
Lee et al. NPG Asia Materials (2018) 10: 469-481
DOI 10.1038/s41427-018-0054-1 NPG Asia Materials

ART ICLE Open Ac ce s s

Effect of donor–acceptor molecular
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Abstract
The relative orientation of an electron donor and electron acceptor, which significantly affects charge
photogeneration in an organic solar cell, is investigated here. The effects of the molecular orientations at the
donor–acceptor heterojunction are examined using bilayer solar cells comprising a fixed acceptor layer and donor
polymer layers that assume a variety of orientations. The orientation of the conjugated polymer is controlled during
film formation using solvents with slow or fast drying rates. Although the donor polymer layers show similar light-
harvesting and nongeminate recombination dynamics, photocurrent generation is more efficient at the face-on
donor–acceptor interface than at the edge-on interface. Photophysical analysis reveals that the efficient charge
generation at the face-on interface originates from enhanced exciton diffusion toward the donor–acceptor interface
and reduced geminate recombination of charge pairs. These findings offer clear evidence that the separation
efficiency of an interfacial charge pair is affected by the relative orientations of the donor and acceptor molecules. This
orientation should be controlled to maximize the PCE of an organic solar cell.

Introduction
Single-junction organic solar cells (OSCs) have achieved

power conversion efficiencies (PCEs) >12%1. This
remarkable progress stems from a deep understanding of
the correlations between the morphology and photo-
voltaic properties of the photoactive layer as well as the
development of new highly efficient materials2. A variety
of morphological factors can affect the photovoltaic
properties. In particular, the molecular orientations in the
photoactive layer can significantly influence the properties
of some OSC systems3–12. Conjugated organic molecules
oriented parallel to the substrate plane provide good
charge transport in vertically structured OSC devices8.
Controlling the molecular orientations can affect the
dipole interactions and energy levels of the molecules and

can therefore improve other properties, such as the light
harvesting of the photoactive layer and the energetics of
the device13–16. The donor and acceptor molecular
orientations can also affect photocurrent generation4–7,9–11.
The effects of the relative orientations between donor

and acceptor molecules on charge generation were initi-
ally studied theoretically and then explored experimen-
tally3,17. Most early investigations of the donor–acceptor
orientation used bilayer devices that permitted control
over the donor orientation because characterizing the
orientations of donor molecules with respect to the
commonly used spherical fullerene acceptor tends to be
extremely difficult in bulk heterojunction (BHJ) struc-
tures. These experiments established the basic principles
of the donor–acceptor orientation dependence of photo-
current generation and suggested that changes in the
electronic coupling and molecular energy states with the
orientation affected the charge transfer (CT) rate and
therefore the photocurrent generation4,5. Resonant soft
X-ray scattering studies revealed the relationship between

© The Author(s) 2018
OpenAccessThis article is licensedunder aCreativeCommonsAttribution 4.0 International License,whichpermits use, sharing, adaptation, distribution and reproduction
in any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if

changesweremade. The images or other third partymaterial in this article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to thematerial. If
material is not included in the article’s Creative Commons license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

Correspondence: Kilwon Cho (kwcho@postech.ac.kr)
1Department of Chemical Engineering, Pohang University of Science and
Technology, Pohang 37673, Korea
2Department of Energy Science, Sungkyunkwan University, Suwon 16419,
Korea

12
34

56
78

90
()
:,;

12
34

56
78

90
()
:,;

1
2
3
4
5
6
7
8
9
0
()
:,;

12
34

56
78

90
()
:,;

http://creativecommons.org/licenses/by/4.0/
mailto:kwcho@postech.ac.kr


the donor–fullerene orientation and the photocurrent
generation in BHJ devices7. Similar results have been
reported for non-fullerene acceptor systems6,9,10. The
effect of the donor–acceptor orientation on non-fullerene
OSC performance is still under investigation. Academic
interest in non-fullerene acceptors has increased owing to
the relative ease with which the acceptor orientation may
be determined.
Although previous studies revealed the dependence of

photocurrent generation on donor–acceptor molecular
orientation, these studies have been limited. To isolate the
effects of the donor–acceptor orientation, conditions that
could affect the photocurrent generation must be held
constant while the donor–acceptor molecular orienta-
tions are varied; however, the molecular orientations were
often controlled in previous studies using rather complex
experimental systems in which chemical or morphological
factors changed significantly with the molecular orienta-
tions. For example, a series of polymers with different
backbone structures, with different molecular weights, or
with different blend domain structures were incorporated
to change the donor–acceptor orientations within the
active layer6,7,9,10,18. Effective control of the orientations
required these conditions but may also have led to var-
iations in factors other than the orientation.
In addition, prior studies have rarely observed the

orientation-dependent charge separation dynamics at the
donor–acceptor interface. Instead, they relied on mea-
surements of the device current–voltage characteristics to
evaluate the orientation-dependent photocurrent genera-
tion. Although such observations are sufficient to outline
the correlation between photocurrent generation and the
donor–acceptor molecular orientation, the effect of the
orientation on charge generation must be examined in the
early stages before the generated carriers undergo non-
geminate recombination. Otherwise, the observed orien-
tation dependence of charge generation can be distorted
by subsequent charge transport and collection processes,
especially when morphological factors other than the
donor–acceptor orientation are changed simultaneously
with the orientation. Therefore, direct observation of the
charge separation dynamics will lead to a better under-
standing of the effect of orientation on interfacial charge
generation.
In this work, we used a well-controlled model system to

systematically investigate how molecular orientation at
the donor–acceptor interface affected photocurrent gen-
eration. Bilayer devices prepared using poly(3-hex-
ylthiophene) (P3HT) and [6,6]-phenyl C71 butyric acid
methyl ester (PCBM) had well-defined P3HT orientations
and a sharp donor–acceptor interface without molecular
intermixing. The P3HT orientation was varied between
the face-on and edge-on orientations by changing the film
drying kinetics, and a sharp and unmixed P3HT/PCBM

interface was fabricated using a nondestructive film
transfer method. In these devices, other factors, such as
light-harvesting ability and nongeminate recombination,
were shown to be relatively similar despite the change in
the molecular orientation. The changes in the photo-
physical processes at the donor–acceptor interface could
therefore be observed in isolation. Analyses revealed that
the molecular orientations strongly affected the exciton
diffusion behavior and the charge separation dynamics
and that the face-on orientations improved photocurrent
generation because this orientation facilitated exciton
diffusion toward the interface and increased the free
charge carrier yield by reducing the geminate recombi-
nation of charge pairs at the interface.

Materials and methods
Materials and device fabrication
Regioregular P3HT (weight-average molecular weight=

50,000–70,000 gmol–1, regioregularity= 91–94%, 4002-E,
Rieke Metals, Lincoln, NE, USA) and PCBM (purity > 99%,
Solenne BV, Groningen, The Netherlands) were used as
received. For device fabrication, glass and indium tin oxide
(ITO)-coated glass substrates were cleaned sequentially
with detergent, distilled water, acetone, and 2-propanol.
After drying, the substrates were ultraviolet (UV)-ozone
treated for 30min. Poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate (PEDOT:PSS; Baytron P VP AI4083,
Clevios) was spin-coated onto the glass substrates (30 nm)
and baked in a convection oven for 40min at 120 °C. A
ZnO precursor solution was prepared by dissolving zinc
acetate dehydrate (C4H6O4Zn∙2(H2O), 99.5%, Sigma-
Aldrich, 1 g) and monoethanolamine (HOCH2CH2NH2,
98%, Acros, 0.252 g) in 2-methoxyethanol (10mL) with
stirring for 8 h to achieve hydrolysis and aging19,20. The
ZnO precursor was spin-coated onto the ITO-coated glass
(40 nm) and then thermally annealed at 180 °C for 1 h in
air. The PCBM solution was prepared using chloroform
(CF) as a solvent (10mgmL–1) and was spin-coated onto
the ZnO/ITO-coated glass substrates (30 nm). The P3HT
solution was prepared using either CF or 1,2-dichlor-
obenzene (DCB) as a solvent, was spin-coated onto the
PEDOT:PSS/glass substrates, and was transferred onto the
PCBM/ZnO/ITO-coated substrates to fabricate the bilayer
solar cell devices, as described in section “Device fabrica-
tion and J–V characterization”. The concentrations of the
P3HT solutions were varied to change the P3HT film
thickness. For MoO3 (3 nm) and Au (60 nm) deposition,
the samples were transferred into a vacuum chamber, and
the MoO3 and Au layers were thermally evaporated in
sequence under a background pressure of ~1 × 10–6 Torr.
For the hole-only device used in space-charge-limited
current (SCLC) measurements, a P3HT layer (25 nm) was
sandwiched between ITO/PEDOT:PSS(30 nm) and
MoO3(3 nm)/Au(60 nm) electrodes.
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Characterizations
Grazing-incidence wide-angle X-ray scattering

(GIWAXS) and near-edge X-ray absorption fine structure
(NEXAFS) spectroscopic measurements were performed
at the 3C, 4D, and 9A beamlines at the Pohang Accel-
erator Laboratory in Korea. For GIWAXS measurement,
the angle between the film surface and the incident beam
was fixed at 0.12°. The photon energy was 11.06 keV (λ=
1.121 Å). A Rayonix MAR165 detector was used for data
collection. The samples were prepared on silicon wafer/
PEDOT:PSS substrates and were deposited in the same
way as described above. The J–V characteristics were
measured using a Keithley 4200 power source. The light
was simulated using an Oriel Sol3A class AAA solar
simulator (1-kW Xenon lamp) and was referenced to a
Newport Oriel 91150 V Si-based reference cell (KG5-fil-
tered) calibrated at the US National Renewable Energy
Laboratory. UV–vis absorption spectra were measured
using a CARY-5000 spectrometer (Varian). Photo-
luminescence (PL) spectra were measured using a FP-
6500 spectrofluorometer (Jasco). The thicknesses of the
bathocuproine (BCP) and C60 layers used as the exciton
blocking and quenching layers, respectively, in the PL
measurements were ~5 nm. Transient photovoltage
(TPV) decay was measured using a digital oscilloscope
(Tektronix TDC3054C) connected to SR560 and
DHPCA-100 high-speed preamplifiers. The input impe-
dance for TPV was 100MΩ to ensure an open circuit.
The samples were excited by a 3 ns pulse laser at λ= 532
nm (OBB, NL4300, and OD401) under 1 sun (AM1.5)
illumination. Transient absorption (TA) measurements
were conducted using a HELIOS ultrafast
system–femtosecond TA spectrometer and a Libra 1 kHz
femtosecond Ti:sapphire regenerative amplifier system
with a 780 nm center wavelength and an 80 fs pulse
duration. The laser beam was divided by a beam splitter.
Approximately 95% of the laser beam was driven to a
Coherent TOPAS Prime optical parametric amplifier to
be used as a tunable pump beam with a pulse duration of
200 fs. The other ~5% was focused on a 5 mm sapphire

crystal to generate a white-light continuum for use as a
probe beam.

Results and Discussion
Device fabrication and J–V characterization
OSCs with a bilayer structure were fabricated (Fig. 1) to

investigate the effect of the molecular orientation at the
donor–acceptor heterointerface. P3HT and PCBM were
used as the donor and the acceptor materials of the OSCs,
respectively. To obtain a sharp and unmixed
donor–acceptor interface, the contact-film-transfer
method was used to stack the donor layer on the accep-
tor layer21,22. The P3HT layer was first spin-coated onto a
PEDOT:PSS-coated glass substrate and then flipped and
stacked onto a PCBM/ZnO/ITO substrate. The P3HT
film was then detached from the glass substrate using
drops of distilled water to dissolve the PEDOT:PSS layer,
yielding the P3HT/PCBM/ZnO/ITO part of the device.
The contact-film-transfer method enabled the formation
of a neat P3HT/PCBM interface with negligible inter-
mixing, which clearly revealed how the molecular orien-
tations at the donor–acceptor interface affected the solar
cell operation. After the transfer process, MoO3 and Au
were deposited in sequence on top of the P3HT layer to
complete the device fabrication.
The relative orientations of the donor and acceptor

molecules at the P3HT/PCBM interface were controlled
by changing the molecular orientation of the P3HT layer
through control of the evaporation rate of the solvent
during the spin-coating process13,23. Large differences in
the solvent evaporation rate were achieved by carefully
selecting the solvent volatility and spin speed. Slow eva-
poration was obtained by spin-coating a solution prepared
using DCB at a low spin speed (500 rpm). Fast evaporation
of the solvent was obtained by spin-coating a P3HT
solution prepared using CF at a high spin speed (9000
rpm). The concentration of each solution was adjusted to
give films with a thickness of 25 nm.
The molecular orientation distributions of the P3HT

thin films were characterized using GIWAXS (Fig. 2).

Fig. 1 Schematic of bilayer device fabrication using a contact-film-transfer method. Orientation of P3HT molecules was controlled by changing
the film-drying speed
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Two-dimensional GIWAXS images (Fig. 2a) of the slow-
dried P3HT film (spun-cast from DCB solution) revealed
a population of crystallites that were primarily oriented
edge-on with respect to the substrate. The fast-dried film
(spun-cast from the CF solution) included a significantly
larger population of face-on-oriented crystallites. The
pole figure of the P3HT (100) peak was constructed from
the images to obtain a quantitative comparison of the
molecular orientation distributions in the films (Fig. 2b).
The (100) peak intensity was recorded as a function of the
polar angle and corrected with a weighting factor sin(ω),
where ω is the polar angle measured from the qz axis

24.
The face-on orientation was dominant in the fast-dried
P3HT film.
Angle-dependent NEXAFS spectroscopy was conducted

in partial electron yield mode to collect the molecular
orientation information from the uppermost (~10 nm)
part of the P3HT films (Fig. 3a). Because the carbon 1s→ π*
transition of the conjugated polymer displayed a strong
NEXAFS absorbance, the P3HT-conjugated plane orien-
tations could be determined from the dependence of the
1s→ π* transition intensity on the angle of X-ray inci-
dence. The major carbon K-edge resonances of P3HT
appeared at photon energies of 285.3, 287.8, and 293.0 eV,
which corresponded to the carbon–carbon 1s→ π*,

carbon–hydrogen 1s→ σ*, and carbon–carbon 1 s→ σ*
transitions, respectively23. The 1s→ π* transition intensity
at low incidence angles was higher than that at high
incidence angle in the fast-dried film. This difference
indicated that the π* orbitals were oriented vertically on
the substrate and that the P3HT molecules were oriented
face-on in the fast-dried film. By contrast, the 1s→ π*
intensity at high incidence angles was higher than that at
low incidence angles in the slow-dried film. This differ-
ence indicated that the π* orbitals were oriented parallel
to the substrate and that the P3HT molecules were
oriented edge-on in the slow-dried film. For a quantitative
description of the molecular orientations, the dichroic
ratio, R, was calculated for the π* transition according to
previous reports (Fig. 3b)23. The R value, by definition, can
vary from 1 to −1 depending on the orientation of the
conjugated plane, and its positive and negative values
represent preferential edge-on and face-on orientations,
respectively. R= 0 represents no preference for specific
orientations. As expected, the slow-dried film, which was
observed to have strong edge-on-dominant orientation in
the GIWAXS measurements, showed a positive dichroic
ratio of R= 0.22. The fast-dried film showed a negative
dichroic ratio of R=−0.10, which was also in accordance
with the face-on-dominant orientation observed from the

Fig. 2 GIWAXS results of the P3HT films with controlled orientation. a 2D images of the fast-dried (top) and slow-dried (bottom) P3HT films.
b Corresponding pole figure of the P3HT (100) peak
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GIWAXS data. From the R values, it seemed that the face-
on orientation preference of the fast-dried film was rela-
tively weak compared to the edge-on orientation pre-
ference of the slow-dried film. Nevertheless, this degree of
molecular orientation change was sufficient to generate
the orientation effects on charge generation, as shown
below.
The J–V characteristics of OSC devices prepared with

orientation-controlled P3HT layers were compared
(Fig. 4a, Table 1). The fast-dried (‘face-on-rich’) and slow-
dried (‘edge-on-rich’) P3HT films were both 25 nm thick,
and the PCBM layer was 30 nm thick and was prepared in
the same way for all devices. The photovoltaic parameter
values were averaged from >15 devices. The device pre-
pared with the fast-dried film (‘face-on-rich device’) had a
PCE of 0.387% with a Jsc= 2.38 mA cm–2, a Voc= 0.32 V,

and an FF= 0.518. The device prepared with the slow-
dried film (‘edge-on-rich device’) had a PCE= 0.240%
with a Jsc= 1.65 mA cm–2, a Voc= 0.30 V, and an FF=
0.491. The PCEs were low due to the extremely small
donor–acceptor interfacial area associated with the sharp
and unmixed P3HT-PCBM interface; however, consider-
ing the molecular orientations of P3HT, photocurrent
generation in the face-on-rich device was higher than that
in the edge-on-rich device. Voc was also slightly higher in
the face-on-rich device than in the edge-on-rich device.
The Voc change due to molecular orientation has been
well studied in previous papers and understood mainly as
a result of the change in the highest occupied molecular
orbital (HOMO) and CT state energy level of molecules as
a consequence of its altered orientation11,13,16,25,26. That
is, the Voc was higher when the P3HT molecules were
oriented face-on than when they were oriented edge-on
because the HOMO level of P3HT was deeper in the
former case13,16. For the thick P3HT layers (>25 nm), the
PCE decreased as the P3HT layer thickness increased,
possibly because the hole transit time through P3HT

Fig. 3 Molecular orientation at the uppermost part of the P3HT
films. a Angle-resolved NEXAFS spectra of orientation-controlled
P3HT films (top: fast-dried film, bottom: slow-dried film). b Analysis of
π* intensity as a function of incidence angle, θ, for calculation of the
dichroic ratio, R

Fig. 4 Photovoltaic performance of the solar cells with controlled
P3HT orientation. a J–V characteristics of the P3HT/PCBM bilayer
devices where the molecular orientation of the P3HT was controlled
either by fast- (face-on-rich) or slow-drying (edge-on-rich). b J–V
characteristics of devices with P3HT (face-on-rich or edge-on-rich)/
P3HT (common)/PCBM structure. The common P3HT layer inserted
between the orientation-controlled P3HT and PCBM was spin-cast
from a dilute DCB solution at a medium spin speed
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increased, which increased bimolecular recombination
(Figure S1, Table S1)27. The face-on- and edge-on-
dominant molecular orientation distributions of the fast-
and slow-dried P3HT films remained unchanged at other
thicknesses, although the width of the orientation dis-
tribution broadened slightly as the thickness increased
(Figure S2). Devices prepared with very thin P3HT layers
displayed a low reproducibility, and most devices suffered
from severe leakage or short circuits in the anode and the
cathode because the P3HT film was easily damaged dur-
ing the transfer process. Therefore, most characterization
was conducted using devices prepared with 25 nm thick
films.
We postulated that the increased current generation in

the face-on-rich device originated from an increase in the
charge generation at the donor–acceptor interface. To
test this idea, devices with a common interfacial layer
(Fig. 4b, inset) were fabricated and compared. In these
devices, a thin P3HT film (7 nm) was transferred onto the
PCBM layer to form a common interfacial layer. This
P3HT film was spin-coated from a P3HT solution dis-
solved in DCB (3 mgmL−1) at a medium spin speed
(2500 rpm) and had a preferentially edge-on molecular
orientation distribution (Figure S3). The orientation-
controlled P3HT films were then transferred onto the
common P3HT layer. These devices featured fixed con-
ditions near the donor–acceptor interface but retained the
properties of the orientation-controlled P3HT layer
throughout the donor layer. The J–V characteristics
(Fig. 4b) of these devices were comparable. This result
confirmed that the differences in the electrical char-
acteristics of the devices (Fig. 4a) arose from the P3HT
orientation at the donor–acceptor interface.

Optical properties of the orientation-controlled P3HT films
The high photocurrent generation in the face-on-rich

device was explored as a function of several factors that
could be affected by the molecular orientation of the
P3HT layer. Changes in the molecular orientations of the
donor material could conceivably change several factors,
including the light absorption capability, exciton diffusion
length, charge-carrier mobility, and charge-pair separa-
tion efficiency at the donor–acceptor interface. In this

study, we showed that the light absorption properties and
charge-carrier transport were similar in both the face-on-
rich and edge-on-rich P3HT films and could not account
for the differences (Fig. 4a) between the devices in pho-
tocurrent levels.
The absorption spectra of the face-on-rich and edge-on-

rich P3HT films in the UV–vis region were measured
(Fig. 5a). The P3HT samples did not display new
absorption peaks due to changes in the molecular orien-
tations. The films showed only small differences in the
vibronic shoulder peaks of P3HT at λ= 550 and 605 nm.
Compared to the face-on-rich film, the edge-on-rich film
had stronger vibronic peaks due to its higher crystallinity
because the P3HT molecules were allowed to self-
assemble over a longer period of time. The edge-on-rich
film, therefore, had a slightly larger total absorption than
the face-on-rich film, but the difference was not
meaningful.
The PL quenching efficiency of each P3HT film was

investigated to quantify the efficiency with which excitons
diffusing through the P3HT film reached the P3HT/
PCBM interface. PL spectral measurements were obtained
from 25 nm thick P3HT films prepared on a quartz sub-
strate. BCP and C60 were used as exciton blocking and
quenching layers, respectively. The films were excited at
λ= 530 nm, and steady-state PL spectra were recorded
(Fig. 5b). As the blocking layer was replaced by the
quenching layer, the PL intensities decreased to 37 and
47% of their initial values in the face-on-rich and edge-on-
rich P3HT films, respectively. These results indicated that,
compared to the edge-on-rich film, the face-on-rich
P3HT film displayed improved exciton diffusion, so
more excitons reached the donor–acceptor interface,
giving a higher exciton quenching efficiency.
To understand why the exciton quenching efficiency

was higher in the face-on-rich P3HT film, spectrally
resolved PL quenching (SR-PLQ) experiments were con-
ducted to directly extract the exciton diffusion length in
the P3HT films. The SR-PLQ method is used to deter-
mine the relationship between the absorption coefficient α
and the PL quenching ratio η, which is defined as the ratio
between the PL intensities of the sample with an exciton
blocking (PLB) layer and an exciton quenching (PLQ) layer

Table 1 Photovoltaic parameters of orientation-controlled P3HT/PCBM bilayer devices and the devices with the
common P3HT interfacial layer

PCE [%] Jsc [mA cm−2] Voc [V] FF

P3HT (face-on-rich)/PCBM 0.387 (±0.058) 2.38 (±0.27) 0.32 (±0.03) 0.518 (±0.035)

P3HT (edge-on-rich)/PCBM 0.240 (±0.026) 1.65 (±0.19) 0.30 (±0.02) 0.491 (±0.021)

P3HT (face-on-rich)/P3HT (common)/PCBM 0.170 (±0.014) 1.24 (±0.10) 0.30 (±0.01) 0.466 (±0.006)

P3HT (edge-on-rich)/P3HT (common)/PCBM 0.160 (±0.026) 1.25 (±0.14) 0.29 (±0.01) 0.437 (±0.026)
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28,29:

η ¼ PLB
PLQ

¼ αLD þ 1 ð1Þ

Here the exciton diffusion length LD appears as the
slope of η versus α. The P3HT films used in the mea-
surement had a thickness of 130 nm, thick enough to
satisfy the requirements for the application of Eq. 1. The
edge-on-rich film yielded an LD= 5.8 nm (Fig. 5c), and
the face-on-rich film yielded LD= 11.1 nm, in agreement
with the values reported in previous reports30. We
hypothesized that this increase in LD in the face-on-rich

film occurred because the face-on orientation featured a
short π–π stacking distance that facilitated exciton dif-
fusion in the vertical direction5,15. Fӧrster energy transfer,
which describes singlet exciton diffusion in an organic
semiconductor, defines LD as inversely proportional to the
square of the distance between chromophores31.
GIWAXS data indicated that, in the direction perpendi-
cular to the substrate, the lattice spacing of P3HT crystals
in the face-on orientation was 3.81 Å (q ~ 1.65 Å–1), which
corresponded to the π–π stacking distance, and the lattice
spacing of P3HT crystals in the edge-on orientation was
16.4 Å (q ~ 0.384 Å–1), which corresponded to the lamel-
lar stacking distance between side chains. This large dif-
ference in the chromophore distance may have increased
the LD in the face-on-rich P3HT film. The increased
exciton diffusion, as a consequence, would have increased
the photocurrent in the face-on-rich device.

Charge-carrier transport and nongeminate recombination
in the orientation-controlled devices
Transport of free charge carriers in the orientation-

controlled bilayer devices was investigated to determine
how the molecular orientation and crystallinity of the
P3HT films contribute to the photovoltaic performances
by affecting the charge transport properties of the devices.
If the molecular orientations and crystallinity affected the
hole mobility (µh) of the P3HT film, the electron collec-
tion and hole collection efficiencies in the bilayer devices
would change and affect the degree of nongeminate
recombination and photocurrent generation. Therefore,
we measured µh in the P3HT films and the nongeminate
recombination dynamics in bilayer devices.
The values of µh in the P3HT films were quantified

(Table S2) by measuring the SCLC of hole-only devices
(ITO/PEDOT:PSS/P3HT/MoO3/Au). SCLC measure-
ment of charge mobility in the vertical direction
revealed that the face-on-rich device had µh= 4.42 × 10–6

and that the edge-on-rich device had µh= 5.58 × 10–6

cm2 V–1 s–1 (Figure S4). The similarity in µh values
despite the differences in crystallinity may have resulted
from the face-on orientation of the P3HT molecules in
the face-on-rich device, which facilitated vertical charge
transport 32.
The similar µh values measured in the two P3HT films

suggested that nongeminate recombination losses were
also similar in the face-on-rich and edge-on-rich devices.
The degree of nongeminate recombination was measured
by quantifying the effect of the light intensity on the
photocurrent in the devices. The magnitude of the pho-
tocurrent in the OSCs as a function of the incident light
power could be expressed as Jph ~ (Pin)

β, where Jph is the
photocurrent density, defined as the difference between
the current densities under illumination and in darkness;
Pin is the power of the incident light; and β is a scaling

Fig. 5 Optical properties of the orientation-controlled P3HT films.
a Absorption spectra of orientation-controlled P3HT films. b Steady-
state PL quenching measurements of P3HT films. PL spectra of
unquenched (solid lines) and quenched (dashed lines) samples. c SR-
PLQ results of P3HT films. Symbols: experimental data points; dashed
lines: fits using Equation 1. Thickness of P3HT films were ~25 nm for a
and b and ~130 nm for c
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exponent. β ≈ 1 indicates negligible nongeminate recom-
bination, whereas β < 1 indicates some extent of non-
geminate recombination in the device. In the case of
severe nongeminate recombination with space charge
accumulation, β approaches 0.75, and Jph varies as the
square root of the effective applied voltage (Veff=V0−V,
where V0 is the voltage at Jph= 0 and V is the applied
voltage) in the device operating voltage range33,34. In the
experiments, the face-on-rich device had a β= 0.98 under
short-circuit conditions and β= 0.93 at Veff= 0.1 V. The
edge-on-rich device had a β= 0.99 under short-circuit
conditions and β= 0.95 at Veff= 0.1 V (Fig. 6a). The
devices did not show space-charge-limited behavior. The
similarities between the values indicated that the non-
geminate recombination losses in the face-on-rich and
edge-on-rich devices were similar.

Nongeminate recombination in the devices was further
investigated using TPV decay measurements. The TPV
decay signals were measured by perturbing the solar cell
devices with a laser pulse (λ= 532 nm) under 1 sun
(AM1.5) background illumination (Fig. 6b). The lifetime (τc)
of the charge carriers generated by this small laser pertur-
bation was calculated by fitting the photovoltage decay to a
mono-exponential function. This lifetime represented the
extent of nongeminate recombination among free charge
carriers during device operation15,35–37. The face-on-rich
and edge-on-rich devices had very similar τc values (23.4
and 22.9 µs, respectively), i.e., they had nearly the same
degree of nongeminate recombination.
We determined that the P3HT orientation minimally

affected the light absorption and charge transport
properties of our devices, although the orientation did
affect exciton diffusion and therefore photocurrent
generation in the devices. Another factor that could affect
the orientation-dependent photocurrent generation was
charge separation at the donor–acceptor interface.

Charge separation dynamics at the orientation-controlled
donor–acceptor interfaces
Charge separation at the orientation-controlled P3HT-

PCBM interface was investigated using TA analyses to
observe the decay dynamics of the excited species. The
samples were excited with a pump beam at λ= 530 nm
and probed at 550 ≤ λ ≤ 810 nm on a timescale of 1–1000
ps. Low excitation fluence (~2 µJ cm–2) was chosen to
avoid the emergence of unwanted processes such as
exciton–exciton annihilation 38,39.
We assumed that free charge carriers were pre-

dominantly produced via a single pathway involving the
lowest-lying CT state. The current consensus is that
excitons that reach a donor–acceptor interface form
interfacial CT states via electron transfer, in which the
electrons and holes are partially separated but are still
bound to one another by significant coulombic interac-
tions40. This CT state can be separated into free charge
carriers that contribute to photocurrent generation or
recombine to the ground state resulting in charge carrier
loss. Recombination loss of the CT states is called gemi-
nate recombination loss. Some authors have proposed
that some of the free charge carriers can be generated
from “hot” CT states on the ultrafast timescale and are
not affected by competition between separation and
recombination on the picosecond–nanosecond time-
scales38,41–44. The excess energy in the high-energy CT
states appeared to overcome the coulombic interactions,
enabling the immediate formation of free charges.
More recent studies, however, have revealed that the
excess energy is not necessary for efficient charge gen-
eration43–47, i.e., the loss of the excess energy by thermal
relaxation of the hot CT states is so fast that the excess

Fig. 6 Nongeminate recombination analyses of the solar cells. a
Light-intensity dependence of photocurrent density as a function of
incident light power in orientation-controlled bilayer devices.
Dependence was measured under short-circuit conditions (SC) and at
Veff= 0.1 V. b TPV decay profiles of orientation-controlled bilayer
devices
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energy cannot increase the charge carrier yield. The most
important state is, therefore, the lowest-lying CT state
because all CT states with a higher energy pass through
the lowest-lying state due to ultrafast relaxation45,46.
Therefore, in this study, we assumed that free
charge carriers were generated from a single CT state, in
competition with geminate recombination to the ground
state.
The TA spectra (Fig. 7 and S5) were obtained from

samples prepared using orientation-controlled single-
layer P3HT films (70 nm thick) and P3HT/PCBM bilayers
(25 nm/30 nm, the same as the device fabrication
conditions) prepared on quartz substrates. The spectral
shape was consistent with several previous reports of TA
signals in P3HT–PCBM systems38,39,48–50. In the litera-
ture, the negative signals at approximately 550 ≤ λ ≤ 600
nm are well established to be attributable to photo-
bleaching of the ground state of P3HT, indicating that
excited species such as excitons and P3HT hole
polarons were generated. The broad absorption bands at
700 ≤ λ ≤ 810 nm corresponded to the photoinduced
absorption (PIA) of the P3HT polarons. More specifically,
the PIA of the P3HT hole polarons appeared over a broad
wavelength range of 700 ≤ λ ≤ 1000 nm, which includes
the absorption bands at 700 and 1000 nm, corresponding
to the PIAs of free hole polarons (i.e., free charges), and
the band at ~800 nm, corresponding to the PIA of the
hole polarons bound to PCBM anions (i.e., CT states).
The instrumental detection limit allowed us to obtain
only PIA signals up to ~810 nm. Finally, the pronounced
peak at λ ~650 nm, which decayed rapidly over time, was
attributed to the polaron pairs of the P3HT cation and
anion formed within the P3HT films48,49. Note that the
photobleaching signal at λ ~600 nm was more pro-
nounced in the edge-on-rich films than in the face-on-
rich films. This result confirmed again that the
edge-on-rich films had a higher crystallinity than
the face-on-rich films. In the absence of a PCBM layer
(Figure S5), the polaron PIA bands at 610 ≤ λ ≤ 810 nm
decayed completely within 1 ns, and we concluded that
only a negligible amount of long-lived free charge carriers
were generated without the PCBM. By contrast, in the
bilayer samples (Fig. 7a, b), the polaron PIA bands per-
sisted until 1 ns. These observations indicated that long-
lived free charge carriers formed via the separation of CT
states.
Charge separation was quantified by analyzing the decay

kinetics of the polaron PIA bands (Fig. 7c). The decay
profile was observed at 750 ≤ λ ≤ 810 nm, where the broad
PIAs of the CT states and of the free charges overlapped.
In this wavelength range, the molar absorption coeffi-
cients of the CT states and the free charges were the same;
therefore, the total PIA signal intensity was simply pro-
portional to the sum of the concentrations of the CT

states and free charges38,51. A simple model suggested by
Massip et al. was then used to analyze the decay kinetics52.
This model considered the situation in which the free
charges were generated by separation of the CT states as
the remaining nondissociated CT states recombined to
the ground state. Nongeminate recombination of the free
charges was neglected because the model considered the
1–1000 ps timescale, which was too short for non-
geminate recombination to occur. This model considered
exactly the same situation that we considered and there-
fore was applied in our analyses without modification.
According to the kinetic model, the concentrations of the

Fig. 7 TA analysis of P3HT/PCBM bilayer samples with controlled
P3HT orientation. a, b TA spectra of P3HT/PCBM bilayer samples. a:
sample with the face-on-rich P3HT film; b: sample with edge-on-rich
P3HT film. c Decay profiles of the TA signal of P3HT/PCBM bilayer
samples with face-on-rich or edge-on-rich P3HT films at 750 ≤ λ ≤ 810
nm. Solid lines: experimental data; dot-dashed lines: curves fitted
using Eq. 4
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CT states and free charges could be written as follows:

d½CT �
dt

¼ �ðks þ krÞ½CT � ð2Þ

d½FC�
dt

¼ ks½CT � ð3Þ

where [CT] is the concentration of the CT states, [FC] is
the concentration of the free charges, ks is the separation
rate constant, and kr is the geminate recombination rate
constant. Solving these rate laws yields the total PIA
intensity:

S tð Þ � e�ðksþkrÞt þ ks
ks þ kr

1� e� ksþkrð Þt
� �

ð4Þ

where the first and second terms in the right-hand side
correspond to [CT] and [FC], respectively. Equation 4 was
used to fit the decay profile (Fig. 7c) and extract the
separation and recombination rate constants (Table 2).

The remaining PIA signal at 1 ns was higher in the face-
on-rich device than in the edge-on-rich device (Fig. 7c).
This difference indicated that the face-on-rich device had
more long-lived free charges than the edge-on-rich device
and could be understood from the results of the kinetic
model. That is, the larger quantity of free charges pro-
duced in the face-on-rich device arose from the strong
decrease in the recombination rate of the CT states. As a
result, the CT state separation efficiency, ks/(ks+kr), was
higher in the face-on-rich device (0.554) than in the edge-
on-rich device (0.404), and the yield of the long-lived free
charges was higher in the former case than in the latter.
These results indicated that free charge generation was
more efficient among the face-on-oriented P3HT mole-
cules at the donor–acceptor interface than among the
edge-on-oriented P3HT molecules.
The physical origin of the increased charge separation at

the face-on-oriented donor–acceptor interface is dis-
cussed in the literature. The most critical factor influen-
cing the molecular orientation-dependent charge
separation is the electronic coupling between the elec-
tronic states. Marcus theory, which is frequently used to
evaluate the rates of charge separation and recombination,
predicts that the rate of CT depends significantly on the
strength of the electronic coupling between the involved

electronic states3,5,53. Electronic coupling varies with the
relative orientations of the donor and acceptor molecules
and is improved in the face-on configuration due to the
improved orbital overlap between the donor and accep-
tor3,5–7,9,10. The electronic coupling calculated as a func-
tion of the angle between ZnPc and C60 molecules has
been reported5. Calculated electronic couplings of charge
separation and recombination varied with the angle. As a
result, the overall charge separation yields differed. Our
experimental observation of an increased charge separa-
tion efficiency in the face-on donor–acceptor configura-
tion may occur for a similar reason, i.e., as a result of
changes in the electronic couplings of the charge
separation and recombination via the molecular
orientations.
Even though most of the studies on molecular

orientation-dependent charge separation observed higher
charge separation efficiency at the face-on-oriented
donor–acceptor interface than at the edge-on-oriented
interface, opposing results were also reported very
recently11. Interestingly, the results showed that the edge-
on-oriented interface was more efficient at charge gen-
eration and had smaller activation energy for charge
generation than the face-on-oriented interface. The small
activation energy of the edge-on interface for charge
generation was attributed to weak electronic coupling
between the CT and ground states and the concomitant
reduction in geminate recombination.
These opposing results (whether the face-on orientation

is superior or not) look controversial. However, both of
them are understandable considering that the efficiency of
charge generation is determined by the relative magnitude
of charge separation rate and geminate recombination
rate. The electronic coupling between the CT state and
charge-separated state affects the charge separation rate,
and at the same time, the electronic coupling between the
CT states and ground state affects the geminate recom-
bination rate. Therefore, change in interfacial molecular
orientation can lead to changes in both electronic cou-
plings and consequently the ratio between charge
separation and recombination rates. Whether this ratio is
higher in face-on configuration or higher in edge-on
configuration is expected to be dependent on the elec-
tronic nature of donor–acceptor material sets. General-
ized explanations of why the face-on configurations
typically exhibit improved charge generation in terms of
electronic coupling is beyond the scope of this paper.
Calculations on the long-range electrostatic interactions

across the donor–acceptor interface also support the
enhanced charge separation at the face-on-oriented
donor–acceptor interface25. The calculations demon-
strated that the electrostatic potential resulting from the
superposition of quadrupolar fields across the
donor–acceptor interface could assist or hinder charge

Table 2 Extracted values of kinetic modeling parameters
(Eq. 4) obtained by fitting the decay profiles in Fig. 7c

ks [10
9 s−1] kr [10

9 s−1] ks/(ks+kr)

P3HT (face-on-rich)/PCBM 6.62 5.33 0.554

P3HT (edge-on-rich)/PCBM 8.89 13.1 0.404
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separation depending on the molecular orientation. The
face-on donor–acceptor configuration yielded electro-
static force that pushed holes toward the donor and
electrons toward the acceptor, which drove charge
separation process. In contrast, the direction of the elec-
trostatic force was reversed in the edge-on
donor–acceptor configuration, and therefore, trapping
and recombination of charge carriers became probable in
the edge-on-oriented donor–acceptor interface.
Another viewpoint on the enhanced charge separation

at the face-on-oriented donor–acceptor interface con-
siders the stronger delocalization of charges at the face-on
interface than that at the edge-on interface. Previous
calculations suggested that the holes were more strongly
delocalized at the donor in the face-on donor–acceptor
configuration than in the edge-on orientation and that the
center of the hole density was forced to migrate away
from the donor–acceptor interface54. This process led to a
significant increase in the electron–hole separation dis-
tance, which reduced charge pair recombination at the
face-on donor–acceptor interface.
The dependence of the CT state energy on the mole-

cular orientation could also have affected the charge
separation efficiency. The HOMO and CT state energy
levels of an organic semiconducting material can vary
with the molecular orientation4,11,13,25,26,54,55. Marcus
theory predicts that the energy difference between the
electronic states can affect the CT rate. As a result, var-
iations in the CT state energy level accompanied by
changes in the molecular orientations could affect the
charge separation efficiency; however, the contributions
from the energy level of the CT state were considered to
be small in our experiments because the change in CT
state energy level was not expected to be large enough
(~0.02 eV) to cause a meaningful change in the electron
transfer rates. The estimate of the CT energy level dif-
ference was based on a rough approximation, that Voc in a
solar cell device is proportional to the CT state energy, as
is generally accepted 56.
One might think that the charge separation at the

donor–acceptor interface in our experiments would also
be affected by the crystallinities of the face-on-rich and
edge-on-rich P3HT films. Indeed, a high crystallinity in a
material at a donor–acceptor interface is beneficial for
charge separation and free charge generation due to its
effects on the interfacial energetics, charge delocalization,
and local charge-carrier mobility43,44,57–59; however, our
results revealed more efficient charge separation in the
face-on-rich device, although it had a lower P3HT crys-
tallinity than the edge-on-rich device. These results again
emphasized the important influence of the optimal
molecular orientation at the donor–acceptor interface on
efficient charge separation and free charge generation.

Conclusion
The effects of the relative orientations of the donor and

acceptor molecules on photocurrent generation were
systematically investigated with a focus on the photo-
physical processes at the donor–acceptor interface. The
drying kinetics of the polymer thin film were controlled,
and a nondestructive film transfer method was used to
construct bilayer devices with well-controlled molecular
orientation and sharp donor–acceptor interfaces. In the
devices, the light absorption and charge transport prop-
erties were comparable despite differences in the mole-
cular orientations; therefore, the processes involved in
charge generation at the donor–acceptor interfaces could
be studied in isolation. Our analysis revealed that
photocurrent generation was significantly higher when
the donor polymer was oriented face-on at the
donor–acceptor interface than when it was oriented edge-
on. This difference was primarily due to efficient exciton
diffusion toward the interface and efficient charge
separation to free charge carriers.
It should be noted that the findings from this study may

be limited to a certain class of photovoltaic materials. For
example, many highly performing donor polymers are
quite different from P3HT in many aspects, such as
molecular structure and morphology, and this difference
may affect the orientation effects. Nevertheless, our sys-
tematic study clearly demonstrates that the molecular
orientation at the donor–acceptor interface is an impor-
tant morphological factor that should be controlled to
achieve high-performance OSCs.
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