diffractometer and the 2D GIWAXS pattern was obtained using a 
2D image detector (Pilatus 300K, Dectris). Absorption spectra in 
transmission mode were measured with a UV-Vis 
spectrophotometer (V-670, JASCO). AFM images were obtained 
with a scanning probe microscope (5400, Agilent Technologies) in 
tapping mode. UPS was performed on a surface analysis 
instrument (PHI5000 VersaProbe II, ULVAC-PHI Inc.) with He(I) 
excitation (photon energy 21.2 eV). For all UPS measurements, 
samples were prepared on ITO substrates and a −5 V bias was 
applied. The UPS analyses were performed at RIKEN, Wako, Japan 
and the same samples were subsequently sent to Chiba 
University, Chiba, Japan for the LEIPS measurements. The LEIPS 
setup has been described elsewhere.63-64 The low-energy electron 
beam with kinetic energy in the range of 0–4 eV was incident to 
the sample surface and the emitted photons were detected by a 
photon detector equipped with an optical band-pass filter and a 
photomultiplier tube. The center wavelengths of the band-pass 
filter were 260, 285, and 335 nm. The overall resolution was 
approximately 0.3 eV. The J-V characteristics of the devices were 
measured under simulated solar illumination (AM 1.5, 100 mW 
cm-2). The light intensity was calibrated with a standard silicon 
solar cell (BS520, Bunkoh-Keiki). The active area of each device 
was defined by using a 0.12 cm2 metal photo mask. The EQE of 
each device was measured with monochromatic light (SM-250F, 
Bunkoh-Keiki). The transmittance and reflective UV-vis spectra 
were obtained on a spectrophotometer (V-670, JASCO) equipped 
with an integrating sphere. The temperature dependences of the 
J-V characteristics of the devices were measured under white LED 
light at an operation power of 3.4 W (10W LED XM-L, Cree) using 
a source meter (2400, Keithley). 
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