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Equilibrium or Non-Equilibrium – Implications for the
Performance of Organic Solar Cells

Dorothea Scheunemann, Clemens Göhler, Constantin Tormann, Koen Vandewal,
and Martijn Kemerink*

With power conversion efficiencies approaching 20%, organic solar cells can
no longer be considered the ugly duckling of photovoltaics. Successes
notwithstanding, there is still a need for further improvement of organic solar
cells, both regarding energy and current management in these devices. At
present, there are different and mutually exclusive interpretation schemes for
the associated losses of energy and charge, hampering the rational design of
next generations of organic solar cells. One critical factor that affects voltage,
current, and fill factor losses is whether or not photogenerated charges are
effectively near or far away from thermodynamic equilibrium. While it is
commonly agreed that both the vibronic and (disordered) energetic structure
of organic semiconductors affect the solar cell characteristics, the degree to
which deviations from near-equilibrium population of the associated energy
level distributions matter for the photovoltaic performance is unclear:
near-equilibrium as well as kinetic descriptions have provided seemingly
convincing descriptions of a wide range of experiments. Here, the most
important concepts in relation to experimental results are reviewed, open
questions are addressed and implications for device performance and
improvement are highlighted.

1. Introduction

Nowadays, efficiencies of organic solar cells approach those of
competing solar cell technologies, making the organics less of
an outlier in the photovoltaic (PV) family. The same appears to
hold for the conceptual understanding that guides most of today’s
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optimization strategies of organic PV
(OPV). While these strategies have
proven to be very successful, there is
good reason to reconsider some of the,
usually tacit, assumptions about the
internal workings of OPV devices that
underlie them. With this review, we hope
to make the reader aware that this is not
only an academic affair but might well
lead to so far unexplored approaches
and design rules to further improve next
generations of organic solar cells (OSC).

A simple, phenomenological compar-
ison with state-of-the-art inorganic sys-
tems quickly reveals that OPV suf-
fers from disproportionate energy losses,
measured as the difference between the
energy of the absorbed photons and the
open circuit voltage, and, to a lesser de-
gree, to fill factor losses, measured as
a reduced squareness of the current-
voltage (JV) curve under illumination.[1]

Especially the former, voltage losses,
are understood as consisting of three
dominant factors, which all relate to

peculiarities of the commonly used organic semiconductor
blends of donor and acceptor materials.[2] First, the low dielec-
tric constant and the large overlap between the highest occu-
pied molecular orbital (HOMO) and lowest unoccupied molec-
ular orbital (LUMO) wavefunctions lead to exciton binding ener-
gies that much exceed the thermal energy and necessitate the use
of donor-acceptor blends in which an appropriate energy level off-
set drives the transfer of one of the constituent charges of the ex-
citon that sits on material A to the other material B, splitting the
exciton.[3] Second, photovoltaic blends typically make very poor
light emitters, whose external quantum efficiency of electrolumi-
nescence (EQEEL) can be directly linked to voltage losses via ther-
modynamic considerations.[4] Third, energetic disorder leads to
tails of localized states inside the bandgap, in which photogener-
ated charges can thermalize.[5]

The similarity in conceptual understanding of organic and in-
organic PV systems does not sit in these factors by themselves,
but in the fact that they are analyzed and interpreted using mod-
els that critically rely on the notion that OPV devices can be
considered to operate in near-equilibrium conditions. Here, the
term “near-equilibrium” can loosely be understood as electron
and hole populations each being in equilibrium with the lattice,
that is, being characterized by a Fermi-Dirac distribution with a
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characteristic temperature that equals that of the rest of the sam-
ple and a quasi-Fermi level E⋆

F,n∕p that differs for electrons (n) and
holes (p). In full equilibrium, one would have E⋆

F,n = E⋆
F,p and the

device would not be able to deliver any power. Near--equilibrium,
energy level offsets one-on-one translate into energy losses, as
does thermalization in the disorder-broadened density of states
(DOS); under these conditions, a sub-unity EQEELtranslates to a
loss in open circuit voltage VOC of qΔVOC = kBTln(EQEEL) with
q the elementary charge and kB Boltzmann’s constant as dis-
cussed in detail below. In turn, these factors rationalize the cur-
rently popular mitigation strategies of driving force reduction
and suppression of nonradiative recombination and disorder.[6]

The Theory and Observables sections below will discuss the near-
equilibrium thermodynamic model along with some of its most
successful applications to experiments, as well as some of its
shortcomings.

Despite the predictive and guiding qualities of near-
equilibrium models, there are experimental and theoretical
results that cast doubt on the validity of the near-equilibrium
assumption. Stepping ahead of the more detailed discussions in
the following sections, there are at least two well-established time
windows in the event chain from photon absorption to charge
extraction at which photogenerated charges may not at all be in
near-equilibrium: at very short (∼ps) time scales after absorption
(and possibly after charge transfer), the photogenerated charges
will likely populate states that are vibronically hot. Such states
might be more delocalized and give rise to coherent or band-like
motion that is no longer observed once the charge has (locally)
cooled down. At long (∼μs) time scales, charges thermalize in the
broadened DOS, which is a slow process as sites around typical
equilibrium energies are rare, and charges have to travel over
relatively large distances to reach them. During this process,
motion is potentially strongly diffusive and characterized by an
enhanced (transient) mobility, driven by the ongoing energy
loss. Note that also charge carrier lifetimes in operational OPV
devices under solar irradiation are in the μs range,[7] and even
longer at low intensities.[7]

Before turning to a more detailed description of processes in
OPV, it is interesting to consider the question of to which de-
gree randomizing or diffusive forces might be expected to be im-
portant and to which degree non-equilibrium effects might con-
tribute to that. For this purpose, the Péclet number, which is com-
monly used in fluid dynamics and defined as the ratio of advective
over diffusive transport rates, is useful. Applied to a photogener-
ated charge that responds to deterministic and diffusive forces
that act on a relevant characteristic length scale, it can be written
as

Pe =
Etyp

drift

Etyp
diff

(1)

where we have expressed Pe in terms of characteristic energies
instead of forces by multiplying with a typical length scale. The
factors Etyp

drift and Etyp
diff are then the energies associated with deter-

ministic and stochastic motion, respectively. We will focus on the
effects of energetic disorder, which is characterized by a Gaus-
sian density of localized states of width 𝜎DOS in the order of
0.05–0.1 eV and inter-site transport. Moreover, we will assume

that photogeneration occurs at t = 0 on a random site in the
DOS, such that thermalization over an energy ≈ 𝜎DOS must oc-
cur by inter-site motion for near-equilibrium to set in. At short
time scales, that is prior to thermalization, Pe then becomes Pe ≈
qaNNF/𝜎DOS ≈ 10−2 ≪ 1 for the nearest neighbor distance aNN ≈
1 nm and an extraction field F ≈ 106 V m−1, implying that inter-
site carrier motion will be completely random. At the longer time
scales at which extraction occurs, one gets Pe ≈ qLF/kBT, where L
is the device thickness ≈ 100 nm and kBT ≈ 0.025 eV the thermal
energy at ambient temperature, giving Pe ≈ 4> 1. Hence, at these
time scales, directed transport will dominate, provided that kBT is
indeed the relevant energy scale. This, in turn, demands that ther-
malization in the DOS has completed, implying an energy loss of
the order of magnitude of 𝜎DOS. Incomplete thermalization be-
fore charge carrier extraction might limit these energy losses, al-
beit at the price of more diffusive motion. Unless the contacts are
perfectly selective, the latter will reduce the photocurrent due to
charges ending up at the wrong contact. Summarizing this short
digression on the Péclet number, it may be anticipated that trans-
port, i.e., separation and extraction, of photogenerated charges in
OPV is significantly more diffusive than expected on basis of the
lattice thermal energy alone. It highlights the critical role of the
thermalization time in relation to the other relevant time scales
in the system, e.g. for recombination and extraction.

1.1. Theory

In its most general form, an organic solar cell consists of an or-
ganic absorber layer, sandwiched between two, ideally charge-
selective, contacts, as illustrated in Figure 1. An ideal contact is
here a contact where there is no energetic barrier to inject or ex-
tract one type of carrier, which is the majority type carrier. Ex-
traction or injection of the other type of carrier, the minority car-
rier, will be heavily suppressed. The absorber layer consists of a
blend between an electron donor (often a polymer) and (small
molecule) acceptor. In this layer incident (solar) photons are con-
verted efficiently into mobile charge carriers in a rather com-
plex and debated process described below. The free electrons and
holes move under the influence of a built-in or external electric
field (drift) and diffusion. Charges are extracted at their respec-
tive electrode, producing a photocurrent. The directionality of
charge extraction might be achieved using contacts with appro-
priate (different) work functions, or alternatively by using p- or
n-type doped interlayers, resulting in hole and electron selectiv-
ity, respectively. Both result in an internal electrostatic field which
is sufficient to extract most of the photo-generated charges.

Applying a negative voltage over the device increases this field.
A positive voltage decreases this electric field and will result in the
diffusive injection of electrons and holes at their respective elec-
trode (Figure 1). The high charge density in the device at forward
voltages will result in a significant increase in the electron-hole
encounter probability and thus in a significant recombination
current. At open-circuit, this recombination balances with the
photocurrent, setting the open-circuit voltage (VOC). The ques-
tion whether this balance is thermodynamic, i.e., involving re-
combination of the equilibrated, photogenerated charges, or ki-
netic, due to balancing photo- and injection-currents that need
not be in thermodynamic equilibrium, is experimentally hard to
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Figure 1. Current density (J) – voltage (V) curves, in darkness (black) and under illumination (gray). Open-circuit voltage (VOC), short-circuit current
(JSC) and the maximum power point (Pmax) where the absolute value of the J · V product is maximal in the power-generating quadrant is indicated in the
graph. At voltages around short-circuit charges are extracted with the aid of an electric field over the active layer, as indicated schematically in the lower
part of the figure. At voltages sufficiently high to inject charges, the electric field F⃗ over the active layer is reduced. Charges are injected via the selective
contacts and recombine within the active layer. The recombination event can result in photon emission by electroluminescence (EL), schematically
indicated on the right-hand side of the figure.

answer and will be discussed later in this review. At short cir-
cuit, the charge density within the photo-active layer is low, as no
charges are injected and the electric field is sufficiently high to
quickly remove the charge carriers out of the photo-active layer.
The electron-hole encounter probability and the recombination
current are therefore low and the short-circuit current (JSC) is
therefore close or equal to the current produced by the photo-
generated charges.

At the working point of the solar cell, the generated power,
which is the product of the net-generated current and applied
voltage, is maximal. The power conversion efficiency (PCE) is the
maximum generated power (Pmax), divided by the illumination
intensity. A high PCE implies that the voltage and current at the
maximum power point are close to VOC and JSC, respectively. The
ratio between Pmax and the VOC · JSC product defines the fill factor
(FF) of the device, which in the best organic solar cells can be up
to 0.8.[8]

In the dark, organic solar cells show the current-voltage char-
acteristic of a diode: when a forward voltage is applied, elec-
trons and holes are injected into the absorber layer. When the
contacts are selective, these injected charges can only leave the
absorber layers by recombining with an opposite sign charge
carrier. The current at forward voltages in such devices is thus
entirely a recombination current and can therefore result in
an emitted photon-flux; this electroluminescence (EL) becomes
brighter when non-radiative pathways are removed. The EL spec-
trum and quantum efficiency are thus expected to contain infor-
mation on the recombination pathways within the photo-active
layer. The quantitative relation between (non-)radiative recombi-

nation and photovoltaic performance of the OPV device is dis-
cussed further in later sections.

Let us now look in more detail at the microscopic charge gener-
ation and recombination processes proceeding within the photo-
active layer when illuminated. Here, we will follow the arrows
in the energy (state) diagram in Figure 2. Photon-absorption
results in the creation of a singlet exciton which upon cre-
ation has the same energy as the photon. Several excited state

Figure 2. State diagram at the donor-acceptor interface. Optical excitation
of the ground-state (S0) of the donor or acceptor results generally in an
electronically and vibrationally excited state Sn. The electronic processes
indicated by the arrows (1)–(4) and associated energy losses are discussed
in the main text. Blue arrows indicate pathways where equilibration within
the CT state occurs before further dissociation. Orange arrows indicate
out-of-equilibrium pathways where equilibration within the CT state man-
ifold does not occur before dissociation.
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processes result in the dissipation of this energy. Relaxation
within the excited state energy levels is possible, but when the
exciton is created in close proximity to the donor-acceptor inter-
face, electron transfer competes with this relaxation process, and
charge transfer from higher energy singlet (Sn) states occurs.[9]

However, also the relaxed singlet (S1) dissociates efficiently in
the highest-performance OPV blends, as in these devices, the
absorbed photon-to-collected-charge conversion yield (or inter-
nal quantum efficiency, IQE) upon S1 excitation is near unity.[10]

Charge-transfer (CT) states formed upon dissociation (process
(2) in Figure 2) might therefore have some excess energy, which
can in principle be dissipated within the CT state manifold. A
CT state is hereby defined as the interfacial electronic state, cou-
pled to the ground state, where the electron is on the acceptor
and the hole resides on the donor.[11] A CT state can thus decay
to the ground state, or further dissociate into separate positive
and negative free charge carriers (process (3) in Figure 2). Fast
dissociation of higher energy CT states will result in free carri-
ers with (orange arrows in Figure 2) or without (blue arrows in
Figure 2) a significant amount of vibronic excess energy. These
carriers remain in the photo-active layer, relaxing further, until ex-
tracted or until they encounter a charge carrier of opposite sign,
forming a CT state (arrow (4) in Figure 2), which then can re-
dissociate or recombine (process (5) in Figure 2). In principle,
the CT state can also populate an excited triplet state (T1) in ei-
ther the donor or the acceptor material, but the relevance of this
pathway is debated and, in view of the long triplet lifetimes, likely
governed by equilibrium statistics and outside the scope of the
present discussion.[12] The debate in the field to be covered here
is on which timescales and to what extent the excess energy is dis-
sipated within the steps described above. The extremes of the op-
posing views encountered in the literature are shown in Figure 2.

The view indicated by the blue arrows is that the free carri-
ers extracted at the electrodes, as well as the recombining CT
states, are vibronically fully thermalized. Furthermore, the lowest
energy CT state (CT1) dissociates efficiently and its dissociation
yield determines the overall dissociation yield.[13] An alternative
view (indicated by the orange arrows) is that free carriers are lo-
cally “hot”, i.e., vibronically non-thermalized and that recombi-
nation occurs from non-thermalized states.[14] As it is the energy
and kinetics of the recombining state which determine the pho-
tovoltage, both views would result in different design rules for
future OPV materials. For OPV following the relaxed pathway, it
is conversion of CT1 to the ground state which should be sup-
pressed, while for devices relaying on the non-thermalized path-
way, it is the conversion of CTn to CT1 which should be inhib-
ited as much as possible. Similar questions arise when one adds
the complications due to energetic disorder, which introduces an-
other, slower, time scale of thermalization and will be discussed
in more detail below. Interestingly, the corresponding schematic
would be largely identical to Figure 2, but the meaning of the
horizontal lines would change from vibronic levels of a single
oscillator to ground state energies of a distribution of localized
states.

Solving the question through which pathway charges follow
requires experimental determination of all involved states and
all rate constants at which relaxation and dissociation processes
take place. The extent to which there is energetic disorder and
via which mechanisms energetic disorder is introduced should

Figure 3. Schematic representation of static and dynamic disorder. The
blue ovals indicate chromophores with, in the case of static disorder,
the shade of blue being an indication of the average energy of the chro-
mophore. Dynamic disorder results from the vibrations and rotations
within the chromophores as well as relative to the neighboring chro-
mophores. The energy at the different sites thus varies in time.

be resolved. Energetic spread on the energy levels of all of these
states is the combined result of static and dynamic disorder.[15,16]

The difference between these types of disorders is illustrated in
Figure 3. Static disorder results in a spread of the energy levels at
a certain site due to its specific environment of orientation with
the rest of the sites. Dynamic disorder is a consequence of the
thermal vibrations of the nuclei within molecular sites or vibra-
tion of two molecular sites with respect to each other. When re-
ducing the temperature these vibrational modes are less popu-
lated, with at very low temperatures only the zero point oscilla-
tions remaining.

Following a charge carrier (population) as it moves through the
kinetic diagram in Figure 2, we will briefly discuss the processes
it encounters along the way, with an emphasis on potential non-
equilibrium effects.

Accounting for the strong electron-phonon coupling in or-
ganic semiconductors, the absorption spectrum (process (1) in
Figure 2) is commonly written as[2]

A (ℏ𝜔) ∝ [n (ℏ𝜔)ℏ𝜔] ⋅
∑

m

e−SSm

m!
⋅ Γ

(
ℏ𝜔 −

(
ℏ𝜔0−0 + mℏ𝜔ph

))
(2)

where S is the Huang-Rhys factor, m is the number of vibrational
levels (number of vibronic peaks), and Γ and ℏ𝜔0-0 are the line
shape and the central energy of the 0-0 transition, and ℏ𝜔ph is
the dominant phonon mode; a more general expression is ob-
tained by summing over multiple phonon modes.[2] In the pres-
ence of strong energetic disorder, the line shape reflects a simple
convolution of the occupied (HOMO) and unoccupied (LUMO)
densities of states, possibly weighted by an (unknown) energy
dependence of the matrix element. The reorganization energy 𝜆

that appears in the semiclassical Marcus model, c.f. Equation 4
below, relates to the parameters used here as 𝜆 = Sℏ𝜔ph.[2,17] As it
stands, Equation 2 contains no direct reference to temperature as
it has been derived under the assumption that only the lowest vi-
bronic state is occupied. As this condition is also realistic for OPV
under practical operational conditions, any non-equilibrium ef-
fects on the S0–Sn absorption spectra of OPV can be assumed to
be limited to photo-induced bleaching, which is typically in the
10−4–10−3 range and thus irrelevant for performance.[7] Note that
Equation 2 applies to both S0-Sn and S0-CT absorptions, possibly
with different dominant phonon modes.[18]

Equation 2 indicates a significant probability that directly af-
ter excitation, the photoexcited electron-hole pair populates a
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vibronically excited state. Although the subsequent thermaliza-
tion to the vibronic ground state is believed to occur on the
ps timescale, this leaves a window for ultrafast “hot carrier” ef-
fects that might contribute to an efficient charge transfer (pro-
cess (2) in Figure 2) and/or charge separation (process (3) in
Figure 2).[14,19,20] Specifically, Grancini et al. argued that excess
photon energy with respect to the optical gap contributes to the
charge generation efficiency because it allows for a resonant cou-
pling between the nascent singlet exciton and hot interfacial
states, which are more delocalized in nature and thus more prone
to ultrafast charge separation instead of relaxation to the bound
CT1 state.[21] Although the original paper has been heavily crit-
icized for not properly accounting for cavity effects, the general
idea of delocalized excited states contributing to efficient charge
generation is by now commonly accepted.[22–24] In a seminal pa-
per, Gélinas et al. interpreted transient electroabsorption spectra
in terms of ultrafast (<40 fs) delocalization of the electron wave-
function into acceptor aggregates.[25] In a preceding paper, the
same group used a pump-push experiment to demonstrate an
enhanced dissociation probability of bound interfacial CT-states
upon absorption of an infrared “push” photon that was argued to
promote bound charge pairs to higher-lying, delocalized band-
like states.[26] Theoretical studies have highlighted various as-
pects of charge carrier delocalization, enhancing the probabil-
ity of charge carrier separation over distances of up to tens of
angstroms.[20,27–29] Note, in this context, that (enhanced) charge
carrier delocalization is not limited to vibronically excited states,
and may also occur because of the wavefunctions of thermalized
states spreading out due to aggregation, conjugation, or simply
low tunneling barriers.[30] These factors do share the property
that they lead to deeper, more relaxed states becoming more lo-
calized than higher-lying ones.[31]

While vibronic “hotness” may contribute to charge transfer
and short-range charge separation, it cannot contribute to long-
range transport by hopping due to the strong coupling to molec-
ular vibrations and the associated rapid cooling to the vibronic
ground state. For such “cold”, on-site relaxed charges, the trans-
port is generally described in terms of thermally activated tun-
neling or hopping between discrete sites that are localized both
in real and energy space. The most commonly employed expres-
sions for the hopping rate 𝜈if between an initial site i with energy
Ei to a final site j with energy Ej are due to Miller-Abrahams, viz.[2]

𝜈ij =

{
𝜈0 exp

(
−2𝛼rij

)
exp

(
− Ej−Ei

kBT

)
, Ej > Ei

𝜈0 exp
(
−2𝛼rij

)
, Ej ≤ Ei

(3)

and Marcus, viz.

𝜈ij = 𝜈0 exp
⎛⎜⎜⎝−

(
Ej − Ei + 𝜆

)2

4𝜆kBT

⎞⎟⎟⎠ (4)

Here, 𝜈0 is the attempt to hop frequency, 𝛼 the inverse local-
ization length, rij the inter-site distance and 𝜆 the reorganization
energy. Equations 3 and 4 are derived on basis of different as-
sumptions and can lead to different predictions for thermaliz-
ing charges in a strongly energy-dependent DOS. For example,
the mean hopping distance increases for progressing thermal-

ization for Miller-Abraham rates, but not for Marcus rates. How-
ever, for computational reasons, numerical simulations are often
conducted on regular lattices with parameters that make hops
to non-nearest neighbors very unlikely, irrespective of initial en-
ergy. In that limit, Equations 3 and 4 lead to very similar predic-
tions when used to model charge transport in strongly disordered
systems.[32] Specifically, the slow thermalization of charges that
will be discussed below, occurs irrespective of the hopping rate
expression used.

The site energies Ei are generally believed to be randomly dis-
tributed according to a strongly energy-dependent DOS, typically
of exponential or Gaussian shape. In both cases, the thermaliza-
tion of charges toward some equilibrium energy follows a log-
linear time dependence, that is, thermalization slows down dra-
matically with time, see Figure 4.[33,34] The physical reason for
the slowdown is that deeper sites become increasingly rare, and
therefore partially relaxed charges have to first be re-activated to-
ward transport energy before they can find a deeper lying site. At
longer times, the thermalization will saturate at either the Fermi
energy, for exponential DOS and Gaussian DOS beyond the
Boltzmann limit, or at the equilibrium energy E∞ = −𝜎2

DOS∕kBT
for Gaussian DOS in the Boltzmann limit.

Since charge extraction in state-of-the-art OPV devices is rather
efficient, the charge carrier densities in such devices are gen-
erally low; for 1 Sun conditions, typical values are ≈1022 m−3,
which translates into a concentration of 10−5 for a number den-
sity of 1027 m−3 for aNN = 1 nm.[7] Concomitantly the electron
and hole quasi-Fermi levels lie deep in the tail of their respec-
tive DOS. This, in turn, will enhance the relaxation time, i.e., the
time needed for thermalization. A rough estimate can be made
on basis of the results from Pautmeier et al., see also Figure 4b.[35]

Using kinetic Monte Carlo simulations, they found that the relax-
ation time trel follows the empirical relation

trel

t0
= 10 ⋅ exp

(
−
(
1.07 ⋅ 𝜎

)2
)

(5)

with t0 = (6𝜈0 exp(−2𝛼aNN))−1 the dwell time, and �̂� = 𝜎DOS∕kBT
the normalized Gaussian disorder. Assuming a very modest
Gaussian disorder of �̂� = 2 and further 2𝛼aNN = 10 and 𝜈0 =
1011s−1, one has t0 ≈ 4 · 10−8 s and trel ≈ 40 μs. Since the charge car-
rier lifetime in OPV around open circuit conditions is below 10
μs, one cannot upfront assume thermalization to complete prior
to extraction or recombination.[7]

It was discussed in the context of Equation 1 above that the
thermalization of photogenerated charges in the DOS consti-
tutes an energy loss, which may be as large as several hundreds
of meV.[5,36] At the same time, the excess energy in the distri-
bution of localized but “vibronically cold” states constitutes an
energy reservoir that may be used to overcome any remaining
Coulomb binding energies and that leads to transient higher-
than-equilibrium mobility.[34,37–39] The physical reason for the lat-
ter is the larger density of final sites to hop to that lie at compara-
ble or lower energy than the initial site when the latter is less re-
laxed in the DOS. According to Equations 3 and 4, this gives rise
to higher-than-equilibrium hopping rates and thereby a higher
(transient) mobility as illustrated in Figure 5.

It is important that the use of the hopping rates Equations 3
or 4 in kinetic models for OPV devices assures that the charge
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Figure 4. a) Temporal evolution of the charge carrier energy distribution in a Gaussian DOS of width 𝜎DOS = 2kBT. 𝜖∞ denotes the theoretical mean
energy in the long-time limit. b) Time decay of the mean energy of an ensemble of charge carriers moving within a Gaussian DOS of width �̂� = 𝜎DOS∕kBT .
Reproduced with permission.[34] Copyright 1993 Wiley.

transport obeys detailed balance at the microscopic level, which
should be the case when it is assumed that charges are “locally
cold”, i.e., have relaxed to the local ground state. This does not
imply that the macroscopic system obeys detailed balance under
operating conditions. In fact, the results in Figures 4 and 5 above
suggest that charges that have been optically generated at ran-
dom energy in the DOS will travel to the electrodes using another
(“hot”) subset of states than the “cold” charges that travel from the
electrodes (thermal reservoirs) to recombine in the bulk of the de-
vice. In such systems, reciprocity between photovoltaic quantum
efficiency (charges out per photons in) and electroluminescence
(photons out per charge in) may be broken.[40]

The higher hopping rates for less thermalized charges may
also be expected to affect the recombination of photogenerated
charges (process (5) in Figure 2). On the one hand, kinetic Monte
Carlo simulations of recombination of equilibrated charges in 3D
isotropic media indicated recombination rates that are close to
the equilibrium Langevin value, with deviations arising due to
geometric constraints, anisotropy, and mobility imbalances.[41,42]

On the other hand, under the non-equilibrium conditions that

arise when photogenerated charges are still thermalizing, hop-
ping rates may exceed the recombination rate by orders of magni-
tude, leading to a high probability of (re-)dissociation of electron-
hole pairs in a CT or exciton state, in turn leading to actual re-
combination rates that are orders of magnitude lower than the
Langevin value.[43–45]

For electron-hole pairs for which the association into a CT or
exciton leads to actual recombination, the electroluminescence
spectrum has the reciprocal form to Equation 2, viz.[2]

𝜙EL (ℏ𝜔) ∝ [n (ℏ𝜔)ℏ𝜔]3 ⋅
∑

m

e−SSm

m!
⋅ Γ

(
ℏ𝜔 −

(
ℏ𝜔0−0 − mℏ𝜔ph

))
(6)

Note, however, that even in the case that thermalized charges
recombine, as is the case in a low-bias electroluminescence exper-
iment, the line shape Γ(E) may deviate from what would naively
be expected, i.e., from a simple convolution of (thermalized occu-
pations of) the HOMO and LUMO densities of states. This hap-
pens due to the fact that at least one of the recombining charges

Figure 5. Hole thermalization and the corresponding transient mobility. a) Measured hole relaxation in a TQ1:PC71BM blend (filled orange circles)
and a PCDTBT:PC61BM blend (empty orange circles) and the results from kMC simulations (dashed and solid red lines). The center of the hole DOS
(HOMO level) sits at the black dashed line. b) Measured time-dependent mean mobility of a TQ1:PC71BM blend from various experiments, indicated
in the figure (blue lines and symbols), and kMC simulations at the indicated initial carrier densities n0 (red symbols). The red dashed line indicates the
equilibrium mobility corresponding to the simulation parameters. The black empty diamonds and black empty circles indicate the extraction time at
short-circuit and at maximum-power point respectively, highlighting the incomplete thermalization under operational conditions. Reproduced under the
terms of the CC BY license.[36] Copyright 2015, the authors, published by Springer Nature.
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has to be excited toward transport energy in order to reach its
recombination partner.[18,46]

2. Observables

In this section, we address a range of directly measurable quan-
tities, including some key performance indicators of OPV de-
vices. Although the interpretation of these observables may vary
between different authors, which is the topic of this review, the
quantities themselves can directly be extracted from experiments
and do not require an interpretation step.

2.1. Electro- and Photoluminescence

A straightforward experimental method to investigate the ener-
getic distribution of charge carriers in the DOS is the spectral
analysis of their recombination energy from luminescence (non-
thermal emission of radiation). For OSCs, relevant cold emis-
sion is induced by applying a photochemical or electrochemi-
cal potential to study either photo- (PL) or electroluminescence
(EL).[13,15,16,47–54] In general, luminescence experiments usually
result in one or more of three basic observables: the spectral dis-
tribution of emitted radiation given by the flux ϕL(ℏ𝜔), the radia-
tive recombination efficiency EQEL, and the temporal evolution
in the form of emission transients. The emitted photon flux ϕL
can, in accordance with Kasha’s rule[55] and Würfel’s generaliza-
tion of Kirchhoff’s law,[56] be expressed by the grey body emission
(A(ℏ𝜔)ϕBB(ℏ𝜔,T)) amplified by the applied chemical potential μ:

𝜙L (ℏ𝜔) d𝜔 =
∑

i

𝜂iAi (ℏ𝜔)𝜙BB (ℏ𝜔, T)
(

exp
(

𝜇i

kBT

)
− 1

)
d𝜔 (7)

In heterogeneous systems, the total luminescence will be su-
perposition of all emissive species i, which are defined by their
respective absorption spectrum Ai(ℏ𝜔), radiative emission yield
𝜂i, and applied chemical potential μi. For a typical OSC, at least
three different emissive species – donor, acceptor, and interfa-
cial CT states – can be identified. At first glance, Equation (7)
does not distinguish between different types of applied potential,
which would lead to equivalence of PL and EL emission fluxes ϕPL
and ϕEL. In (experimental) reality, however, the excitation mech-
anisms are quite different. To go into more detail, we first focus
on EL, as it is the reciprocal process to the extraction of photogen-
erated charge carriers, before discussing the differences to PL.

To induce EL, an electrochemical potential in form of an ap-
plied forward bias voltage μi = qV is applied to the contacts of
an OSC, leading to an injection of free charge carriers, which,
in the (in OPV dominant) case of CT recombination, recombine
upon encountering the donor-acceptor interface. Equation (7)
thus transforms into the electro-optical reciprocity relation given
by Rau.[57] In the low injection regime, and due to a very low to-
tal EL quantum yield EQEEL of OSCs, with typical reported val-
ues ranging from 10−8 to 10−4,[58,59] spectroscopic studies rely on
quasi-steady state measurements with integration times greater
than 1 ms. Since any transient effects will be negligible on this
timescale and the free charge carriers from contacts being in-
jected from thermal reservoirs, EL emission in the low-field

regime in principle originates from non-geminate encounters be-
tween electrons and holes from populations that are in thermal
equilibrium with the lattice.

In general, the spectral shape of the emission flux ϕEL(ℏ𝜔) fol-
lows Equation (6), with a distinct line shape Γ centered around
a maximum frequency 𝜔max

EL . For an exponentially disordered
HOMO and LUMO, Gong et al. found that the EL maximum
should exhibit a strong blueshift upon increasing μi of at least
30–60 meV per decade of injected current.[46] This behavior
would be in contrast to Equation (7), where μi only increases the
amplitude of ϕEL, yet has no influence on the respective spec-
tral shape. Experimental evidence of such a shift was found by
Deng et al., albeit at extremely high injected current densities
above 1000 mA cm−2.[60] Most experimental findings, including
those by Gong et al., show consistently little or no such shift (see
Figure 6).[15,18,46,48,61] In their work, Gong et al. further give a pos-
sible explanation of that discrepancy based on the comparably
large distance between located sites in a disordered OSC leading
to limited wave function overlap. The convolution of occupied
donor HOMO and acceptor LUMO does not include that recom-
bination of localized charge carriers may only occur between ad-
jacent sites; as a consequence, radiative recombination requires
at least one of the involved charge carriers being around the trans-
port energy, that is, above its equilibrium energy.[46] Melianas
et al. came to a similar conclusion by comparing measured EL
spectra to kMC simulations for a Gaussian DOS.[18] While the
charge carrier densities of injected free electrons and holes are
in equilibrium with thermal reservoirs (the contacts) and the lat-
tice at low fields, EL emission predominantly probes unrelaxed
states within the DOS. Under the assumption that radiative re-
combination requires formation of a CT exciton first, the density
of CT states should differ from the thermal population of the joint
(convoluted) DOS of n and p; likewise, Burke et al. discussed an
arbitrary, Gaussian density of CT states in thermal equilibrium
with free charge carriers.[62]

Both Gong et al. and Tvingstedt et al. have found that while the
integrated emission flux ϕEL depends on the applied potential, it
is sensitive to parasitic effects like series resistances. These are
likely to cause a deviation between applied μi and quasi-Fermi
level splitting of free electrons and holes in the device.[46,63] By
comparing JV and ϕEL(V), they were able to concur that the EL
recombination yield is rather independent of the injected charge
carrier density, with radiative ideality factors close to 1.[63] If the
applied potential is large enough, μi can reach equilibrium with
the density of donor or acceptor excitons as well, and induce
emission from those species as well.[47,64,65] Since the radiative
recombination from those singlets is usually much more effi-
cient than from CT states (𝜂CT < 𝜂A,D),[51,66] the total emission flux
can in this case be dominated by single phase emission.[47,54,65]

For higher applied potentials however, the OSC might be sub-
ject to both current-induced Joule heating,[48,67] leading to an in-
creased lattice temperature, as well as non-equilibrium charge
carrier densities.[60]

A similar effect can be observed in low driving force blends,
when the energy barrier between CT states and acceptor singlets
is comparably low, in the range of a few kBT, or even absent. Here,
thermal activation can lead to a significant occupation of the sin-
glet species even at low applied potentials; with the larger 𝜂A,D,
ϕEL might be dominated by the singlet again.[51,66] In this case
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 2199160x, 2023, 10, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/aelm

.202300293 by U
niversiteit H

asselt, W
iley O

nline L
ibrary on [12/10/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advancedsciencenews.com www.advelectronicmat.de

Figure 6. a) Expected voltage-dependent EL peak shift of the convoluted occupied DOS from exponentially disordered HOMO and LUMO due to
increased state filling by injected charge carriers.[46] b) Measured EL spectra with increasing injection current show little to no such shift. c) An explanation
for spatially dispersed disordered sites in an OSC: recombination is only possible from charge carriers close to each other. Radiative recombination is
therefore limited to a non-thermal subregion of the convoluted DOS from acceptor LUMO and donor HOMO. (a) Reproduced with permission.[46]

Copyright 2012, The American Physical Society. (b) and (c) Reproduced with permission.[18] Copyright 2019, NAS.

and due to necessity of thermal activation, the spectral shape of
ϕEL(ℏ𝜔,T) shows a characteristic temperature dependence: the
relative singlet intensity decreases at lower temperatures.[51]

This segue leads us to the often-discussed temperature de-
pendency of ϕEL.[15,48,54,61,68] According to Equation (7), the shape
of ϕEL(E,T) follows the grey body spectrum Ai · ϕBB(ℏ𝜔,T),
which is equivalent to occupation by a Boltzmann statistic. For
a Gaussian CT state DOS, the expected occupation should again
be of Gaussian shape; its linewidth is given by convolution
of the temperature-independent static disorder, temperature-
dependent dynamic broadening (Figure 3), and ϕBB(ℏ𝜔,T):[48,67]

in general, the linewidth decreases at lower temperatures due to
reduced dynamic broadening. Experimental evidence of this be-
havior was recently reported by Linderl et al., Khan et al., Göhler
et al., and Tvingstedt et al. in small molecule donor:fullerene ac-
ceptor OSCs.[15,48,54,61] All studies agree on the qualitative behav-
ior, yet reach different conclusions regarding the involvement of
static and dynamic disorder based on their quantitative analyses.
Incidentally, the latter three studies provided ϕEL(ℏ𝜔,T) data for
the same model system, a low donor content TAPC:C60 blend.
A direct comparison of their spectra for three different tempera-
tures and Gaussian linewidths at similar injection current densi-
ties is shown in Figure 7. Measured spectra differ significantly de-
spite similar device architectures and measurement conditions;
the reported extracted linewidths and their temperature gradients
vary even more, with apparent saturation at low temperatures re-
ported by Tvingstedt et al. Khan et al. concluded that the linewidth
is dominated by the static disorder at low temperatures, and
dynamic disorder only matters above a certain temperature,[61]

while Tvingstedt et al. and Göhler et al. explained the behavior
solely with dynamic disorder due to multiple high and mid en-
ergy vibrational modes.[15,48] The reported discrepancy in mea-
sured linewidths may reflect slight unintentional differences in
the investigated OSCs; however, Göhler et al. also found that the
empirical validity of Equation (7) in comparison with absorption
measurements – used as a control for the emission temperature –
deviates under low temperatures and increasing injection current
densities, suggesting that the emission temperature can easily be
underestimated in typical EL experiments. Additionally, they re-

ported that a dynamically broadened DOS is best able to explain
radiative VOC limits.[48] At least, these recent findings highlight
that an analysis of temperature-dependent EL spectra alone is not
necessarily reliable to reveal the static disorder of the CT DOS as
suggested by Burke et al.[62]

The second discussion point refers to another main feature
of EL emission. Most OSC EL studies show to some degree a
temperature-dependent bathochromatic shift of 𝜔max

EL .[15,48,54,61]

Linderl et al. and Göhler et al. suggested that static disorder
should induce a shift −𝜎2

DOS∕kBT in thermal equilibrium, which
would be much larger than any reported values in OSC. This
analytical solution of Equation (7) is based, however, on the as-
sumption that the DOS is infinitely broad, thus including a finite
number of low-energy states to be filled at low temperatures. If,
as the more realistic description of an OSC discussed by Gong
et al. and Melianas et al. suggests, the emitting DOS is limited,
this assumption will break down at low temperatures. In a follow-
up based on an empirical suggestion by Yan et al.,[69] Göhler &
Deibel introduced an analytical solution based on a Gaussian
DOS artificially cut at a discretization minimum[68] – this would
be equivalent to the spatially limited DOS of adjacent CT sites
used by Melianas et al.[18] In this case, EL emission could occur
from thermal equilibrium of injected charge carriers and emis-
sive CT states at all temperatures without a significant bathochro-
matic shift.

A recent experiment by Lampande et al. provides strong ev-
idence that the CT-EL lineshape is determined by dispersive,
energy-dependent formation rates from (thermal) reservoirs of
free electrons and holes.[70] The authors used modulation elec-
troluminescence spectroscopy (MELS) to study the driving fre-
quency dependence (magnitude and phase) of the electrolumi-
nescence intensity at different emission energies, see Figure 8
and the inset in panel (a). The experiments show a clear dis-
persion, with higher emission energies showing a faster re-
sponse, which could quasi-quantitatively be explained by a sim-
ple model based on energy-dependent hopping rates, cf. panel
(b). Interestingly, the same experiment showed non-dispersive
recombination kinetics for a bilayer Alq3/NPB OLED, which the
authors explain in terms of different correlations between the
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Figure 7. a) Reported reduced EL spectra from TAPC:C60 solar cells with
5–6.25% donor content in a 50 nm thick active layer. Since the device ar-
chitecture and injection conditions (current density ≈150 mA cm−2 for 3
exemplary temperatures) were reported as almost identical, the reason for
the different emission spectra is not obvious. b) Reported Gaussian vari-
ances for the same system differ in quantity and temperature gradient.
Göhler et al. utilized reciprocity with absorption measurements to correct
for unintentional temperature deviations due to Joule heating, possibly ex-
plaining the differences in recorded spectra. (Data taken from [15,48,61]).

emission energy and the energies of the involved HOMO and
LUMO energies for CT and direct exciton emission.[70] From the
CT-EL results, the authors conclude “that the distribution of CT
states formed by electrical injection in the dark is not in quasi-
equilibrium”, which seems to connect dispersive rates with the
(im)possibility to have an equilibrium distribution. However, un-
der the condition of detailed balance, the equilibrium distribu-
tion does not depend on the rates – e.g., charges hopping in a
Gaussian DOS, with strongly energy-dependent rates, cf. Equa-
tion (3), still thermalizes to a Fermi-Dirac distribution. Still, the
results are a direct confirmation of the assumptions that led
Melianas et al. to argue that CT-EL originates from DOS site dis-
tributions significantly above DOS equilibrium energies.[18]

To summarize, EL studies have shown that emission from
donor and acceptor singlets is quenched in OSCs in favor of
CT emission,[47] which originates from a distinct emissive CT
DOS that is populated from reservoirs of free charge carriers.[67]

While the latter is, at low driving fields, in thermal equilibrium
with the lattice, the emissive DOS cannot, in discrepancy to in-
organic semiconductors, be identified with a simple convolution
of HOMO and LUMO levels, filled with thermalized free charge
carriers.[18,46] Instead, its filling rate is energy- and temperature-
dependent and broadened by dynamic and static disorder.

An alternative to EL is available in PL, when emission is in-
duced by photoexcitation, either with a broadband light source or
a narrow-band laser. This enables PL to be excited selectively, by
matching the incident photon wavelength distribution to the ab-
sorption Ai of the emissive species. Thus, the applied photochem-
ical potential can be adjusted to either term i in Equation (7), e.g.,
by using a short wavelength laser absorbed only by high-energy
donor states.[53] The individual photochemical potentials μi de-
pend on the excitation conditions and absorption properties, as
well as relaxation and transfer dynamics. In contrast, the applied
electrochemical potential μi = qV for EL injection applies to every
species. To avoid simultaneous EL emission and charge extrac-
tion, PL can be investigated under open-circuit conditions. Addi-
tionally, short laser pulses in combination with gated detectors or
time-correlated photon counting modules enable transient tech-
niques on much shorter time scales than the low quantum yield
and capacitive time constants would allow for EL.[16,53,71]

Now, how does PL emission compare to EL in terms of prob-
ing the DOS in OSCs? Starting form transient PL experiments,
it has been shown by Brigeman et al. that the initial CT PL emis-
sion of SubPC:C60 films are non-thermalized, thus relaxing to
lower energies in the DOS within the first few ns; further, that
steady state emission spectrum settles at higher average ener-
gies at lower temperatures (see Figure 9).[71] From these observa-
tions, they concluded that photoexcitation initially occupies states
out of thermal equilibrium – independent of temperature under
constant excitation – followed by a fast, yet incomplete, geminate
recombination. Afterward, the free charge carrier densities ther-
malize much slower, with the final steady state determined by
the thermally activated hopping processes in the disordered DOS,
and recombination lifetime.

Kahle et al. used gated PL spectroscopy to investigate the be-
havior in OSCs with polymer donors, where they found the to-
tal ϕPL composed of two species: higher energy acceptor- and
longer living CT PL, with the latter dominating the spectrum after
several tens of ns.[16,53] From spectral deconvolution, they found
a small geminate thermalization shift of the emission maxima
𝜔max

PL , and a similar blueshift of the steady-state spectrum at lower
temperatures for systems with a large static disorder.[16] The un-
quenched PL of the acceptor species has been attributed to gem-
inate excitons in unmixed acceptor phases which are unable to
reach an interface for charge transfer. Felekidis et al. and Tving-
stedt el al. highlighted that PL spectra should be corrected for this
contribution to probe relevant emission from free charge carriers
by taking the differential emission under open-circuit and short-
(or reversed)-circuit conditions:[40,50,52]

𝜙PL,CT (ℏ𝜔) ≈ 𝜙OC
PL

(ℏ𝜔) − 𝜙PL (ℏ𝜔, V ≤ 0 V) (8)

Adv. Electron. Mater. 2023, 9, 2300293 2300293 (9 of 23) © 2023 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH

 2199160x, 2023, 10, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/aelm

.202300293 by U
niversiteit H

asselt, W
iley O

nline L
ibrary on [12/10/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advancedsciencenews.com www.advelectronicmat.de

Figure 8. a) Experimental and b) calculated modulation electroluminescence spectroscopy (MELS) spectra for a 1:1 MTDATA:BPhen bulk heterojunction.
a) The colored lines are the magnitude of the response for different emission energies from the CT-EL spectrum shown in the inset. The dashed black lines
fit into a rate equation model. b) the same from a semi-analytical model based on an energy-dependent CT-formation rate 𝜏−1

rec . In absence of dispersion in
𝜏−1

rec , all recombination energies show the same frequency dependence (red line). Reproduced according to the terms of the CC BY license.[70] Copyright
2023, the authors, published by Wiley VCH.

Within 𝜙PL(V ≤ 0 V) non-geminate CT emission will be
quenched due to extraction of separated charge carriers. The
open-circuit luminescence flux 𝜙OC

PL (ℏ𝜔, T) is probably domi-
nated by – potentially selectively induced – geminate PL, thus
probing a different ensemble of states than EL. Consequently,
Brigeman et al. and Kahle et al. both found the steady state
EL spectrum bathochromatically shifted with respect to PL,[53,71]

with other studies reporting a similar relation.[40,50,52,54] A some-
what trivial reason for this behavior could be the different exci-
tation paths, with EL and PL probing different spatial regions of

the heterogeneous OSC. Similar effects have been reported for lu-
minescence from mixed and planar heterojunctions of the same
materials.[72] If the blend can be treated as well mixed, however,
the discrepancy bolsters the assumption that EL is probing an
already thermalized DOS, whereas PL is not.[53] However, both
emission distributions can be almost identical in different sys-
tems with very low driving forces, like PM6:Y6.[50,51,73]

On that background, several studies discussed whether PL or
EL is more suited to probe the relevant DOS for OSCs operation.
Melianas et al. highlighted that luminescence emission might be

Figure 9. a) Evolution of measured PL emission of a SubPC:C60 solar cell at 300K in the first few ns shows energetic relaxation of the distribution.
b) With decreasing temperature, the initial PL remains constant at high energies, while free charge carriers are unable to thermalize fully within their
lifetime, leading to steady-state emission from higher average energy. c,d) A comparison between steady-state PL and EL emission at 300 K reveals a
bathochromatic shift of ϕL(ℏ𝜔) – equivalent to a higher temperature – if induced by an electric potential. The difference is more pronounced in disordered
OSCs compared to an inorganic GaAs solar cell. Reproduced with permission.[71] Copyright 2018, APS.

Adv. Electron. Mater. 2023, 9, 2300293 2300293 (10 of 23) © 2023 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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limited to a subset of the total DOS,[18] leaving out non-emitting
states. Khan & Rand argued that since these “hidden” states are
potentially relevant for charge generation, recombination, and
transport, but only reliably filled during EL injection, PL is less
suitable.[61] Thus, drawing conclusions regarding electrical OSC
properties, including open-circuit voltage, from PL emission is
not trivial; this holds especially true for PL fluxes 𝜙OC

PL (ℏ𝜔, T) un-
der open-circuit conditions, which are potentially dominated by
geminate recombination from excitons that do not produce free
charge-carriers in the first place.

In their 2019 study, Kahle et al. discussed the temperature be-
havior of the PL emission of systems based on the donor polymer
MeLPPP with regard to linewidth and position of the maxima
𝜔max

PL , as well as intensity transients. They argued that every as-
pect indicates a disordered DOS with non-thermalized PL emis-
sion. Due to the PL measurements being carried out under open-
circuit conditions, the probed species might include geminate re-
combination as we discussed above; however, they also reported
a more thermalized EL emission.[53] In a subsequent 2022 tran-
sient PL spectroscopy study, Kahle et al. argued that while pho-
toexcited singlets do relax in the acceptor (donor) phase, subse-
quently formed CT excitons will remain stationary. As a conse-
quence, PL emission from CT states is not fully thermalized with
respect to the disordered CT DOS, and a peak shift, as proposed
by Göhler et al. and Linderl et al.,[48,54] should not be observable.
This would imply that the density of photogenerated CT excitons
is not in thermal equilibrium with the total CT DOS.

Kahle et al. further implied that EL emission should behave the
same way, based on the assumption that both generation path-
way includes relaxed singlet states.[16] However, we would like to
highlight that PL and EL generation cannot necessarily be treated
equally, and especially in the case of short wavelength excitation
where photogenerated singlet states carry significant excess en-
ergy compared to a CT exciton, regardless of the temperature.
Singlet ensembles might thermalize depending on the temper-
ature (as discussed above); however, the path toward CT forma-
tion should be less affected (Figure 2). If CT excitons are indeed
energetically stationary, as was proposed by Kahle et al., the re-
sulting CT PL emission is expected to be stationary as well. The
mechanism is different for EL, where injected free charge car-
riers in equilibrium with the thermal reservoirs form CT states
with respect to transport energy and accessibility of adjacent sites
within the disordered DOS; as such, higher temperatures enable
encounters in energetically higher states, resulting in an expected
shift of the EL emission maximum with regard to temperature,
only limited by a finite CT DOS.

In summary, while PL offers the upside of transient measure-
ments to study thermalization effects,[53,71] a direct comparison to
the relaxed emission from steady-state EL measurements is not
trivial and has to be treated with caution.

2.2. Absorption-, Photocurrent- and Luminescent Spectra

The spectral dependence of the photocurrent is given by the ex-
ternal quantum efficiency (EQEPV) spectrum, defined as the ratio
between the flux of charges extracted at short circuit and the inci-
dent photon flux, as a function of photon energy (or wavelength).
The shape of the EQEPV spectrum resembles the absorption spec-

trum (A(ℏ𝜔), Equation 2), i.e., the fraction of absorbed photons
by the photo-active layer. When comparing EQEPV(ℏ𝜔) and A(ℏ𝜔)
spectra for organic photovoltaic devices, it is important that opti-
cal interference effects are taken into account.[22,23,74,75]

The EQEPV is related to A by the internal quantum efficiency
(IQE):

EQEPV (ℏ𝜔) = A (ℏ𝜔) ⋅ IQE (ℏ𝜔) (9)

In the photon energy range where donor and/or acceptor ab-
sorbs strongly (above gap), often a constant IQE, not depending
on the excitation energy, is measured,[22,23,74,75] while in some
cases an IQE depending on whether donor or acceptor phase is
excited is observed.[76,77] However for the highest-performance
OPV devices IQE does not depend on photon energy for above-
gap excitation and is between 90–100%.[10]

Reliable measurements of the IQE in the absorption tail re-
gion and below the optical gap of donor and acceptor, in the
spectral region of CT absorption are very scarcely reported in the
literature. Such measurements are difficult to perform, due to
the weak absorption and strong photon energy dependence of
A(ℏ𝜔) in that region, potentially resulting in large errors. Nev-
ertheless, extending IQE measurements to the CT absorption
region led to mixed results. On the one hand, no strong de-
pendence on IQE was found at low photon energies for several
polymer:fullerene devices, with the IQE staying within the same
range as for above gap excitation.[13,78] On the other hand, a roll-
off was found for both devices based on both fullerene and non-
fullerene acceptors.[40,78–80]

Additional arguments for the absence of strong energy depen-
dence of the IQE are based on experimental verifications of the
reciprocity relation between absorption (or EQEPV) and electrolu-
minescence emission spectra ϕEL(ℏ𝜔). The reciprocity relation al-
lows to calculate the A(ℏ𝜔) spectrum from an emission spectrum
under the condition that emission comes from a thermalized ex-
cited state population. This is based on the following reasoning:

In darkness and thermal equilibrium, the thermal emission
spectrum ϕth(ℏ𝜔) of the photo-active layer is given by Kirchoff’s
law of thermal radiation:

𝜙th (ℏ𝜔) = A (ℏ𝜔) ⋅ 𝜙BB (ℏ𝜔) (10)

Hereby is ϕBB(ℏ𝜔) the black body spectrum at the temperature
of the active layer. Under electrical or optical injection the total
number of emitted photons ϕL drastically increases as compared
to thermally emitted photons. However, in the case that the ex-
cited states thermalize before they emit, the spectral shape of the
(non-thermal) emission spectrum for E ≫ kBT will not change,[81]

and therefore

𝜙L (ℏ𝜔) ∼ A (ℏ𝜔) ⋅ 𝜙BB (ℏ𝜔) (11)

This relation can be used to determine A(ℏ𝜔) in the weakly ab-
sorbing spectra region, at photon energies where the emission
spectrum can be accurately measured. When using electrolumi-
nescence spectra measured at low injection currents (to ensure
conditions suitable for thermalization), one indeed often finds
that the EQEPV(ℏ𝜔) tail and the A(ℏ𝜔) spectrum calculated via

Adv. Electron. Mater. 2023, 9, 2300293 2300293 (11 of 23) © 2023 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH

 2199160x, 2023, 10, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/aelm

.202300293 by U
niversiteit H

asselt, W
iley O

nline L
ibrary on [12/10/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advancedsciencenews.com www.advelectronicmat.de

Figure 10. Schematic depictions of charge carrier thermalization in a medium with strong static disorder. a) At early times, excess energy is lost by
fast, mostly diffusive motion (red arrow). At later times, the motion becomes more drift-dominated and is, therefore, more directed to the extracting
electrode (blue arrows). Also in the latter process, the remaining excess energy is continuously lost, c.f. Figures 4 and 5. For disorder values typically
encountered in OPV devices, charges are extracted from the device before reaching thermal equilibrium at 𝜎2/kT below the center of the DOS. Copyright
2019 Wiley. Used with permission from Melianas and Kemerink, Adv. Mater. 31, 1. (2019).[90] b) the same, for the later stages of thermalization. During
thermalization, charges need to be excited from an intermediate trap site to the transport energy to be able to find deeper sites, which is not shown in
(a), explaining the exponential slowdown of thermalization visible in Figure 4. Reproduced with permission.[33] Copyright 2014, Wiley VCH.

ϕL(ℏ𝜔)/ϕBB(ℏ𝜔) coincide very well, implying a spectrally inde-
pendent IQE in this spectral region.[51,80]

In several organic photovoltaic blends, however, electrolu-
minescence and photoluminescence spectra differ from each
other.[50,71] This implies that at least one of the two does not orig-
inate from an equilibrated excited state population.

2.3. Photocurrent

The steady-state short-circuit current density Jsc delivered by any
kind of photovoltaic device can be determined via

JSC = −e∫ 𝜙AM1.5
ph

(ℏ𝜔) EQEPV (ℏ𝜔)ℏd𝜔, (12)

where 𝜙AM1.5
ph is the photon flux density of the AM1.5 solar spec-

trum. In practice, the short-circuit current can be reduced by a
limited efficiency of the elementary processes in photocurrent
generation (compare kinetic diagram). However, well-operating
devices show internal quantum efficiencies close to unity,[82,83]

so that JSC ≈ Jgen.
While in the discussion of steady-state photocurrents it is of-

ten implicitly assumed that there is unique material-dependent
mobility, it has been shown experimentally by transient measure-
ments that the extracted photocurrent is highly dispersive, mean-
ing that either (i) the charge extraction times show a large spread
over multiple orders of magnitude, (ii) the mobility strongly de-
pends on time after photo-excitation,[84–91] (iii) the carrier con-
centration is time dependent[92] or (iv) a combination of these
effects. The origin of the dispersive behavior, which is univer-
sally observed in both fullerene- and non-fullerene-based OPV
devices, the question of whether charge carriers can be extracted
before thermalization is complete and how this affects the steady-
state behavior and the significance of measurement techniques
is intensely debated.

Dispersion in extraction times occurs inherently because
charge carriers are generated at different distances from the ex-

tracting electrode. However, the resulting linear broadening of
the extraction time distribution alone is not sufficient to describe
measured (supra-linear) distributions in OPV materials.[90] In-
stead, using time-resolved TREFISH and TPC measurements
combined with kMC simulations, Melianas et al.[93] argue that
in disordered semiconductors the thermalization of photogen-
erated carriers is, in contrast to inorganic semiconductors, rel-
atively slow[34,87,90,93,94] and a two-step process (see Figure 10): at
early time-scales (1-100 ns), a significant part of the excess en-
ergy, 1 − 2𝜎DOS, is lost by rapid diffusion as hops downwards
in energy are predominant, as also expected on basis of the dis-
cussion of the Péclet number above.[84,89,95,96] At later time-scales,
thermalization slows down as charges need to be excited to the
transport energy (ΔE > 0) to become mobile, which is a prerequi-
site for finding deeper sites, closer to the equilibrium energy.[33]

The latter is highlighted by the upward arrows in panel (b) of
Figure 10. Despite the slowdown, as time progresses, the pop-
ulation of photocreated charge carriers cools down further while
charges move, by drift, toward the extracting electrodes.[89,90] Also
on these longer time scales, diffusive motion remains impor-
tant, leading to a significant probability that charges end up at
the wrong contact.[97] As a consequence of these stochastic non-
equilibrium processes, in disordered organic semiconductors,
charge carriers generated at the same site in the active layer
can be extracted at massively different times. When determining
the extraction time distribution of photo-generated charges from
measured pulse responses it was found that the extraction times
span over orders of magnitude in time and at the mean extraction
time ≈80% of the carriers are already extracted.[90,98]

Another consequence of the gradual thermalization of photo-
generated charges in the disorder-broadened DOS would be that
also the mobility of these charges would decrease with time af-
ter photoexcitation. When techniques with different time scales
are combined so that the entire time range of pico-μs is covered,
it becomes apparent, as shown in Figure 5, that mobility can
have a significant time dependence and ultrafast time-resolved
measurements can give higher mobility values than (near)
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steady-state methods.[88,89,93,99] The time-dependence in mobility
was confirmed by kMC simulations, while the simulated steady-
state value predicted by simulations agreed well with the value de-
termined by photo-CELIV.[88] A consequence of this is that steady-
state techniques such as SCLC or photo-CELIV may significantly
underestimate the mobility of photogenerated charges at operat-
ing conditions as the thermalization is considered to be slower
than the carrier extraction, especially in thin devices with a large
disorder 𝜎DOS.[93] At the same time, any the motion of charges
that, at forward bias, are injected from a thermal reservoir, that is
a contact, is likely to be governed by near-equilibrium mobility.

Conversely, many studies have shown that mobilities de-
termined by SCLC can be applied in combination with drift-
diffusion models to describe OPV devices,[100–103] and even tran-
sient signals can be well described by drift-diffusion simulations,
however, only if mobility relaxation is accounted for the first
50 ns.[104] In this context Le Corre et al.[105–107] argued that un-
der operating conditions, i.e., close to the maximum power point
and at constant illumination such that the bottom of the DOS is
filled, steady-state mobilities are suitable to describe the charge
carrier transport. As reasoning, it is stated that in this case, the
relaxation time should be much shorter[108] compared to experi-
ments based on pulsed light on a device that is otherwise in the
dark because in the latter case, the DOS is empty.

In contrast, Philippa et al.[92] argued that not a transient mo-
bility but a time-dependent carrier concentration is responsible
for the dispersion of the photocurrent, more precisely, the loss of
carrier density to trap states during transport.

Jasiu ̅nas et al.[109] aimed to combine the above-mentioned dif-
ferent (experimental) approaches, i.e., they consider both the
dark case (empty DOS) as well as devices under continuous il-
lumination (occupation of low energy states) at different work-
ing points (MPP and short-circuit). They show that in the ps-
ns range, the mobility exhibits a strong time dependence, while
concentration effects related to filling of low-energy states and
whether high-efficient NFA devices are considered or not are
less important. For the slower ns-μs range, the mobility behav-
ior strongly depends on the system used. In this regime, NFA
devices show only a weak dependence on mobility on state fill-
ing and field. In comparison, less efficient PCBM-based systems
show that in the case of an “empty” DOS (i.e., in the dark or at
high fields) trapping strongly influences the mobility, while fill-
ing the low energy states leads to a less time-dependent mobility.
In summary, this shows that mobility is not a solid parameter to
characterize transport in OPVs as it depends on the time scale
and state filling.

It should be noted however that including the full morphology
of BHJ films, incorporating the tortuosity of blend morphologies
might also induce dispersion due to carriers getting “trapped” in
so-called dead ends.[110]

2.4. Open Circuit Voltage – Thermodynamic Picture

The assumptions of a spectrally independent IQE and that the
electroluminescence spectrum has the same spectral shape as the
thermal emission spectrum, but with an increased total photon-
flux determined by the Fermi-level splitting between electrons

and holes, results in the following equation for the total inte-
grated emitted photon flux ϕEL:[4,57]

𝜙EL = ∫ EQEPV (ℏ𝜔)𝜙BB (ℏ𝜔)
(

exp
(

𝜇

kBT

)
− 1

)
ℏd𝜔 (13)

where ϕBB(ℏ𝜔) is the blackbody spectrum. Note also that Equa-
tion 13 is essentially the same as Equation 7, applied to a sin-
gle mode of emission and integrated over energy. When perfectly
selective contacts are used, all injected current is recombination
current. The emitted photon flux thus originates from that frac-
tion of the injected current Jinj, which results in radiative decay:

Jinj =
q

EQEEL ∫ EQEPV (ℏ𝜔)𝜙BB (ℏ𝜔)
(

exp
(

𝜇

kBT

)
− 1

)
ℏd𝜔(14)

Hereby is the electroluminescence quantum efficiency EQEEL
the ratio between the total injected current and the current result-
ing in radiative decay, EQEEL = q𝜙EL

Jinj

Evaluating the integral e ∫ EQEPV(ℏ𝜔)𝜙BBℏd𝜔 as J0,rad, we ob-
tain the diode equation:

Jinj = J0

(
exp

(
𝜇

kBT

)
− 1

)
(15)

With J0 =
J0,rad

EQEEL
. EQEEL can depend on the charge density, or

injected current, for example, due to trap filling. In the case that
the EL quantum efficiency depends on the injected charge carrier
density, i.e., EQEEL ∼ J𝛼inj with 𝛼 > 0 and at μ ≫ kBT the equation
for the injected current becomes:[67]

Jinj ∼ exp
(

𝜇

nkBT

)
(16)

With n representing the ideality factor, being equal to n
= 𝛼 + 1.

At open-circuit, no net current is injected or extracted from
the device and Jinj balances with the photocurrent Jph. Voltage
losses due to charge transport and series resistance are absent
and in the case of perfectly selective contacts, the potential at open
circuit, qVOC equals the quasi-Fermi level splitting μ. In analogy
to Equation 12, the photocurrent is given by

Jph = q∫ EQEPV (ℏ𝜔)𝜙AM1.5
ph

(ℏ𝜔)ℏd𝜔 (17)

Using Jinj = Jph and solving Equation 14 to μ = qVOC ≫ kBT
gives the following equation for VOC:

VOC =
kBT

q
ln

( Jph

J0

)
(18)

=
kBT

q
ln

( ∫ EQEPV (ℏ𝜔)𝜙AM1.5
ph

(ℏ𝜔) d𝜔

EQE−1
EL ∫ EQEPV (ℏ𝜔)𝜙BB (ℏ𝜔) d𝜔

)

This equation implies that the highest VOC is obtained for
those devices for which EQEEL has the highest value. An up-
per limit for VOC in the case of radiative recombination only
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(EQEEL = 1) is given by the so-called radiative limit (VOC,r):

VOC,r =
kBT

q
ln

( Jph

J0,r

)
(19)

=
kBT

q
ln

(∫ EQEPV (ℏ𝜔)𝜙AM1.5
ph

(ℏ𝜔) d𝜔

∫ EQEPV (ℏ𝜔)𝜙BB (ℏ𝜔) d𝜔

)

The measured open-circuit voltage is in that case, using Equa-
tion 18:

VOC = VOC,r −
kBT

q
ln

(
EQE−1

EL

)
(20)

This equation has been confirmed for several organic photo-
voltaic devices.[67,111–113] Progress in higher VOC materials has in-
deed resulted in more luminescent OPV.[114–116]

The denominator of Equation 18 is determined by the low en-
ergy part of the EQEPV spectrum, since the blackbody spectrum at
room temperature T is an exponentially decreasing function with
photon energy. In the case that the tail of the EQEPV spectrum is
dominated by CT state absorption with a CT state energy ECT and
reorganization energy 𝜆, it can be described by a Gaussian[67]

EQEPV (ℏ𝜔) =
f

ℏ𝜔
√

4𝜋𝜆kBT
exp

(
−
(
ℏ𝜔 − ECT − 𝜆

)2

4𝜆kBT

)
(21)

Hereby indicates f the strength of the CT absorption band. Filling
in into the denominator of Equation 18 gives an equation for VOC
of the form[67]

VOC ≈ ECT −
kBT

q
ln

(
Jphh3c2

qf2𝜋
(
ECT − 𝜆

)) −
kBT

q
ln

(
EQE−1

EL

)
(22)

With h being Planck’s constant and c the speed of light. Note
that under the assumption that the tail of the EQEPV spectrum
can be described by a Gaussian of the form Equation 21, the ex-
trapolation of VOC to 0K will be equal to the extrapolation of ECT
to 0K. Furthermore, VOC depends only very weakly on 𝜆 (under
the assumption that EQEEL is not affected strongly by 𝜆).

In the equilibrium picture, static Gaussian disorder can be
added to the description of the CT band as:[62]

EQEPV (ℏ𝜔) ∼ exp

(
−
(
ℏ𝜔 − ECT − 𝜆

)2

4𝜆kBT + 2𝜎2
CT

)
(23)

With 𝜎CT the standard deviation of the CT state density of states
due to inhomogeneous broadening. The expression for the open-
circuit voltage becomes of the form:

VOC ≈ ECT −
𝜎2

CT

2kBT
−

kBT
q

ln (…) (24)

The experimentally observed deviation from a linear relation
between VOC and T at low T is therefore in some cases ex-
plained by inhomogenous broadening.[5,62] For very low temper-
atures, the assumption of a continuously broadened Gaussian
DOS (Equation (23)) which is filled by a Boltzmann distribution

Figure 11. Energy loss after photoexcitation under open-circuit condi-
tions for TQ1:PC71BM. In the upper panel the extraction time distribu-
tion of photogenerated electrons (red solid line) and holes (black solid
line) is shown, the corresponding integrated fraction of extracted charge
is depicted as dotted lines. The lower panel shows the thermalization of
photogenerated charges, i.e., the mean electron and hole energies (solid
lines) in comparison to the equilibrium energies that lie 𝜎2/kBT below
(above) the LUMO (HOMO) energy (dotted horizontal lines). Reprinted
with permission.[97] Copyright 2021 American Chemical Society.

could break down, leading to higher VOC,r than expected from
Equation (24).[68]

2.5. Open Circuit Voltage – Kinetic Picture

The concepts outlined above either explicitly or implicitly assume
that photogenerated carriers are at the time of extraction in ther-
mal equilibrium with the lattice. However, the outcomes of ultra-
fast charge extraction experiments, vide supra, and kMC simula-
tions shown in Figure 11 demonstrate that this assumption may
not be generic. When non-equilibrium effects are taken into ac-
count, the assumptions of the Shockley-Queisser limit would for-
mally no longer apply to OPVs. Specifically, the assumption that
all charge carrier populations are in thermal equilibrium with
the lattice breaks down when thermalization is incomplete, as
sketched in Figure 10. The pertinent question that then arises is
whether non-equilibrium effects lead to any meaningful devia-
tions from the near-equilibrium values of performance parame-
ters that are predicted by a Shockley-Queisser-type analysis.

In general, there are two ways to examine whether the
near-equilibrium limit can be exceeded with the help of non-
thermalized charges:

(i) Models are used that take into account the slow relaxation
of carriers in the disorder-broadened DOS, e.g. kMC simula-
tions or multiple trapping and release models.[117] In contrast, the
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drift-diffusion formalisms inherently assume that the carrier
population is in thermal equilibrium with the lattice through
the use of Boltzmann statistics. Upreti et al[97] demonstrate the
consequences of this by simulating the relatively amorphous
and disordered material system TQ1:PC71BM: using an exper-
imentally calibrated kMC model[98] and a drift-diffusion simu-
lation with the same parameters. The authors then argue that
any differences between the two models can be attributed to the
drift-diffusion model failing to capture kinetic effects. The drift-
diffusion model describes JSC and the shape of the JV curve well,
but underestimates VOC by ≈0.2 V, while the kMC simulation cor-
rectly reproduces the full curve. Interestingly, this deviation in
VOC is largely independent of the device thickness and sample
temperature. In contrast, systems that are less disordered show a
smaller deviation in VOC and in the limit that non-equilibrium
effects are unimportant, drift-diffusion simulations accurately
reproduce kMC calculations and experimental data.[97,118,119] In
practice the above-described limitations of drift-diffusion simu-
lations are often accounted for by increasing the (effective) band
gap, which is however an artificial way to compensate for non-
equilibrium effects. A major experimental challenge in this con-
text is that, quite unlike the case for virtually all inorganic semi-
conductors, there is to date no experimental technique that allows
to determine the position of the low energy part of the DOS that
is relevant for charge transport.

(ii) In order to assess whether non-equilibrium effects indeed
lead to higher PCEs than the thermodynamic non-equilibrium
limit, determination of VOC from the Shockley equation, which
is based on charge carriers being in thermal equilibrium, as dis-
cussed in the preceding section, should be consistent with the
outcomes of the kMC model in the vanishing disorder limit.

In the extended Shockley equation,

VOC =
kBT

q
ln

(
JSC

J0
+ 1

)
+

kBT
q

ln
(
EQEEL

)
(25)

+
kBT

q
ln

(
Fcoll

Finj

)

The first term is the radiative limit for VOC (compare Equa-
tion [19], while the second and third terms can, as detailed in Ref.
[97,118] be determined from kMC simulations by looking at a
device at V = VOC and in the dark. Dividing the integrated re-
combination current JEL by the total injection current Jinj yields

EQEEL =
JEL

Jinj
≈ 0.14 (26)

for TQ1:PC71BM[97] and thus a reduction of VOC compared to the
equilibrium value of 0.05 V.

Fcoll can be determined from the collection probability of pho-
togenerated charges at position x in an active layer with thickness
d via

Fcoll =
1
d

d

∫
0

fc (x, V) dx =
Jph

Jgen
(27)

where Jgen is the maximum generated photocurrent that can be
obtained from a transfer matrix model or via Jgen = qGavd with
the average exciton generation rate Gav.

Moreover,

Finj =
1
d

d

∫
0

n (x, V) p (x, V) − n2
i

n2
i

(
exp

(
qV∕kBT

)
− 1

)dx (28)

where n and p are the electron and hole densities, and ni the in-
trinsic charge density corresponding to the effective energy gap,
n2

i = N2
0 exp(−Eeff

gap∕kBT) with the site density N0 = a−3
NN. For the

TQ1:PC71BM system studied in Ref. [97] Fcoll ≈ Finj is found, lead-
ing to the third term being zero.

The reverse saturation current in the first term can be obtained
from q ∫ EQEPV(ℏ𝜔)𝜙BB(ℏ𝜔)ℏd𝜔 where the EQEPV is given by
Equation 9. Due to the steepness of the blackbody spectrum, only
the energetically lowest parts of the CT and S1 contributions to
the absorption spectrum A(ℏ𝜔) are important and A can be writ-
ten as:

A (ℏ𝜔) = a𝜙CT,Abs (ℏ𝜔) + b𝜙S1 ,Abs (ℏ𝜔) (29)

where the CT and S1 singlet absorption spectra can be calculated
as convolutions of the relevant HOMO and LUMO levels, as dis-
cussed in Ref. [120] with their central energies corrected for the
Coulomb binding energies of the S1 and CT state. As organic
semiconductors are strong absorbers, b = 1 is taken at the ab-
sorption maximum, while a can be determined from:

a
b
=

𝜈CT

𝜈S1

ns,CT

ns,S1

(30)

where 𝜈CT and 𝜈S1
are the total CT and S1 recombination rates

used in the kMC model and ns the number of absorption sites in
the simulation box.

If the input parameters of the kMC model are used as de-
scribed above to calculate the open circuit voltage from the Shock-
ley equation, the corresponding equilibrium value is obtained,
which is actually smaller than the VOC obtained with the respec-
tive kMC simulation, but nearly equal to the value obtained by
drift-diffusion.[97] Interestingly, the temperature dependence of
VOC was found to be nearly identical in kMC and drift-diffusion
simulations.

Summarizing this section, VOC is probably the performance
characteristic of OPV where the differences between near- and
far-from-equilibrium descriptions differ most, up to ≈0.2 V for
moderately strong energetic disorder, which is massive. As both
modeling approaches seem to get the experimental phenomenol-
ogy right, there is a clear need to develop new experimental tests
to distinguish the two. At the same time, any significant contri-
butions of non-equilibrium effects to VOC might open the way for
new strategies to further enhance VOC, as discussed in the Dis-
cussion and Outlook section below.

2.6. Recombination

Aspects of recombination have already been discussed above
in the context of photo- and electroluminescence. Since these
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Figure 12. Charge separation, relaxation, and recombination pathways
within the disorder-broadened CT and free carrier density of states dis-
tributions in a typical OPV D-A blend. Once formed, CT states may re-
lax geminately through correlated motion of the electron and hole toward
lower-energy sites (Process 1, shown by the solid arrows in the inset) or
they may dissociate into free carriers that relax independently and recom-
bine to form nongeminate CT states (Process 2, shown by the dashed ar-
rows). Reproduced with permission.[71] Copyright 2018, APS.

processes occur on ∼ns timescales that are long compared to
the ∼ps timescales of on-site (vibronic) relaxation, the only way
the recombination of photogenerated charges can be signifi-
cantly affected through non-equilibrium effects is by incom-
plete thermalization in the DOS. Indeed, various authors have
addressed this possibility, both experimentally[43,71,121,122] and
theoretically/numerically.[43–45,62,123,124]

Clear optical signatures of recombination and thermalization
of geminate electron-hole pairs occurring on similar, (sub-)ns,
timescales have been observed in the form of transient red-
shifts of photoluminescence spectra for singlet emission in neat
materials,[125,126,43] for host-guest systems[126] and for CT emis-
sion in bulk heterojunctions.[71] For the singlet emission, a sig-
nificant effect of the excitation energy was observed, with reduc-
ing or even inverting shifts for excitation deeper in the (disorder-
broadened) S1 manifold.[125,126] These results could quantitatively
be explained by numerical simulations of incoherent hopping
of excitations by a Förster-process in a Gaussian density of ex-
cited states.[43,125] Under typical conditions, the thermalization
occurs on ns timescales and often does not saturate within the
time range that can be experimentally resolved, indicating that
thermalization of geminate pairs is a slow process that does not
generally complete within the lifetime of the excitation.

Due to the generally strongly quenched luminescence in well-
performing OPV systems, it is far from trivial to perform tran-
sient emission spectroscopy as would be needed to investigate
the (non-) equilibrium nature of recombination in BHJ. Never-
theless, Brigeman et al. showed for the SubPc:C60 system that
recombination leading to CT-PL stems from non-thermalized
distributions.[71] Specifically, they distinguished between a ther-
malization process of geminate CT pairs that occurs on an ns-
timescale, and a slower thermalization process of independent
electron and hole populations that then can recombine non-
geminately, as illustrated in Figure 12 and visible in the spectra

Figure 13. Schematic charge carrier kinetics in an OPV device at open cir-
cuit. Non-thermalized photocurrents (Jphoto, green arrows) are balanced
by thermalized injection currents (Jinj, blue arrows). Recombination (cur-
rent Jrec, red arrows) is governed by “cold” charges injected from the con-
tacts, while it is weak for “hot” photogenerated charges. Reproduced with
permission .[128] Copyright 2021, American Chemical Society.

of Figure 9a. Neither of these processes was found to complete
within the lifetime of the excitations, resulting in a CT state dis-
tribution that is thermal, but characterized by an effective tem-
perature that exceeds that of the lattice. Although these results
are, as argued by the authors, of generic nature, their quantitative
impact on recombination strength or VOC was not addressed.[71]

The results by Brigeman et al. are in part confirmed by those
by Neher and coworkers, who used a time-delayed collection
field (TDCF) to study the transient order and rate of recom-
bination on time scales of tens of ns and beyond for a vari-
ety of polymer:PCBM BHJ OPV systems.[121,122,127] In these ex-
periments, recombination at early times, up to several μs, was
found to be strongly dispersive for more disordered systems
(PCDTBT:PCBM, TQ1:PCBM), showing a pronounced slow-
down of the recombination rate with time, which could be
quasi-quantitatively understood in terms of thermalizing pop-
ulations of photogenerated electrons and holes, c.f. process 2
in Figure 12.[121,122] On the other hand, more ordered systems
(P3HT:PCBM) were found to exhibit nondispersive recombina-
tion over the full measurable time range.[127] For both strongly
and less disordered systems, a steady-state bimolecular recom-
bination rate k2 was found, but not explained, that lies signifi-
cantly below the (Langevin) value that is predicted on basis of
equilibrium mobilities.[121,127] Interestingly, for the TQ1:PCBM
system, it was found that energetic relaxation outpaces nongem-
inate recombination, leading to steady-state recombination that
is dominated by equilibrated charges.[122] Although this led the
authors to suggest that quasi-equilibrium concepts appear suited
for describing VOC in OPV despite significant energetic disorder,
the observation of equilibrated charge carriers dominating the
steady-state recombination can be reconciled with the kinetic, far-
from-equilibrium picture proposed by Upreti et al. on basis of ki-
netic Monte Carlo simulations, see Figure 13[128] In this picture,
even at VOC, the vast majority of photogenerated charges avoid re-
combination and escape from the device on (sub--)μs timescales,
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i.e., prior to full thermalization. The resulting net photocurrent
is, at VOC, compensated by an injection current coming from the
contacts. As the contacts act as thermal reservoirs, this injection
current consists of charges that are near equilibrium and recom-
bine much stronger than the photogenerated ones.

The picture of charges thermalizing while recombining ap-
pears well-suited to address transient absorption spectroscopy.
Indeed, TA spectra on PCDTBT:PCBM and TQ1:PCBM[36]

(Figure 5a) covering a time range from ps to μs showed a clear
transient red shift of the ground state bleach, which was at-
tributed to hole thermalization in the polymer acceptor HOMO.
Unfortunately, we are not aware of similar data for non-fullerene
systems, which may be due to overlapping spectral features that
make it hard if not impossible to single out weak redshifts.

From the experimental results discussed above, a consis-
tent picture emerges that photogenerated charges in BHJ OPV
are subject to a relatively slow thermalization in a disorder-
broadened density of states. The recombination energy, rate, and
order can be affected by ongoing thermalization, which is con-
sistent with theoretical predictions. Apart from the already men-
tioned kMC simulations based on the Gaussian disorder model,
the analytical model by Hofacker and Neher should be mentioned
in this context.[124] The authors solve the transport energy model
to show that recombination rates measured after pulsed excita-
tion are inherently time-dependent, with apparent high-order re-
combination at short times. This notwithstanding, the question
to which degree steady-state recombination in actual devices is
affected by this “macroscopic hotness” is not yet unambiguously
answered.

Turning to the absolute value of the uni- and bimolecular re-
combination rates of photogenerated charges, it has been recog-
nized that kinetic effects, that is hopping rates that exceed the
recombination rate of the bound pair, can cause a resplitting of
an already formed CT or local exciton. This, in turn, provides the
pair with (another) opportunity to escape recombination. Burke
and McGehee argued that locally high equilibrium mobilities,
for example, associated with easy transport along a conjugated
chain, can explain experimentally observed high IQE values that
would otherwise be inconsistent with a poorly screened Coulomb
interaction.[129] In a later paper, the same authors argue that the
resulting sub-Langevin value for the recombination rate actually
implies an equilibrium between CT states and free charges.[62] Al-
though their model accounts for energetic disorder in the form
of a Gaussian-shaped distribution of CT states, it is based on the
assumption of near thermodynamic equilibrium. The kinetic pic-
ture of CT states (re)splitting and (re)forming was independently
proposed by Howard et al. on basis of numerical modeling by
kMC of ultrafast transient spectroscopy data of PCDTBT:PCBM
BHJ.[43] Here, the dynamic equilibrium between CT pairs and
free charges results from the enhanced hopping rates of ther-
malizing charges and thus becomes a natural consequence of
the presence of energetic disorder in typical OPV. By making the
suppressed recombination an essentially transient effect that is
associated with incomplete thermalization, the question arises
to which degree the steady-state recombination is suppressed by
it; this topic was not addressed in Ref. [43].

In a recent paper, Coropceanu et al. studied bimolecular re-
combination in BHJ using a kMC model that explicitly accounts
for CT formation, splitting, and recombination.[44] Although a

Figure 14. a) Simulated bimolecular recombination coefficient k2 as
a function of the mobility for energetic disorder of 65 (triangles),
90 (squares), and 120 meV (circles) for (nearly) equilibrated charges taken
at different times. b) corresponding reduction factor. Solid symbols corre-
spond to a recombination rate of kf = 108 s−1, while open circles show
the results for kf = 107 s−1 for 𝜎DOS = 120 meV. Dashed line is the pre-
diction of the Langevin model; solid line guides the eye. The insets show
experimental data for k2 and 𝛾 as a function of μe + μh. Reproduced with
permission.[45] Copyright 2021, American Physical Society.

direct connection to (equilibrium) mobility, and thereby to the
Langevin value for recombination was not made in this work, it
did show a strong decay in recombination rate with increasing
disorder and CT lifetime. In addition, morphology was shown to
be of significant importance in such a kinetic model for bimolec-
ular recombination. In a later paper, Zuo et al. used a similar
kMC model to investigate under which conditions said effects
can lead to sub-Langevin recombination.[45] Depending on the
ratio of the rate for dissociation kd and the rate for recombination
kf, two regimes could be identified. In the encounter-dominated
regime (kd ≪ kf), recombination is proportional to mobility and
only slightly reduced with respect to the Langevin limit, see panel
(a) of Figure 14; in the resplitting-dominated regime (kd ≫ kf),
the bimolecular recombination rate k2 is strongly suppressed and
mobility is no longer the decisive parameter that determines k2.
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This leads to the counterintuitive finding that for a given mobil-
ity, larger energetic disorder (and concomitantly a larger hopping
rate) is preferred, see Figure 14(b).[45]

A somewhat different approach to the themes discussed above
was taken by Kaiser et al., who developed a model based on
nonequilibrium thermodynamics to study charge separation in
organic solar cells as a function of charge carrier delocalization
and energetic disorder.[123] Somewhat in contrast to the kMC
simulations discussed above, significant deviations from equilib-
rium are found for delocalized electron-hole pairs at small disor-
der; for high disorder, the free energy profile was found to be
well-described as equilibrated.

2.7. Fill Factor

It is probably safe to say that the fill factor is one of, if not the least
understood performance indicators of OPV devices. In the near-
equilibrium Shockley model, Equation 15, the fill factor is not
an independent parameter as it follows directly from the reverse
saturation current J0 and the temperature T, or equivalently from
VOC and T, and is independent of the short circuit or photocur-
rent. In more elaborate but still near-equilibrium models, the fill
factor becomes a complex function of electron and hole mobili-
ties, recombination and generation rates, active layer thickness,
etc. On basis of extensive drift-diffusion calculations, Bartesaghi
et al. have proposed a predictor 𝛼 for the fill factor that is based on
the ratio of the (equilibrium) rates for recombination and extrac-
tion of photogenerated charges.[102] Although a clear correlation
with both measured and simulated fill factors was found, systems
with 𝛼 values that differ by more than an order of magnitude can
still show the same fill factor, suggesting further work is needed.

We are not aware of any specific studies into the role of non-
equilibrium effects on the fill factor, but the discussion of the Pé-
clet number above suggests at least one scenario in which the
enhanced diffusivity of non-thermalized charges enhances the
probability that these diffuse against the (weak) extraction field
and end up at the wrong contact. In case the contacts are not
selective, the minority carrier will then recombine and be lost.
As this effect becomes more pronounced for weaker extraction
fields, it will lead to a reduced fill factor. Indeed, kinetic Monte
Carlo simulations have suggested that this effect of interfacial re-
combination of “hot” minority carriers has a detrimental effect
on the JV-curves of actual OPV devices.[97] The authors of Ref.
[97] argue that in thinner devices, the incomplete saturation of
the photocurrent at short circuits might be an indirect indication
for this effect to actually occur. Further experiments, e.g. com-
paring devices with and without selective contacts, are needed to
draw any final conclusions.

3. Discussion and Outlook

An important question that arises from the preceding discus-
sions is whether any far-from-equilibrium effects can be ex-
ploited to “harvest” the excess energy of carriers that are not fully
thermalized in the vibronic or electronic DOS and exceed the
near-equilibrium thermodynamic limit of the same material. An
OPV device operating on these concepts would be a truly “hot

carrier” solar cell, where it has to be noted that in the community
working on (inorganic) hot carrier solar cells, the hotness gener-
ally refers to an incomplete thermalization in a band, that is to
vibronic hotness. In OPV and any other strongly disordered PV
device, the transport directly after photogeneration and on-site
thermalization, is, however, dominated by electronic hotness. As
discussed in the context of Figures 10 and 11, this leads to a par-
ticularly large amount of energy getting lost through hopping to
lower-lying sites, leading to a predominantly diffusive and thus
stochastic motion. This diffusive transport can be rectified by in-
troducing a vertical gradient in the donor:acceptor ratio, which
breaks the symmetry that is needed for undirected diffusion by
increasing the probability of holes (electrons) diffusing to the side
of high donor (acceptor) content. This results in improved charge
separation and extraction and subsequently in an increase in VOC
and FF, at least in numerical modelling.[130] Following up on that
idea, it was shown that further tailoring the morphology to opti-
mized phase-separated funnels leads indeed to a situation where
the thermalization of photogenerated charges is slower than the
carrier lifetime and a VOC and PCE both surpassing the near-
equilibrium limit.[118]

These funnel-shaped domains as introduced by Upreti et. al.
reveal two key conditions to impose a maximal directional com-
ponent to the initially diffusive motion and thereby achieve op-
timal, in silico, far-from-equilibrium OPV devices.[118] Through-
out the entire active layer, the lateral feature size of the phase-
separated funnels needs to be smaller than the diffusion length
of the charge carriers for them to actually “feel” the asymme-
try, and the narrow funnel ends need to be as narrow as possi-
ble. Using today’s device fabrication methods, it seems impossi-
ble to realize these idealized morphologies in a top-down man-
ner but it was speculated in Ref. 118] that both conditions can
be fulfilled in state-of-the-art organic solar cells if vertical strat-
ification is combined with spontaneous phase separation, lead-
ing to a bottom-up realization of vertical funnel-like features.
This might for instance happen in films created with sequen-
tial deposition techniques or upon thermal annealing of com-
position gradients.[131–133] In Figure 15 we show the effects of
improved phase-separation in kMC simulations before and after
thermal annealing of active layers with a composition gradient.
The thermal annealing procedure is based on the work by Peu-
mans et al.[134] In short, different interaction energies are asso-
ciated with homo (donor:donor and acceptor:acceptor) and het-
ero (donor:acceptor) interfaces. Minimizing the free (interfacial)
energy by stochastically swapping sites then mimics the sponta-
neous phase-separation as expected upon thermally annealing a
device. The functionality of this procedure becomes clear when
starting with an entirely random 50:50 mixture of acceptor and
donor states. As expected, thermal annealing then leads to a re-
alistic representation of a bulk heterojunction, c.f. left column of
Figure 15(b). More interesting, however, is the effect of sponta-
neous phase separation on a compositional gradient that begins
with 90% acceptor and 10% donor states on one side of the de-
vice and varies linearly toward the opposite end. The feature size
of each phase increases and funnel-like channels become visi-
ble, see the right column of Figure 15(b). The changes in mor-
phology directly relate to improved device performance and FF
as well as VOC increases, see Figure 15(a). The direct compari-
son to the idealized 10–1 funnel structure that outperforms the
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Figure 15. a) kMC simulations of vertical composition gradients before and after thermal annealing in comparison to an idealized funnel morphology.
The initial donor (acceptor) concentration decreases linearly from 90% to 10% at the opposite end. The 10–1 funnel has a 10 × 10 unit cell and an
inclusion of 1 × 1 site of acceptor material on one side which widens throughout the device until a 1 × 1 inclusion of donor is left on the opposite
side of the device. All simulation parameters are chosen as defined by Upreti et al., i.e., the built-in potential of the simulated devices is 1 V.[118]

b) Cross-sections of a random 50:50 donor:acceptor mix and a 90:10 composition gradient before and after thermal annealing.

near-equilibrium limit shows how much the gradient improves
after thermal annealing. Applying the same analysis as used in
Ref. [118] to analyze the funnels indeed reveals that the annealed
gradient BHJ just outperforms the near-equilibrium limit.

Although composition gradients are not uncommon in OPV,
we are not aware of any explicit experimental realizations of
gradient devices exploiting non-equilibrium effects. This would
make a worthwhile direction for further experimental and theo-
retical research that might shed light on some of the unsolved
issues regarding the importance, or lack thereof, of nonequilib-
rium effects in OPV, while simultaneously leading to further de-
vice improvements. We note that even in near equilibrium, i.e.,
with charge carrier populations having the lattice temperature,
concentration gradients provide an additional entropic potential
difference across the device of[118,130]

Ventr = 2
kBTeff

q
ln

(
cD0

1 − cD0

)
(31)

where cD0
and 1 − cD0

are the relative fractions of donor mate-
rial at the anode and cathode, respectively, and Teff is the effec-
tive temperature of the charge carrier population that in that case
would equal the lattice temperature.

The example of the gradient OPV, where non-equilibrium ef-
fects might contribute to VOC and FF illustrates that the effects
of static energetic disorder, in this case leading to slow thermal-
ization, are not necessarily bad news. Nevertheless, it should be
borne in mind that their driving force is ultimately energy loss.
Likewise, the proposed enhancement in VOC beyond its equi-
librium value due to incomplete thermalization is still a “miti-
gation” of a loss process.[97] From a pragmatic device perspec-
tive, one should therefore probably focus primarily on materials

with reduced energetic disorder. Although often claimed other-
wise, the so far limited measurements of energetic disorder of
modern non-fullerene acceptor-based OPV do not suggest sig-
nificantly lower values of 𝜎DOS than found in more old fashioned
OPV systems, and reported numbers are by no means small, ly-
ing in the 60–90 meV range.[135–137] The latter means that, at least
in the framework of the Gaussian disorder model, which is still
the state-of-the-art for long-range charge transport in OPV mate-
rials, thermalization should be slow, as discussed in the theory
section above. Any conclusive experimental proof of faster-than-
expected thermalization would raise important questions regard-
ing the underlying mechanism(s). A simple explanation in terms
of filling of low-lying states, which would stop the thermaliza-
tion at the quasi-Fermi level can be ruled out on basis of the low
charge carrier densities in the bulk of typical OPV devices under
operational conditions as discussed previously.[97]

Generalizing the above, it will be clear that strategies to fur-
ther optimize OPV devices will, in many cases, strongly depend
on whether or not state-of-the-art devices operate near or far from
equilibrium. In the former case, mitigation of energy and recom-
bination (fill factor) losses will likely continue along the lines
that are currently being pursued: minimization of energy level
offsets, reduction of non-radiative losses resp. enhancement of
the luminescence quantum efficiencies, enhancement of mobili-
ties in combination with reduction of energetic disorder, etc. Op-
timization by exploitation of non-equilibrium effects would, in
contrast, require exploration of largely unknown territory. In view
of the short on-site thermalization times, using vibronic hotness
will likely be limited to the first few ps after charge generation
and/or charge transfer. Here, one can imagine that materials with
strongly delocalized wave functions can facilitate charge separa-
tion at a low driving force. As, even for small (<60 meV) disorder,
global thermalization happens on much longer time scales, the
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number of possible strategies to exploit this degree of hotness is
probably larger. Nevertheless, the (re)use of thermalization en-
ergy will remain a partial mitigation of a loss channel: energetic
disorder is bad, but not as bad as it could have been, and there
might be ways to make it even less bad.

In summary, we have discussed the key (opto)electronic pro-
cesses in energetically disordered organic solar cells, focusing
on the connected questions to which degree these can be de-
scribed by near-equilibrium concepts and models and how the
performance indicators of current and future devices are affected.
We have seen that models that rely on orthogonal assumptions
regarding the importance of kinetics versus (near equilibrium)
thermodynamics can give very satisfactory descriptions and even
predictions of experimental observations. One reason for this ap-
pears to be the fact that, in many cases, there is a degree of free-
dom that allows to fit the data. An urgent example is the lack of ex-
perimental techniques to independently determine the position
of the low-energy parts of the DOS that are relevant for charge
transport. Having such a technique would allow truly quantita-
tive predictions of VOC.[18,40]
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