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ABSTRACT: In organic photovoltaics, efficient charge
generation relies on our ability to convert excitons into free
charges. Efficient charge separation from “energetic excitons”
has been understood to be governed by delocalization effects
promoted by molecular aggregation. A remaining puzzle is,
however, the mechanism underlying charge generation via
relaxed interfacial charge-transfer (CT) excitons that also
exhibit an internal quantum efficiency close to unity. Here, we
provide evidence for efficient charge generation via CT state
absorption over a temperature range of 50−300 K, despite an
intrinsically strong Coulomb binding energy of about 400 meV that cannot be modified by fullerene aggregation. We explain our
observation by entropy-driven charge separation, with a key contribution from energy disorder. The energy disorder reduces the
charge generation barrier by substantially gaining the entropy as electron−hole distance increases, resulting in efficient CT
exciton dissociation. Our results underline an emerging consideration of energy disorder in thermodynamic stability of charge
pairs and highlight the energy disorder as a dominant factor for generating charges via the CT state. A discussion for a trade-off in
harvesting charges from relaxed CT excitons is also provided.

■ INTRODUCTION

The ability to convert photogenerated excitons into free
charges is of fundamental importance for solar energy
conversion exploiting organic photoactive materials.1−3 In
bulk heterojunction organic photovoltaics (BHJ-OPVs),
excitons break into electrons and holes at donor−acceptor
(D−A) heterointerfaces. Subsequently, they can be either
separated further and contribute to electric current or trapped
at the D−A interfaces to form Coulomb-bound charge-transfer
(CT) excitons. The relative importance between these two
events thus determines the efficiency of OPV devices. Many
studies have been devoted to understanding the key mechanism
for long-range charge separation, with findings emphasizing the
role of exciton delocalization,4 driving energy,5 hot exciton
dissociation,6,7 and an ultrafast coherent phenomenon
associated with ballistic tunnelling of electron and/or hole
through a band state that is formed due to molecular
aggregation.8,9 Although there is not yet a clear consensus on
the dominant mechanism, most of the studies seem to suggest
that efficient charge generation is mediated via high-lying states
above vibrationally relaxed CT states, in order to reduce an
effective coulomb barrier and to increase carrier mobility and/
or promote coherent transport.
Due to the weak dielectric screening in the OPVs,

vibrationally relaxed CT excitons experience a large binding
energy (Eb). Charge generation from these states is thus
expected to be insignificant, as the available thermal energy
cannot overcome the Coulomb barrier.2,3 Nonetheless, an
increasing amount of evidence has indicated charge generation

via relaxed CT states with a rather high efficiency, found in
several benchmark BHJ-OPVs10 and in model singlet fission
pentacene/fullerene solar cells.11−13 In view of these findings,
an important question arises as to what is the physical
mechanism that could break or compensate the large
electrostatic Coulomb attracting force, converting relaxed CT
excitons into free charges.
Apart from the fundamental interest, another open question

is whether or not collecting these extra charges from a
nominally weak CT absorption is a surplus. Understanding the
physical mechanism of charge generation via relaxed CT states
shall provide us with a guideline for new design strategies and
possible trade-off in harvesting charges from relaxed CT states.
Here, we show that energy disorder is a main driving force

for charge generation via strongly bound relaxed CT excitons at
the heterointerfaces of OPVs. We found that fullerene
aggregation, as a means to promote charge delocalization, has
no effect on the binding energy of the relaxed CT excitons. An
intrinsically large Eb = 310−500 meV was measured from our
model polymer/fullerene BHJ-OPVs with different degrees of
fullerene aggregation. In contrast to this, we found that an
effective thermal activation barrier (Ea) for generating free
charges from the CT states is much smaller than that of the Eb.
This results in a nearly temperature-independent charge
generation over the range of 50−300 K via CT state absorption.
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On the basis of a thermodynamic model proposed by Hood
and Kassal,14 we find that energy disorder leads to a substantial
entropy gain as electron−hole (e−h) separation increases,
which can explain the observed temperature-independent
charge generation. Our experimental finding reveals an
important combined effect of the entropy and energy disorder
in charge generation in OPVs. A discussion on a controversial
issue of energy disorderwhether it improves or reduces
power conversion efficiency of OPVsis also provided.
We choose TQ1/PCBM71 D−A blends (their molecular

structures are shown in Figure 1a) as model OPVs for the

following reasons. First, TQ1/PCBM71 with different weight
ratios results in a strong contrast in charge generation
efficiency, with an improved short circuit current from 0.96
to 8.8 mA/cm2 by changing the weight ratio of TQ1/PCBM71
from 3:1 to 2:5.15 This leads to a change in power conversion
efficiency from 1% to 6%. The better charge generation
efficiency in the 2:5 devices was ascribed to a long-range charge
separation via an electron-delocalized state formed by the
fullerene aggregation,15 which happens before a vibronic
cooling down. In this study we are interested in the influence
of the local morphology on charge generation via relaxed CT
excitons, i.e., after the vibronic cooling down or when being
generated exclusively via CT states absorption. Second, energy
disorder of the highest occupied molecular orbital (σHOMO) and
the lowest unoccupied molecular orbital (σLUMO) in TQ1/
PCBM71 has been addressed.16,17 This is beneficial for
evaluating a contribution of the energetic disorder to charge
separation when the thermodynamic contribution is concerned.
Finally, TQ1/PCBM71 shows a pronounced geminate
recombination of the CT states, which results in an appearance
of CT emission in the near-infrared region.15 This enables us to
closely examine CT states by magneto-optical means, via
studying properties of both photoluminescence (PL) and
magnetic-resonance-induced changes in PL yield. These

combined techniques can unveil microscopic information on
the localization degree and thus the electrostatic potential of
the CT excitons from the spin−spin interaction between the
electron and hole of the CT excitons.

Thermodynamic Description of Relevant Activation
Energies. First, we clarify some experimental parameters used
to describe charge separation from a thermodynamic
perspective. Ea is defined as an energy barrier to change state
configuration from bound excitons into free charges. Therefore,
Ea represents a Gibb free energy change (ΔG) of the system.
Eb, on a contrary, represents an energy stored in the system,
which can be referenced to as a system enthalpy (H). Under a
canonical approximation, ΔG is derived as

Δ = Δ − ΔG H T S (1)

The second term of eq 1 describes an entropy contribution in
charge separation. Therefore, an equation which describes
charge separation would take a form of

= − ΩE E r k T r( ) ln[ ( )]a b B (2)

where Eb(r) = e2/4πε0εrr. r is the electron−hole separation, and
ε0(εr) is the vacuum (effective) dielectric constant. Ω(r) is a
configuration number that the electron/hole can access at the
distance r. From eq 2 it is evident that, even though Ea and Eb
are interconnected and converge to the same value at very low
temperature, they are totally different physical quantities. This
calls for caution in deducing Eb from commonly known
methods such as by studying temperature-dependent or
electric-field-dependent CT exciton recombination and dis-
sociation. In most cases only Ea can be determined
experimentally, since the entropy contribution is generally
unknown. To justify the thermodynamic description for charge
generation, Ea, Eb, and the entropy contribution must be
individually addressed. In our study, therefore, we apply
experimental methods that can directly interrogate Eb of the
relaxed CT excitons. Ea can then be evaluated from temperature
dependence of charge generation via the CT states. Finally, the
entropy contribution will be analyzed based on the
thermodynamic modeling.

■ EB OF THE RELAXED CT EXCITONS
Figure 1b shows PL spectra under photoexcitation above the
TQ1 absorption edge from the pristine D and A materials and
TQ1/PCBM71 blended with the weight ratios of 3:1 and 2:5. A
comparison between these spectra gives an indication for CT
emission at wavelengths exceeding 800 nm, which becomes a
dominant emission for the blend with the 3:1 ratio. Quenching
of CT-PL in the blend with the larger fullerene load is
attributed to efficient charge separation that is promoted by
fullerene aggregation and delocalization effects, in agreement
with previous PL and pump−push−photocurrent (PPP)
experiments in the same system.15 While the charge generation
via ballistic tunnelling through electronic band states, as
suggested by Geĺinas et. al,8 can explain relative quenching of
CT-PL, we further examine the electronic structure of the
relaxed CT states to understand whether the aggregation of
fullerene can alter the electron−hole separation distance of the
relaxed CT states that would result in a reduced Eb and better
charge separation.
A comparison of CT-PL in these two different blends is

expected to reveal possible variations of Eb, vibrational
coupling, and energy disorder of the CT excitons. In practice,
however, this proves to be difficult due to spectral overlap of

Figure 1. (a) Molecular structures of the TQ1 donor and the
PCBM71 acceptor. (b) Photoluminescence spectra at 20 K from TQ1,
PCBM71, and TQ1/PCBM71 blended with 3:1 and 2:5 weight ratios.
(c) PL spectra from the 3:1 and 2:5 blends, obtained under the
resonant excitation of the relaxed CT excitons.
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the CT-PL with PL from phase-segregated TQ1 and PCBM71
domains that commonly occur due to imperfect intermixing.
To eliminate such contributions, resonant excitation of the CT
states was employed without exciting D and A. This can be
done by photoexcitation below the absorption edges of both
TQ1 and PCBM71, which can be identified by photo-
luminescence excitation (PLE) measurements shown in Figure
S1. Aided by PLE, we select the photoexcitation wavelength of
800 nm for resonant CT excitation. The resulting CT-PL
spectra from the 3:1 and 2:5 blends are normalized and plotted
in Figure 1c. The PL spectra are rather broad and unstructured.
The observation of nearly identical CT-PL from both 3:1 and
2:5 blends indicates that the electronic states and local
molecular arrangements, which are associated with the energy
and broadening of the CT exciton emission in these two
different blends, should be very similar.
To quantify the e−h coulomb interaction, we evaluate Eb

from the strength of e−h spin dipolar coupling (D) by
analyzing the fine structure of the spin-triplet CT excitons from
spin-resonance studies. This is because both D and Eb are
proportional to an effective electron−hole separation ⟨r0⟩ at the
interface, which makes an interconversion between these two
parameters possible under a point-dipole approximation.18−21

For the choice of a spin-resonant technique, we resort to the
optically detected magnetic resonance (ODMR) spectroscopy.
ODMR gives spectral selectivity in spin-resonance detection
that is superior over light-induced electron spin resonance
(ESR). We show in Figure S2 that, by selecting different
spectral detection windows, e.g., either related to TQ1-PL or
CT-PL bands, different spin-resonance active species can be
monitored. This is confirmed by a comparative ODMR study of
pristine TQ1 and PCBM71 shown in Figure S3, parts a and b.
The ODMR detection via CT-PL, therefore, ensures that the
monitored spin-active species are at the heterointerfaces, rather
than intermolecular CT excitons at the homointerface of TQ1
or in PCBM71 phase-segregated domains.18,19

In Figure 2, parts a and b, we show ODMR spectra at 20 K,
by detecting the CT-PL band (detection wavelength >950 nm)
from the 3:1 and 2:5 blends. As ODMR detects a relative
change in the PL intensity (ΔPL/PL) under the spin-resonance
condition, these spin species are associated with the CT singlet
recombination. From a detailed analysis of the ODMR spectra,
a single peak marked by “1” and a doublet feature marked by

“2” can be identified. They differ in the phase of the lock-in
detection, indicating that they are of different origin. We assign
the signal 1 to trapped polarons in the vicinity of the CT
recombination, which is likely to be at distorted molecular side
chains of PCBM71. The signal 2 is dominated by the doublet
structure with side shoulders. It is characteristic for a spin-
resonance pattern from a spin triplet with randomly oriented
spin−dipolar-coupling directions. An extent in the spread of the
spin-resonance fields scales with the strength of the spin−
dipolar interaction D. By comparing with the spin-triplet
ODMR signals found in the pristine TQ1 and PCBM71 shown
in Figure S3, this new triplet signal has much weaker spin−
dipole coupling. This is expected for the CT excitons, as the
electron and hole of the CT exciton reside on the opposite
sides of the interfaces. A spin Hamiltonian analysis, shown in
the Experimental Section, yields D = 50 MHz for the interfacial
CT triplet exciton. The D value is found to be identical in the
3:1 and 2:5 blends, within the experimental accuracy. This
indicates the same electronic and spin structure of the CT
excitons, in agreement with the PL results.
As the electron and hole of the CT excitons at the D−A

interfaces are known to be physically apart, we assume that
electron and hole wave functions at the heterointerface are only
weakly overlapping. Then, the integrals for Coulomb and spin−
dipolar interactions associated with the spatially separated
electron and hole clouds can be reduced to a point-dipole
problem.21 On the basis of such approximation21 we derive an
effective e−h separation distance at the interface ⟨r0⟩ = 1 nm,
which corresponds to Eb(r0) = 310−500 meV, assuming a
typical dielectric constant of 3.4−4.3.
We should note that the exact photophysics that leads to the

ODMR response (and response of electrically detected
magnetic resonanceEDMR) for spin 1/2 polarons and
triplet excitons is still a subject of intense debate in the OPV
community.22−26 For the ODMR signals studied here, we
speculate that the spin-resonant transition leads to a reduction
in an exciton−polaron annihilation rate causing positive
ODMR response of signal 1, whereas a change in the
singlet−triplet spin conversion rate leads to a positive
ODMR response of the signal 2. As the details of the
ODMR response are beyond the scope and will not alter the
main conclusions of the present study, they will not be
discussed further in this paper.

■ TEMPERATURE EFFECT IN CHARGE GENERATION
VIA RESONANT CT ABSORPTION

To estimate Ea, we study temperature dependence of the charge
generation in the TQ1/PCBM71 (2:5) device with power
conversion efficiency (PCE) ∼6%. From room temperature
(RT) down to 50 K, the maximum external quantum efficiency
(EQE) quenches from 75% to <1%, as shown in Figure S4. The
previous study by Gao et. al has shown a linear increase of Voc
in a TQ1/PCBM71 (2:5) device as temperature reduces from
RT to 100 K.27 Following the model describing quasi-
equilibrium of charges, this indicates that the number of
photogenerated free charges is fixed despite the effect of
temperature. Therefore, the observed EQE reduction most
likely arises from poor electronic transport at low temperatures
that reduces charge extraction efficiency. As the effect of
temperature-dependent transport applies to all extracted
charges regardless of how they are generated, i.e., via polymer
absorption (above 1.7 eV) or via CT state absorption (1.4−1.6
eV), its contribution can be removed by normalizing EQE at

Figure 2. ODMR spectra obtained at 20 K by monitoring CT-PL,
from TQ1/PCBM71 with the 3:1 weight ratio (a) and the 2:5 weight
ratio (b). The simulated ODMR spectra from the S = 1/2 polaron and
S = 1 triplet CT exciton, based on the spin Hamiltonian analysis, are
plotted underneath the experimental data.
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different temperatures as shown in Figure 3. Strikingly, the
EQE curves at different temperatures merge. This implies that

charge generation via the CT state absorption at low
temperatures is as efficient as at room temperature. On the
basis of a model proposed for evaluating internal quantum
efficiency (IQE) from EQE and electroluminescence spectra,10

we estimate IQE above 90% at the relaxed CT absorption peak
at 1.45−1.50 eV. Combining these experimental findings, we
arrive at the conclusion that charge generation efficiency via the
relaxed CT states is as high as 90% over the temperature range
of 50−300 K. The results from the EQE study, therefore,
suggests a low energy barrier for charge separation from 50 to
300 K.
We note that there is a new charge generation band below

the CT absorption edge of 1.3 eV appearing at temperatures
below 50 K. This absorption band becomes a dominant
contribution over the low-energy range of the EQE curve at
cryogenic temperatures, which has prevented us from a
systematic tracking of EQE from the CT state absorptions
below 50 K, see Figure S4. In view of low electron/hole
mobilities and poor charge extraction efficiency at very low
temperatures, we suggest that this low-energy EQE (<1.3 eV)
originates from photoexcitation of long-lived trap charges that
are accumulated under a continuous-wave excitation.

■ ENTROPY CONTRIBUTION: IMPORTANCE OF
ENERGY DISORDER

With the knowledge of Ea and Eb(r0), we can now deduce the
entropy contribution by using the thermodynamic model. From
eq 2 Gregg has suggested that Ω(r) in three-dimensional
fullerene lattices holds the form of28

πΩ =r r a( ) 4 ( / )2
(3)

This model assumes a static hole at an interface, whereas an
electron can hop in a fullerene hexagonal close-packed lattice
with a lattice constant a = 1.2 nm. The configuration number
was counted by the number of fullerene units on the surface of
a hemisphere at the distance r. Ea, as a function of temperature
and electron−hole separation r according to the Gregg model,
is plotted in Figure 4a as the blue solid lines.
With only the contribution of configuration entropy, Ea is

about 200 meV at RT as shown in Figure 4a, where a Coulomb
barrier of ∼450 meV was plotted as the red solid line as a
reference. This translates to a Coulomb capture radius of about
6−8 nm, setting a limit for the minimum initial charge
separation distance ⟨r0⟩ ∼ 6 nm required for efficient long-
range charge separation.2 Such requirement may be possible for
charge generation via nonresonant CT excitation, where
delocalization effects can take place. This is, however, unlikely
for charge generation via the relaxed CT states, of which ⟨r0⟩ is
determined to be ∼1 nm. Furthermore, the prediction from the
Gregg model that Ea increases from 200 to 450 meV as
temperature decreases also contradicts to the nearly temper-
ature-independent EQEs presented above. All these facts point
to a rather small and temperature-insensitive Ea.
Hood and Kassal14 proposed a modified Gregg model by

combining energetic disorder with configuration entropy,
These are schematically represented in Figure 4, parts b and
c. For easy viewing, a hemisphere, that represents Ω(r), is
truncated to a 2D representation. For each configuration point
where the surface of the hemisphere intercepts fullerenes, the
energy levels of the fullerenes differ by the energy disorder
following a normal distribution with a standard deviation σ.
The generalized equation for Ea can be calculated via a partition
function Z(r):

= −⟨ ⟩E k T Z rln ( )a B (4)

where ⟨···⟩ is an averaged sum. Z(r) is defined by

∑= −
+

=

Ω ⎛
⎝⎜

⎞
⎠⎟Z r

E r E
k T

( ) exp
( )

i

r
i

1

( )
b

B (5)

Figure 3. Normalized external quantum efficiencies (EQE) of the
TQ1/PCBM71 devices as a function of temperature from 50 to 293 K.

Figure 4. (a) Thermodynamic modeling of Ea as a function of temperature and electron−hole separation distance r considering only configuration
entropy without (the solid blue curves) and with (the connected green symbols) energetic disorder-driven entropy gain. The red solid line
represents the Coulomb energy. (b) Schematic picture for counting the configuration number in the configuration entropy model and (c) for the
energy disorder contribution to the entropy gain associated with hopping from the initial state with energy Ei to the final state with energy Ef.
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where Ei represents the energy disorder at site i on the
hemisphere surface intersection.
Ea, as a function of temperature and electron−hole

separation r calculated by eqs 4 and 5 with σ = 140 meV, is
shown in Figure 4a as the green connected symbols. The
calculations yield the following two important conclusions.
First, the energy barrier is now as low as 30−40 meV.
Overcoming this barrier requires only a single hopping of
electrons at the interface to the nearest adjacent fullerene sides.
The next hopping as r increases tends to decrease free energy,
promoting spontaneous exciton breakup. Second, Ea is found to
be nearly temperature-independent. These two predictions
stem from the fact that it is very likely to find the hopping sites
with lower energies as the number of ways that electrons can
hop increases with increasing r.
We note that the value of Ea can be even lower depending on

further assumptions made in the model. Hood and Kassal
showed that, by allowing a contribution of hole energy disorder,
Ea reduces to 10 meV by setting σelectron = σhole = 100 meV.
Spontaneous exciton breaking with a negligible activation
barrier is also predicted if hole’s configuration entropy increases
due to formation of polymer’s three-dimensional network. This
could explain our observation of the temperature-independent
EQE over the temperature range of 50−300 K. Though the
exact value of energy disorder cannot be directly determined,
the present work clearly shows that, while a long-range charge
generation via nonresonant CT excitation can be promoted by
delocalization effects and configuration entropy, such mecha-
nisms cannot explain charge generation via the relaxed CT
states. Instead, the energy disorder between different hopping
sites holds an important key to gain sufficient entropy for
charge generation. We note that our conclusion also agrees with
the recent studies using ultrafast pump−probe second-
harmonic generation and kinetic Monte Carlo simulations
that highlight the role of energy disorder in generating charges
from relaxed CT states.29−31

■ DISCUSSION
With the understanding of the mechanism for charge
generation via the relaxed CT states, that is dominated by
the energy disorder, we can now evaluate whether the energy
disorder is beneficial or harmful to the overall device
performance. From the EQE results, we already see that only
less than 1% of the total number of charges are generated via
the CT absorption. On the other hand, the energy disorder is
known to reduce both carrier mobility and also Voc by a fraction
of σ2/(q2kBT) ∼ 170 meV at room temperature.32 Taking into
account charge generation and the energy loss factors, 1% gain
of carriers resulted in a loss of above 11% of Voc, not to
mention poor transport properties expected with increasing
energy disorder. Therefore, we conclude that a typical OPV will
not benefit from energy-disorder-induced charge generation via
the CT state absorption. Reducing energy disorder thus
remains a viable route for optimizing OPV performance.
There is, however, a special case when the disorder-induced
charge generation could be found advantageous in overall
device performancethat is charge generation via the relaxed
CT states by triplet exciton harvesting in model singlet fission
pentacene/fullerene solar cells. In this system photon energy is
used to generate triplet excitons with a fixed energy that further
convert to relaxed CT excitons with an internal quantum
efficiency approaching 200%. Here, energy disorder can help to
separate a large portion of the CT excitons into free charges.

■ CONCLUSIONS

We investigated charge generation via relaxed CT states. From
PL, ODMR, and temperature-dependent EQE measurements,
we found efficient charge generation via relaxed CT states over
the temperature range from 50 to 300 K, despite the strong
Coulomb binding energy that cannot be modified by fullerene
aggregation. Our finding was explained by the energy-disorder-
driven charge generation model. We discussed that harvesting
carriers via CT state absorption is not a viable route in OPVs, as
a minor gain in photocurrent with the help of the energy
disorder results in a large trade-off in the open-circuit voltage
loss.

■ EXPERIMENTAL SECTION

Samples. TQ1 was synthesized following the previously
reported procedure,33 and PCBM71 was purchased from Nano-
C Inc. TQ1 and PCBM71 were dissolved in o-dichlorobenzene
(oDCB) with a total concentration of 25 mg/mL for the blend,
10 mg/mL for TQ1, and 20 mg/mL for PCBM71. TQ1,
PCBM71, and TQ1/PCBM71 solutions were either spin-
coated or drop-cast on plastic foil substrates with a thickness of
about 100−500 nm. The TQ1/PCBM71 OPV devices were
prepared by the following procedure: (i) a PEDOT/PSS layer
(40 nm) was spin-coated on an ITO substrate, which was then
annealed at 120 °C for 30 min; (ii) a mixed solution of TQ1
and PCBM in oDCB was then spin-coated on the top with
∼100 nm thickness; (iii) a 0.6 nm thick LiF layer and 100 nm
thick aluminum layer were evaporated onto the active layer
under high vacuum, and the contact area was defined by a
shadow mask.

PL and PLE Measurements. PL and PLE measurements
were performed in a compressed He gas cryostat with an
operational temperature from 4 to 300 K. The photoexcitation
sources were a diode-pumped solid-state laser (532 nm) and a
wavelength-tunable Ti−sapphire laser (720−980 nm). PL was
spectrally resolved by a double-grating monochromator and
registered by a liquid-nitrogen-cooled Ge detector. The lock-in
technique was used to improve a signal-to-noise ratio, in phase
with mechanical chopping of the excitation beam at a frequency
of 150 Hz. Laser power was up to 120 mW with a spot size of
about 4 mm in diameter. In PLE, PL intensity was registered at
a fixed emission wavelength while the excitation wavelength of
light from a Ti−sapphire laser was scanned. PLE thus maps the
absorption band that is directly responsible for photogeneration
of carriers and the subsequent PL.

ODMR Measurements. ODMR was carried out at 20 K
with a modified X-band (∼9.4 GHz) ESR spectrometer. The
optical excitation sources were either the 532 nm line of a solid-
state laser or the near-infrared light from a Ti−sapphire laser.
ODMR signals, corresponding to microwave-induced changes
of the PL intensity under spin-resonance conditions, were
registered by a liquid-nitrogen-cooled Ge detector using a
proper set of optical filters to select desired spectral windows.
The ODMR signals were obtained by the lock-in technique in
phase with the modulation of microwave power at a typical
modulation frequency of 5−100 kHz. The ODMR signal from
the triplet CT exciton was observable over the temperature
range of 4−100 K. Above these temperatures, the ODMR
signals became too weak to be reliably detectable, due to line
broadening and possible changes in the spin relaxation time and
the population of spin-split states.
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EQE Measurements. Temperature-dependent EQEs were
measured by a home-built system. An OPV device was placed
in a compressed He gas cryostat with both optical and electrical
access. The device was photoexcited by a tungsten lamp
integrated with a single-grating monochromator and a proper
band-pass filter for selecting excitation energy. Photocurrent
was registered via a 50 Ω load. To increase sensitivity in
detecting charge generation via CT state excitation, the lock-in
technique was implemented by chopping light excitation at a
frequency of 150 Hz.
Spin Hamiltonian Analysis. Spin Hamiltonian simulations

of the ODMR spectra were done using an Easyspin software
package under the Matlab environment. Field positions and
transition probabilities of spin-resonance signals were calculated
by the resfield function. All the transition lines were assumed to
give a positive ODMR response. For spin 1/2 polarons, the
resonant position (Bres) was determined by the Zeeman effect:

μ=B hf g/res B

where h is the Planck’s constant, f is the microwave frequency, g
is the polaron gyromagnetic ratio, and μB is the Bohr’s
magneton. Broadening of the ODMR lines was taken as a
mixture of Gaussian and Lorentzian line shapes, to represent
both inhomogeneous and homogeneous broadening. For the S
= 1 triplet exciton, spin-resonant patterns were calculated using
an effective spin Hamiltonian of the form:

μ

̂ = ̂ + ̂

= · · + − + −

H H H

B g S D S S E S S[ ( /3) ( )]z x y

Zeeman ZFS

B ex
2 2 2 2

The first term represents the electronic Zeeman interaction,
where gex is the triplet exciton g-factor, and S = 1. The second
term is the zero-field splitting term, where D and E describe the
strength of axial and nonaxial components of the spin dipole−
dipole interaction. The powder pattern was considered for all
possible orientations of the spin dipole−dipole axis with respect
to the external magnetic field, as the OPV interfaces are
randomly oriented.
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■ MATERIAL ABBREVIATIONS
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2,5-thiophenediyl]
PCBM71: [6,6]-phenyl C71 butyric acid methyl ester
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(8) Geĺinas, S.; Rao, A.; Kumar, A.; Smith, S. L.; Chin, A. W.; Clark,
J.; van der Poll, T. S.; Bazan, G. C.; Friend, R. H. Ultrafast Long-Range
Charge Separation in Organic Semiconductor Photovoltaic Diodes.
Science 2014, 343, 512−516.
(9) Jakowetz, A. C.; Böhm, M. C. L.; Sadhanala, A.; Huettner, S.;
Rao, A.; Friend, R. H. Visualizing Excitations at Buried Hetero-
junctions in Organic Semiconductor Blends. Nat. Mater. 2017, 16,
551−557.
(10) Vandewal, K.; Albrecht, S.; Hoke, E. T.; Graham, K. R.; Widmer,
J.; Douglas, J. D.; Schubert, M.; Mateker, W. R.; Bloking, J. T.;
Burkhard, G. F.; Sellinger, A.; Frechet, A.; Amassian, J. M. J.; Riede, M.
K.; McGehee, M. D.; Neher, D.; Salleo, A. Efficient Charge Generation
by Relaxed Charge-Transfer States at Organic Interfaces. Nat. Mater.
2014, 13, 63−68.
(11) Tabachnyk, M.; Smith, S. L.; Weiss, L. R.; Sadhanala, A.; Chin,
A. W.; Friend, R. H.; Rao, A. Energy Efficient Dissociation of Excitons
to Free Charges. 2017, arXiv:1704.03780 [cond-mat.mes-hall].
arXiv.org e-Print archive. https://arxiv.org/abs/1704.03780.
(12) Tabachnyk, M.; Ehrler, B.; Gelinas, S.; Böhm, M. L.; Walker, B.
J.; Musselman, K. P.; Greenham, N. C.; Friend, R. H.; Rao, A.
Resonant Energy Transfer of Triplet Excitons from Pentacene to PbSe
Nanocrystals. Nat. Mater. 2014, 13, 1033−1038.
(13) Congreve, D. N.; Lee, J.; Thompson, N. J.; Hontz, E.; Yost, S.
R.; Reusswig, P. D.; Bahlke, M. E.; Reineke, S.; Van Voorhis, T.; Baldo,
M. A. External Quantum Efficiency above 100% in a Singlet-Exciton-
Fission−Based Organic Photovoltaic Cell. Science 2013, 340, 334−337.
(14) Hood, S. N.; Kassal, I. Entropy and Disorder Enable Charge
Separation in Organic Solar Cells. J. Phys. Chem. Lett. 2016, 7 (22),
4495−4500.
(15) Bakulin, A. A.; Xia, Y.; Bakker, H. J.; Inganas̈, O.; Gao, F.
Morphology, Temperature, and Field Dependence of Charge
Separation in High-Efficiency Solar Cells Based on Alternating
Polyquinoxaline Copolymer. J. Phys. Chem. C 2016, 120 (8), 4219−
4226.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.8b03432
J. Phys. Chem. C 2018, 122, 12640−12646

12645

http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.jpcc.8b03432
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.8b03432/suppl_file/jp8b03432_si_001.pdf
mailto:yuilon@ifm.liu.se
mailto:wmc@ifm.liu.se
http://orcid.org/0000-0002-9690-6231
http://orcid.org/0000-0002-2582-1740
http://orcid.org/0000-0001-7155-7103
https://arxiv.org/abs/1704.03780
http://dx.doi.org/10.1021/acs.jpcc.8b03432


(16) Melianas, A.; Etzold, F.; Savenije, T. J.; Laquai, F.; Inganas̈, O.;
Kemerink, M. Photo-generated Carriers Lose Energy During
Extraction from Polymer-Fullerene Solar Cells. Nat. Commun. 2015,
6, 8778.
(17) Felekidis, N.; Melianas, A.; Kemerink, M. Design Rule for
Improved Open-Circuit Voltage in Binary and Ternary Organic Solar
Cells. ACS Appl. Mater. Interfaces 2017, 9 (42), 37070−37077.
(18) Swanson, L. S.; Shinar, J.; Yoshino, K. Optically Detected
Magnetic Resonance Study of Polaron and Triplet-Exciton Dynamics
in poly(3-hexylthiophene) and poly(3-dodecylthiophene) Films and
Solutions. Phys. Rev. Lett. 1990, 65, 1140−1143.
(19) Lane, P. A.; Swanson, L. S.; Ni, Q.-X.; Shinar, J.; Engel, J. P.;
Barton, T. J.; Jones, L. Dynamics of photoexcited states in C60: An
Optically Detected Magnetic Resonance, ESR, and Light-Induced ESR
Study. Phys. Rev. Lett. 1992, 68, 887.
(20) Swanson, L. S.; Lane, P. A.; Shinar, J.; Yoshino, K.; Wudl, F.
Triplet Polaronic Excitons in Conducting Polymers: an X-band
Optically Detected Magnetic Resonance (ODMR) Study. Synth. Met.
1992, 50, 473−480.
(21) Riplinger, C.; Kao, J. P. Y.; Rosen, G. M.; Kathirvelu, V.; Eaton,
G. R.; Eaton, S. S.; Kutateladze, A.; Neese, F. Interaction of Radical
Pairs Through-Bond and Through-Space: Scope and Limitations of
the Point−Dipole Approximation in Electron Paramagnetic Resonance
Spectroscopy. J. Am. Chem. Soc. 2009, 131 (29), 10092−10106.
(22) Chen, Y.; Cai, M.; Hellerich, E.; Shinar, R.; Shinar, J. Origin of
the Positive Spin 1/2 Photoluminescence-Detected Magnetic Reso-
nance in π-conjugated Materials and Devices. Phys. Rev. B: Condens.
Matter Mater. Phys. 2015, 92, 115203.
(23) Segal, M.; Baldo, M. A.; Lee, M. K.; Shinar, J.; Soos, Z. G.
Frequency response and origin of the spin-1/2 photoluminescence-
detected magnetic resonance in a π-conjugated polymer. Phys. Rev. B:
Condens. Matter Mater. Phys. 2005, 71 (24), 245201.
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