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Understanding and Suppressing Non-Radiative
Recombination Losses in Non-Fullerene Organic Solar Cells

Quan Liu* and Koen Vandewal*

Organic solar cells benefit from non-fullerene acceptors (NFA) due to their
high absorption coefficients, tunable frontier energy levels, and optical gaps,
as well as their relatively high luminescence quantum efficiencies as
compared to fullerenes. Those merits result in high yields of charge
generation at a low or negligible energetic offset at the donor/NFA
heterojunction, with efficiencies over 19% achieved for single-junction
devices. Pushing this value significantly over 20% requires an increase in
open-circuit voltage, which is currently still well below the thermodynamic
limit. This can only be achieved by reducing non-radiative recombination, and
hereby increasing the electroluminescence quantum efficiency of the
photo-active layer. Here, current understanding of the origin of non-radiative
decay, as well as an accurate quantification of the associated voltage losses
are summarized. Promising strategies for suppressing these losses are
highlighted, with focus on new material design, optimization of
donor-acceptor combination, and blend morphology. This review aims at
guiding researchers in their quest to find future solar harvesting
donor—acceptor blends, which combine a high yield of exciton dissociation
with a high yield of radiative free carrier recombination and low voltage losses,
hereby closing the efficiency gap with inorganic and perovskite photovoltaics.

appropriate charge transport properties,
fullerenes are generally weakly absorbing.
Most of the sunlight is therefore absorbed
by the donor material, often a conjugated
polymer, which in a blend with the ac-
ceptor forms a bulk heterojunction (BHJ)
photo-active layer. For a large set of poly-
mer: fullerene BHJs, the charge generation
yield reaches a maximum when ~0.4-0.8 eV
of energy is lost per photon in the exciton
dissociation process.>”7! This energy loss,
given by the energetic offset between the
lowest singlet (S;) and charge-transfer (CT)
states, AEg o, is thus substantial in the
most efficient fullerene-based solar cells.
The currently highest efficiency, Y-series
of non-fullerene acceptors (NFA), however,
enables OSCs with high external quantum
efficiencies (EQE,y) and fill factors (FF)
at a marginal AE, o.*'Y) NFAs benefit
from a combination of good charge trans-
port properties, optimized film morpholo-
gies, as well as high absorption coefficients,

1. Introduction

The use of fullerene derivatives, especially [6,6]-Phenyl-C71-
butyric acid methyl ester (PC,;BM), as electron acceptors has
been crucial for the development of organic solar cells (OSC)
enabling efficiencies of up to 12% in 2016."?! While having
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up to 1.5 x 10° cm™! (compared to 1.0-

5.0 x 10* cm™ for fullerenes) in the visible
and near-infrared.[#12-1*l An additional and significant advantage
in the optimization of the photovoltaic properties of donor: NFA
blends are their relatively straightforward adjustment of the fron-
tier energy levels and optical gaps over a wide energy range, by en-
gineering acceptor—donor—acceptor (A-D—-A) or A-DA’D-A-type
(such as Y6) fused groups in their molecular backbones.!'5-8l
This has brought the power conversion efficiency (PCE) of the
state-of-the-art NFA OSCs to over 19% in a single-junction(!?-%]
and 20% in a two-terminal tandem configuration,!?6%’]
respectively.

Despite this great progress, organic solar cells still lag that of
crystalline silicon (¢-Si), copper indium gallium selenide (CIGS)
and gallium arsenide (GaAs), as well as the emerging lead-halide
inorganic—organic hybrid perovskites. Figure 1a compares pho-
tovoltaic parameters for these technologies. The optical gap of
the highest efficiency NFA-based device so far is ~1.4 eV which
is comparable to that of GaAs. Both the short-circuit photocur-
rent (Jyc) and FF of the best OSC are within ~10% of those of
GaAs. However, the V,_ (0.89 V) is 20% lower than that of GaAs
(1.12 V). Increasing the power conversion efficiency of OSCs to
values comparable to inorganic solar cells thus requires simulta-
neously improving light absorption and charge transport proper-
ties for improved photocurrents and FFs while decreasing volt-
age losses. The latter is defined as the difference between the
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Figure 1. A comparison between state-of-the-art organic solar cells (OSCs) with inorganic and perovskite technologies. a) Plot of the power conversion
efficiency (PCE) as a function of optical gap energy (E,) for single-junction solar cells. Triangles present the record PCEs for different types of inor-
ganic or perovskite photovoltaic materials. Blue dots present a series of selected best-performing OSCs with various optical gaps. Their E,; can be
accurately determined by the intersection between the normalized absorption (EQEpy) and emission (Electroluminescence, EL) spectra of the blend film
(device),3931] or the mean peak energy from the derivatives of the EQEpy curve.l*?] A simple and rather close approximation for Eqpt is the energy in the
tail, corresponding to the half-maximum of the EQEp,.[°] The thermodynamic PCE limit for single-junction solar cells calculated via Shockley—Queisser
(S-Q) theory is also shown (dashed line). b) Plot of open-circuit voltage (Voc) as a function of E, ;. Solid and dashed gray lines present E, /g and
Eqpt/q— 0.55 V, respectively. The blue dashed line presents the radiative V¢ limit calculated via S-Q theory.

optical gap of the absorber (E,,) and the experimentally mea-
sured open circuit voltage (V,.) under 1-sun condition, that is,
Eopt/d— Voo, With q being the elementary charge. As shown in
Figure 1b, the photo-voltages of GaAs and GalnP solar cells al-
most reach their radiative V- limit,[?®] as predicted by Shockley
and Queisser,?’! resulting in voltages losses close to 0.3 V, while
much larger losses of ~0.55 V are found for current OSCs. As
compared to the best photovoltaic technologies, the current class
of OSC materials loses approximately an additional 0.2-0.25 V of
open-circuit voltage.

In the currently highest efficiency NFA-based OSCs, the volt-
age losses related to the photo-induced charge transfer process,
converting singlet excitons to CT states are negligible, that is,
AEg cr = 0. The total voltage losses are instead due to free
carrier recombination, which has a radiative and non-radiative
contribution. Radiative recombination via an electronic excited
state which coupled to the ground-state, such as a singlet state
or CT state is unavoidable and thus sets the thermodynamic
upper limit to the open-circuit voltage, V,_ 4. Additional non-
radiative recombination lowers the measured open-circuit volt-

age, Vo ep a8 compared to V. 4, with a loss AV, defined
as
AVoc,nr = Voc, rad — Voc, exp. (1)

Table 1. Comparison of the photovoltaic parameters, voltage loss, AV,

In the case that all non-radiative channels are fully suppressed,
AV, . will be zero and the device’s open-circuit voltage equals

oc,nr
Vieraa: The photovoltaic device will also be a good light-emitting
diode with a theoretical electroluminescence external quantum
efficiency (EQEg,) of 100%. In general, the non-radiative voltage

losses are quantified by the equation below, 3]

oc,nr

ky T
AV, . ~ e In(EQE,,) 2)

where kj is Boltzmann constant, and T'is the temperature of the
device.

Table 1 shows a comparison of the EQEy, values for various
photovoltaic technologies. The best NFA OSC has a AV,
of 240 mV, equivalent to an EQEy; of ~0.01% which is 2-3
orders of magnitude lower than that of the state-of-the-art
inorganic devices. The low non-radiative voltage losses in the
latter have been achieved by reducing trap-induced and surface
recombination at the contact/active layer interface.*!*?] For
OSCs, however, the radiationless decay pathways are less well
understood. Non-radiative decay in optimized OSCs has been
attributed to mechanisms intrinsic to organic semiconductors,
rather than to extrinsic impurities or surface recombination
at contacts. Intrinsic mechanisms are non-radiative decay via
triplet states on donor and/or acceptor!*’! and via internal

and EQEg, of selected record solar cells (see Ref. [33] for more details).

Material Eqpt [€V] Voc M Jsc [mA cm™2] FF [%] PCE [%] Eopt/q— Vo V] AV, o V] EQEg, [%] Reference
c-Si 1.10 0.74 42.6 84.9 26.7 0.36 0.107 1.6 [34]
GaAs 1.43 1.12 29.8 86.7 29.1 0.31 0.027 35.7 [35]
CIGS 1.09 0.73 39.4 80.4 23.4 0.35 0.096 2.4 [36]
GalnP 1.85 1.49 16.3 87.7 21.4 0.35 0.053 13.0 37]
Perovskite 1.53 1.19 26.4 81.7 25.6 0.34 0.059 10.1 [38]
Organic 1.45 0.89 26.7 80.8 19.2 0.56 0.24 0.01 [19]
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Figure 2. Jablonski diagram showing the possible radiative and non-radiative transitions at the donor—acceptor interface. In current non-fullerene OSCs,
Ecr is almost equal to the optical gap (E,p,) or the energy of the lowest singlet (S,) state of the lower gap component in the blend. Pathways for charge-
carrier generation and recombination are indicated with arrows. Blue and red arrows present radiative and non-radiative recombination channels of the
excited state species, respectively. On the right panel of the figure, the eenergy loss for NFA solar cells is indicated, mainly resulting from both radiative

and non-radiative CT and S; state decay during charge recombination.

conversion of CT states to the ground-state governed by the
“energy gap law”.[**] Also the AE;, o offset has been shown
to play a role in determining AV, 5! as well as the
donor-acceptor blend morphology,125254] interfacial molec-
ular orientation/packing,>>>7] energetic disorder,**®!l and
electroluminescence linewidth.[®?]

In this review, we aim to give an overview of current under-
standing of the origin of non-radiative recombination in OSCs.
We compare several characterization techniques for quantifying
the related voltage losses and then highlight successful pioneer-
ing approaches to reduce non-radiative recombination losses in
non-fullerene OSCs, including but not limited to new material
design and morphological control. Finally, based on the current
understanding, we provide an outlook on the design rules that
should be taken into account to minimize non-radiative recom-
bination losses while keeping an efficient photo-induced charge
separation.

2. Charge Generation and Recombination
Pathways in Non-Fullerene OSCs

2.1. Electronic State Diagram

Upon optical excitation of either the electron donating (D) or ac-
cepting (A) materials in the active layer of an OSC, the photo-
generated exciton will diffuse to the D/A interface and create a
CT state where the electron almost fully resides on A and the
hole on D. Nowadays, most efficient polymer, NFA blends, the
S, state of the NFA is the lowest energy local excitonic (LE) state.
The donor is chosen such that the interfacial CT state is close
in energy with the LE state, resulting in the formation of LE-CT
hybrid state at the D/A interface, which subsequently dissociates
efficiently into free carriers without hereby losing energy during
the electron-transfer process.[®3]
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Depending on the excitation wavelength above the optical gap
E, (the difference between S, and S, of the NFA), high en-
ergy singlet states in donor or acceptor are created. In their con-
version process to free carriers, they will lose their excess en-
ergy, as shown in the Jablonski diagram of Figure 2. This can
in principle occur via formation of higher energy CT states (CT)
which then dissociate, giving the free carriers with some excess
energy. Alternatively, relaxation from CT, to the lowest energy
CT state (CT,) occurs via internal conversion, subsequently pro-
ducing free carriers (FC) at high efficiency.l® Under the built-
in potential of a full device, these free carriers move toward the
respective electrodes through the bi-continuous networks. This
results in a photocurrent, which, depending on the applied volt-
age, results in a net flow of electrons out of the photovoltaic de-
vice. At open-circuit, no charge flows out of the devices and all
photo-generated free carriers recombine. The balance between
the photocurrent generation and free carrier recombination pro-
cesses therefore determines the density of charge carriers, and
thus their chemical potential at open-circuit, that is, the open-
circuit voltage. In order to achieve the highest V., the overall free
carrier density at open circuit needs to be maximized, and thus
the recombination rate minimized. The absolute lowest recom-
bination rate is achieved when only radiative recombination is
present.

In the following text, we focus on discussing the intrinsic
non-radiative pathways, affecting the carrier density in the ac-
tive layer at open-circuit. Trap-assisted recombination at extrin-
sic defects or interface recombination at the electrical contact
layers with the active layer have been shown to affect OSC
performance,l®>32] but are considered to form minor con-
tributors to non-radiative recombination pathways in the high-
est performance OSCs. They are therefore not discussed in
detail.

Figure 2 illustrates the main recombination processes for
a low energy offset D/A bulk-heterojunction blend where the
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Figure 3. Non-radiative recombination mechanism in an OSC device. On the left panel: Schematic illustrating an interfacial CT state in a bulk-
heterojunction system. On the right panel: Potential energies of the ground state and the CT state at the D/A interface as a function of the reaction
coordinate. The quantized vibrational modes of the electronic ground state and CT state are shown as the red and blue colored waves, respectively. The
green overlap between the lowest vibrational CT state (i = 0) and a vibrationally excited ground state (j = n) indicates the non-radiative recombination
pathway. The transition probability is sketched by the green area being the wavefunction overlap of both states. The red arrows depict possible radiative
decay pathways, the electron directly being transferred to the relaxed ground state or a low vibrational mode of the ground state. Reproduced with

permission.l”"l Copyright 2018, American Physical Society.

energy of the lowest singlet S, is close to CT, state energy. Free
charge carrier recombination is a complex process, involving
several electronic states, with dominant pathways currently
debated. Based on current literature, the following picture
emerges: Upon encounter of a free hole and electron at the
donor—acceptor interface, CT states are formed. The singlet CT
state ('CT) is coupled to the ground-state and can decay radiative
or radiationless (blue and red arrows, respectively). With the S,
state almost iso-energetic with the 'CT state, these states are
expected to rapidly convert into each other, as is the case for a
hybrid LE-CT state. There is, however, also a significant chance
ICT re-dissociates into free carriers. Spin statistics dictate that
the probability for !CT formation upon electron-hole encounter
is 1/4, while the chance for formation of a triplet *CT state is 3/4.
Triplet CT states are in principle not coupled to the ground state,
but can convert to local triplet states T;, on donor or acceptor,
which then decay non-radiatively. Singlet and triplet CT states
are expected to be nearly iso-energetic!®*®) and spin-flips occur
via (reverse) intersystem crossing.

The overall recombination rate for free carriers thus depends
not only on the electron-hole encounter rate (k,, = ky_cr +
k_3cr), but in a complex manner on the (re-)dissociation rate
(kgiss), (reverse) intersystem crossing rates (ky3, k3;), 'CT to S, in-
terconversion rates (k;cr_s; and kg;_cr), 3CT to T, conversion
rate (kycr_ 1) and decay rates of the CT state and S, state. The ex-
act values of each of the rate constants indicated in Figure 2, are
currently not known and likely depend on material system. There
are indications that several of the excited states (free carriers, CT
states, and singlet states) are in equilibrium with each other,®]
which means that conversion of (some) the excited states and
free carriers into each other is much faster than the decay to the
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ground-state of CT and S1 states (k;;_3; >> kicr and kg;). It has,
for example, been observed that the overall free carrier recombi-
nation rate is strongly reduced in comparison with the free carrier
encounter rate (so-called Langevin rate), which can be explained
by CT states dissociating multiple times into free carriers, bring-
ing CT states and free carriers in equilibrium with each other, be-
fore decaying.[”%! The already complex picture shown in Figure 2
does not take into account disorder and due to the multiple ex-
cited states involved, conversion rates are difficult to determine
and a topic of debate.

2.2. Molecular Parameters Determining Radiative and
Non-Radiative Decay Rates

The overall free carrier density and thus V. depend in a com-
plex way on the decay rates of the singlet and CT states (k,cr and
kg;), as well as the interconversion rates between excited states
(CT, singlet and triplet) and free carriers. In what follows, we con-
sider CT state to ground-state internal conversion as dominating
the total recombination and summarize briefly which molecular
factors affect k, ;. Figure 3 depicts the potential energy parabola
of the ground state and the CT state. The vibrationally relaxed
CT state has a different conformation than the vibrationally re-
laxed ground state. Higher energy vibrational levels and their
wave-functions in the harmonic approximation are depicted. In
the Franck—Condon approximation is the radiative decay of the
CT state proportional to the wave-function overlap between the
lowest energy excited state (i = 0) and all vibrational modes
(j = 1,2,3, ...) of the ground state, indicated by the red arrows
in Figure 3. The non-radiative decay rate is on the other hand
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Figure 4. Accurate determination of non-radiative recombination voltage loss for OSC devices. a) AV, ., derived from electroluminescent quantum
yield (EQEg, ) measurement. The injected current density dependent EQEg, curves of PM6:Y6 and neat Y6 devices are shown. Here, note that the EQEg,

value for calculating AV, .,

should be recorded at an injected current density equivalent to Jsc measured under AM1.5G illumination. b) AV, . derived

from sensitive-EQEp, measurement. Typical EQEpy curves of the PM6:Y6 device are shown: Normal EQEpy, (black), FTPS-EQE (gray), and constructed

EQEpy (cyan) calculated using optoelectronic reciprocity.

proportional to the wave-function overlap between the lowest en-
ergy excited state (i = 0) and the iso-energetic vibrational mode of
the ground state (j = n), indicated by the green coloured area in
Figure 3.[471]

The wave-function overlap between the i and j vibrational
states is given by the Franck—Condon factor weighted density of
states FCWD(E), which accounts for transitions between all vibra-
tional modes of the initial and the final state with the vibrational
states differing in energy by E (see Ref. [71]),

1

—x

VArAky T

i 2 ¢ SS] ll|: ‘ )]26<,%
1

j=01i=0

FCWD (E) =

)e—ihn/kBT (3)

with 7 the reduced Planck constant, 4; the low frequency re-
organisation energy, S is the Huang Rhys factor, being 4,,/AQ,
where 7Q and Ay are the vibronic spacing and re-organization
energy of the high frequency modes, respectively. Both values of
A, and 4y are strongly dependent on the chemical structure of
the materials. For organic semiconductors that contain many C-
C bones, 2Q has a typical value of 0.15 eV. L] (S)is the general-
ized Laguerre polynomial of degree i. Using the electron transfer-
rate constant expression, with Fermi’s golden rule and the Born—
Oppenheimer approximation, the non-radiative decay rate (k,,,)
can be described below by a product of the electronic coupling V
between the CT state and ground state and FCWD (0),7!]

k= 2; V 2FCWD (0) (4)

nr
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For E.; sufficiently high, Equation (4) can be roughly approx-
imated by:

Ecr =4 Ecr =4, s
— 1y
k, o exp [ 7 {ln ( " 7 (5)

This equation is known as the energy gap law: an exponen-
tial dependence of k.. on the excited state energy, which in
this case is Eq. Since Vienr depends on EQEg; (Equation 2),
which is inversely proportional to k,,, this law predicts that
an organic photovoltaic device with higher E.; should have re-
duced non-radiative voltage losses. This is indeed observed for
fullerene-based devices.*] When LE-CT hybridization is taken
into account the dependence on E; becomes more complex (see
Ref. [47]). Nevertheless, at very high E.;, in the visible re-
gion ~2.4 eV, it has been shown that EQE, can be above
1%, which is 100-1000 times higher than typical EQE, values
of NFA cells with optical gaps in the near-infrared, ~1.4 eV.
This results in AV, of 90-130 meV and a V,. approach-
ing S-Q limit for visible light emitting organic photovoltaic
devices.[”?l However, for efficient light harvesting, the energy
gap should be in the 1.1-1.5 eV range. In order to reduce
k.., increase EQEy and reduce AV, ., the other parameters
of Equations (3)—(5) need to be tuned, being 4, 4, the dom-
inant vibrational mode AQ and electronic coupling from CT
state to ground state. These parameters are affected by the
molecular structures of donor and acceptor, film morphology,
molecular orientation, packing, etc. Promising strategies lead-
ing to experimentally verified reductions in AV,_, will be fur-
ther discussed in Section 4.2. But first, we summarize how to
accurately and correctly determine AV, . using experimental
data.
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3. Accurate Determination of Non-Radiative
Voltage Losses

Having discussed recombination pathways in state-of-the-art
NFA solar cells, we now turn to provide an accurate way to ex-
perimentally quantify the non-radiative voltage loss, AV, .. In
this section, we show two well-established approaches to charac-
terize such loss, as seen in Figure 4, and discuss the limitation of
each method.

As AV, ., can be quantified using Equation (2), experimen-
tally measuring the EQEy, of a complete OSC is becoming a
popular and rather easy way to characterize voltage losses. Gen-
erally, EQE; depends on the charge carrier density. Therefore,
to ensure that the obtained AV, is relevant and correct, the
EQEy, value should be recorded at a charge density in the de-
vice, comparable to 1 sun, open-circuit conditions. This means
that the injected current density during the EQEy; measurement
should be comparable to [ measured under AM1.5G illumi-
nation or that the applied voltage during the measurement does
not substantially exceed typical V. values. Note that when a too
large bias (or current density) is applied, a large deviation of the
charge carrier density from quasi-equilibrium conditions may re-
sultin a higher determined radiative efficiency, and thus an over-
estimated EQE; value.”>’*! From the Equation (2), one can es-
timate that the AV, decreases by ~60 mV each time when
the EQEy, is enhanced by one order of magnitude. As seen in
Figure 4a, bringing the EQEy, value of 10~ of the current work-
horse donor-acceptor blend, PM6:Y6, close to that of neat Y6
film (EQEg ~1073), an ~60 mV gain in V,_ would be expected. In
our previous work, indeed, this occurred when low-molecular-
weight fractions of the polymer PM6 was used, improving the
Voc of PM6:Y6 devices from the typical values of 0.84 V to above
0.9 V.16

While various other research groups have validated Equa-
tion (2),1*75] some caution when measuring EQEy; for voltage
loss determinations is required: If the applied forward voltage
over the device during measurement is too high, charge injection
more easily excites the pure domains of donor or acceptor in
the blend, especially when the CT energy is very close to the S,
states. As a consequence, the measured EQE; overestimates
the value relevant in Equation (2). The D18:PMI-FF-PMI (E,
= 2.02 eV) system, reported by Hofinger et al.,® is a good
example here. The experimentally measured EQE, of the OSC
device is as high as 0.1%, while the calculated EQE; value
derived from the non-radiative voltage loss analysis discussed
below, is only 0.006%, yielding an %70 mV underestimation
of the AV, . value. A similar underestimation of AV,_ . val-
ues within a range of 30-80 mV from EQE; measurements
has been observed for several wide-gap (>1.8 eV) NFA-based
OSCs.[77-80]

The EQEy,; value is strongly affected by the applied bias and
charge injection balance, occasionally leading to the unreliable
determination of AV, if the injected charge densities and dis-
tribution differ substantially from the conditions at V,_ under 1-
sun. We therefore recommend performing these measurements
at rather low injections currents, as they mimic V., conditions
the best.
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A more reliable AV, value is obtained using an analysis
based on a detailed balance approach: The radiative limit, V,

oc, rad
can be calculated using the following equation,®!!

V. c,rad =

o

(©)

kBT f EQEPV(E) X ¢AM1_S (E) dE
——1In +1
q J EQEyy (E) X ¢y, (E) dE

where ¢,\1 5 (E) and ¢hgp (E) are the AM 1.5G solar irradiation and
Plank’s black-body radiation spectrum at the device’s tempera-
ture T, respectively. For the latter, ¢ (E) is given by

27 E? 1

¢pp (E) = W32 (exp (E/kBT _ 1))

()

where h is Planck’s constant, and ¢ is speed of light in vacuum.
The product EQE,y (E) X ¢y (E) depends strongly on the low en-
ergy part of the EQE,, spectrum. Therefore, in order to evalu-
ate V.4 using Equation (6), a sensitive measurement of the
EQE,y(E) spectrum in the low energy tail and sub-gap region
is required. Such measurements can be obtained using a lock-
in technique or via Fourier transform photocurrent spectroscopy
(FTPS) measurements.[#283] As shown in Figure 4b, the FTPS
technique allows for measurement in the sub-gap regime as low
as EQE,, ~107° for PM6:Y6 cells.

The EQE,y (E) tail and the electroluminescence (EL) spectrum
of the device at low injection voltages are related by a reciprocity
relation: EQE,y (E) ~ EL(E)/¢yy(E).>*#* Figure 4b shows the va-
lidity of this relation for PM6:Y6: The EL(E) /g5 (E) overlaps with
the measured EQE,, (E) spectrum and extends it further into the
sub-gap region by more than 5 orders of magnitude!”! This re-
constructed EQE,y (E) spectrum is used to accurately evaluate the
integral in the denominator of Equation (6). With knowledge of
V. the non-radiative voltage losses can be calculated using

oc,rad?
Equation (1): AV, . =V, \% . Note that the AV,

oc,nr oc,rad — Yoc, exp. oc,nr
derived from both EQE, and FTPS-EQE techniques coincide if
EQE, is measured under the correct injection conditions, mim-

icking charge densities close to V. conditions.

4. Approaches to Suppress Non-Radiative
Recombination Losses in OSCs

4.1. The Need for NFAs with a High Photoluminescence
Quantum Efficiency

The currently best non-fullerene OSCs have an EQE,,,, ~#85% and
a FF >80%. Reduction of AV, (or increase in EQE ) would
boost the efficiency above 20%. In this section, we will discuss
the recent advances in reducing the non-radiative recombination
loss and relevant strategies are summarized below.

The EQEy, of the device is limited by the photoluminescence
quantum yield (PLQY) of donor: NFA blend films, which can
reach a few percent.[*>%2%] In the typical case that the NFA is
the low gap component of the blend, its PLQY limits in turn the
blends’ PLQY. Thus, to further improve the PLQY values of blend
films, NFAs with high PLQYs should be selected and their emis-
sive properties should be enhanced. As efficient organic solar
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Figure 5. Reducing non-radiative losses by material design. a) Molecular structures of NFAs with a BTP core and different symmetrical end-groups,
featuring a gradually increasing AEg; ot when paired with the PM6 polymer donor. b) Non-radiative recombination losses (solid) and EQEg, (dotted) for
various PM6: NFA with increasing AEg; ot (top panel) and various polymer:Y6 blends with decreasing AEs; ¢t (bottom panel). c) Molecular structures
of polymer donor materials containing a fluorinated-thienyl benzodithiophene (BDT-2F) unit and different electron-accepting units, featuring gradually
reduced AEg; ot when paired with the Y6 NFA. d) polymers based on the PBDB-T chemical structure, aiming to increase their spacing with Y6 derivatives.
The current density—voltage curves of their corresponding devices are shown on the right side. Reproduced with permission.[?8] Copyright 2021, Springer
Nature. e) Newly designed Y6 derivatives with reduced re-organization energy. Left: chemical structures of NFA molecules. Right: absorption and pho-
toluminescence spectra of the studied NFA thin-films, indicating a smaller Stokes shift compared to standard Y6. Reproduced with permission.[®]

Copyright 2022, Springer Nature.

cells require an optical gaps in the near infrared (NIR), it is there-
fore useful to take a closer look at PLQY and EQEj,; data reported
for recent near-infrared light-emitting diodes (NIR-OLED).[3¢:87]
The EQE,, values (0.2-0.5%) of pure NFA neat film-based de-
vices have already approached the best solution-processed fluo-
rescent organic emitters with an emission peak around 900 nm.
Therefore, the design criteria or strategy for developing more effi-
cient emitters used for NIR-OLEDs in the future, might also have
potential for low voltage loss OSCs.

In fluorescent OLEDs, non-emissive triplet states are a main
cause for a reduced EQE, . Also in OSCs, triplets are therefore
expected to play a role in the recombination mechanism.!*368]
Gillett et al. demonstrated that in the PM6:Y6 system ~90% of
free charge recombination proceeds via the T, state of Y6.[*
Avoidance of that non-radiative loss channel would enhance the
EQE;, by a factor of 10, and thus reduce AV, by 60 mV. To
practically realize this, the formation of triplet CT states (k;;, in
Figure 2) or the back electron transfer k;_ 1, should be sup-
pressed. A reduced formation of triplets can be achieved by bring-
ing the CT and local exciton states close in energy and by in-
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creasing the electronic coupling between them. This can result
in a destabilized triplet CT state of which the energy is higher
than that of the singlet CT state. In this case, population of
triplet CT states and conversion to local triplet states is less fa-
vorable and thus recombination via T1 of the NFA phase can be
suppressed.[88]

4.2. Material Design Guidelines for Reducing Non-Radiative
Recombination Losses

An approach followed by several groups is to narrow the en-
ergy offset AEg, - for a given D/A blend in which the high-
est occupied molecular orbital (HOMO) energy levels are suffi-
ciently close to result in a strong electronic coupling between
the CT state and the lowest S, excited singlet state (see Refs.
[48,90,91]). This is achieved by tuning the frontier energy lev-
els of D and A materials via the modification of their molec-
ular skeletons, that is, introduction of Fluorine (F) or Chlo-
ride (Cl) electron-withdrawing elements. As shown in Figure 5a,
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an increase in the number of F atoms on the end groups of
BTP core-based non-fullerene acceptors leads to gradual down-
shift of their HOMO level. Using Cl slightly lowers the HOMO
level even further as compared to the F-counterparts due to its
higher electron-withdrawing nature. Pairing the series of NFAs
shown in Figure 5a with the PM6 polymer donor decreases
AEg, o which results in a decrease (increase) in AV, (EQEg)
(Figure 5b, upper panel). When AFEg; .r is manipulated via tun-
ing of the polymer HOMO level, a similar observation can be
made: Figure 5c shows a series of donor polymers containing a
BDT-2F unit combined with various acceptor units. When blend-
ing these polymers with Y6, the corresponding non-radiative
losses correlate with AEg, 1 (see Figure 5b, bottom panel). In
general, lowering AEg, 1 via backbone modification, side chain
engineering,[°*%3 or ternary polymerization,[**"! lowers the volt-
age losses related to the conversion of singlet excitons to CT
states. Once these losses are close to zero (Eqr = E,,), a further
tuning of frontier energy levels, bringing the HOMO of the donor
and NFA close to each other, results in an increased EQE; and
lower non-radiative voltage losses.

Recently, two voltage loss reduction strategies beyond the tun-
ing of frontier energy levels have been experimentally demon-
strated. The first one involves the design of a blend with an in-
creased spacing between the donor polymer and NFA acceptor.!8!
A careful manipulation of the D-A spacing using longer side
chain on the PM6 polymer was shown to improve V,. by a
reduction of the non-radiative losses, without hereby signifi-
cantly adjusting the frontier energy levels of the used materials
(Figure 5d).

A second strategy is to reduce the re-organization energies
(AL and A) of the used materials, which reduces the Stokes
shift between absorption and emission peaks, as well as the ab-
sorption tail steepness and, according to Equation (3), the non-
radiative decay rate: Wei et al.l°! reported fused hetero-aromatic
Qx derivatives based on the Y6 molecular backbone, with a re-
duced Stokes shift (Figure 5e) as compared to that of Y6 molecule,
suggesting a reduced molecular re-organization energy. This en-
abled a device efficiency over 18% with a AV, . of less than
0.2V

4.3. Morphology Control for Reducing Non-Radiative
Recombination Losses

In addition to the approaches relying on newly synthesized ma-
terials, morphology control of a given blend and its effect on
non-radiative voltage losses has been explored. The heterogene-
ity of local morphologies in bulk-heterojunctions in terms of D-
A blend ratio, different molecular weight polymers, additives,
growth, and annealing conditions strongly influences the energy
levels and dynamics of interfacial CT states,>*1%] and thus volt-
age losses in general. An often observed trend is that a more
aggregated morphology leads to relatively larger non-radiative
losses,[*2+191102] which could be ascribed to reduced fluorescence
emission efficiency!'®! and/or increased the local D-A HOMO
offset in the aggregated solid state.l'% Preventing aggregation
of NFAs by dispersing them into a polymer: fullerene matrix has
been shown to reduce AV, .['%51%] As shown in Figure 6¢, when
a large weight loading of PC; BM fullerene material accounting
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for 90% of the total acceptor is mixed into the PM6:Y6 blend,
indicating the Y6 aggregates are well diluted and dispersed, as
a result, such ternary device has a reduced non-radiative energy
losses compared to that of PM6:Y6.[1%]

Alternatively aggregation can be tuned by using various-
molecular-weight fractions of PM6 in blends with NFAs.[%2] The
low molecular weight fractions of PM6 result in a less aggregated
PM6 and NFAs domains, and as a result, the device EQEy; is
enhanced and approaches that of a neat NFA device for several
blend systems, hereby reducing the corresponding AV, .. The
latter correlates well with the EL emission linewidths (in eVs) for
a large set of devices (Figure 6b). A narrower emission linewidth
is an indication of a lower re-organization energy or reduced en-
ergetic disorder. Recently, several studies correlated Urbach en-
ergies (E,) extracted by exponentially fitting the sensitively mea-
sured EQE tail with device voltage losses.[>17-1%] However, some
care needs to be taken when determining E, from these spectra:
Optical interference effects can strongly affect the shape of the ab-
sorption tail,["!%112] which is further determined by exciton and
CT state properties in a complex way. Not taking this into account
would result in an unfair comparison between different systems.
For current low HOMO-offset blends in which the CT state spec-
tral feature is absent, it is further unclear how the energetic dis-
order of the exciton density of states determining the sharpness
of the tail would affect AV, ,..['!3] Nevertheless, the static disor-
der of CT states has recently been shown to have influence on
both V.4 and AV, .. by Nelson and coworkers.""*! Later, Rand
et al. (%] also have shown a correlation between the CT-state dis-
order and non-radiative loss: In a study on serval planar and bulk
heterojunction OSCs it was found that AV, quadratically in-
creases with an increasing CT-state energetic disorder parame-
ter (Figure 6¢). Nelson and co-workers design rules on how to
reduce CT state disorder by morphology tuning are however not
established yet.

Besides aggregation within the donor and acceptor phase, the
relative orientation of the different phases at the donor/acceptor
interfaces has been shown to influence AV, .. As shown in
Figure 6d, Nguyen et al.l!’*l reveal that the molecular orienta-
tion of p-SIDT(FBTTh,), in the neat film has a profound effect
on the device V. (see the J-V curves). A much larger V,_ is ob-
served for the device with p-SIDT(FBTTh,), face-on orientation,
which results in a higher CT energy and less non-radiative recom-
bination losses. A similar trend is observed in solution-processed
all-small-molecule non-fullerene OSCs.['1) When the length of
the alkyl side-chain on the DRTB-TX donor molecule increases,
the molecular orientation relative to the substrate changes from
mainly edge-on to face-on and the corresponding V, . of devices
based on DRTB-TX:IT-4F blends increases from 0.89 to 0.93 V.
Also, for all-polymer OSCs, orientation affects the voltage losses.
Ma et al. fabricated P3HT (D)/N2200 (A) bilayer devices with dif-
ferent molecular orientations that are controlled by employing
various solvents and thermal annealing.['"’] When P3HT has a
face-on orientation, which has an ~50 mV higher V,  than of
the edge-on case is obtained. In contrast, when N2200 is face-
on orientated, an extra recombination loss appears, reducing V..
Hence, molecular orientation of both D and A phases manipu-
lates recombination energy losses, and thus device performance.
In the future, a deeper understanding of the relation between
molecular orientation and device performance would be valuable,
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Figure 6. Morphology and energetic disorder control for reducing non-radiative recombination losses. a) Left: schematic drawing of the dilution ef-
fect. Right: Plot of AV, and EQEg for PM6:Y6 ternary devices with different loadings of PC4;BM at a fixed D:A weight ratio of 1:1.4. Reproduced
with permission.[19] Copyright 2019, Wiley-VCH. b) Left: schematic drawing of a morphology with reduced aggregation. Right: correlation between the
linewidth (in eV) of the emission spectrum and AV, ., for PM6-based devices with different non-fullerene acceptors. Reproduced with permission.[6?]
Copyright 2021, Elsevier. c) Correlation between AV, . with CT-state disorder (o) at room temperature. Reproduced with permission.[%%1 Copyright
2022, Elsevier. d) Molecular orientation of p-SIDT(FBTTh,), and Cg in the face-on and edge-on bilayer samples, and the resulting photovoltaic perfor-

mance. As shown in the J-V curves, the face-on orientation of the donor molecule has a larger V,, resulting in a reduced non-radiative loss. Reproduced

with permission.'"] Copyright 2017, Springer Nature.

as well as strategies for precisely controlling the orientation in
each phase.[118]

5. Trade-Off between EQE,, and AV,_,, in Low

Energetic-Offset Systems

og,nr

Strategies described in the literature that successfully reduce
AV, ., unfortunately often have a negative impact on the
EQE,y and hereby the overall photovoltaic performance for both
fullerene and NFA-based OSCs.[*!!%] Reducing (non-radiative)
voltage losses by reducing AE, - via frontier energy level tun-
ing in fullerene OSCs often results in a reduced free charge car-
rier generation yield. Efficient free charge carrier generation was
therefore believed to require a considerable amount of driving
force. This was challenged when He et al.['?%] reported the first
example of an NFA-based system, demonstrating fast and effi-
cient charge separation with a negligible AE;, - and an internal
quantum efficiency (IQE) of nearly 90%. Also, the current work-
horse PM6:Y6 blend, which has an IQE of #95%, does not show a
significant A E, 1. The energetic difference between the HOMO
levels of PM6 and Y6 is almost zero according to the traditional
cyclic voltammetry (CV) or ultraviolet photoelectron spectroscopy
(UPS) measurements. Itis hereby however important to note that
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using above techniques it is difficult to determine the energy lev-
els of D and A directly at the interface in the bulk-heterojunction,
leading to uncertainty in the exact value of the HOMO levels.['2!]

Figure 7a, reproduced from Classen et al.,["?!lplots the maxi-
mum EQE,, value as well as AV,_, as a function of the differ-
ence between the HOMO of the donor and the acceptor, AEy;q 0,
for several donor: acceptor combinations. It reveals the trend of
a strongly decreasing AV, . when AE,,, is tuned to small
values, as seen in the intermediate regime in which the pro-
posed Boltzmann stationary-state equilibrium between CT states
and excitons (CT-LE equilibrium) manipulates the AV,_, . Espe-
cially when AEj oo is less than an empirical threshold value
of AEyopmo 0.2 eV, both AV, =~ and EQE,y decrease steeply
with Y6 as exception. A rather large number of studies observe a
similar trend: Reducing AEyo),, enables a smaller AV, ., but
comes at the expense of EQE,,, FF, and overall efficiency of
the device.l*79012351124] S far, the fundamental reason why the
PM6:Y6 device can maintain such a high EQE,, at such low
AE; opmo s not clear. An explanation given by Classen!'?] is the
significantly improved exciton lifetime in Y6 NFA as compared
to PCBM-based systems, up to 1 ns, which gives more time for
exciton dissociation, making it more efficient.

For the recently reported high efficiency OSCs using NFAs
from the Y-series, EQE, values are approaching those of the
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Figure 7. Correlation between non-radiative voltage loss and charge generation yield in low energetic offset systems. a) Analysis of AV, . and maximum
EQEpy of devices as a function of the HOMO level offset between D and A materials. Three perspectives in the left and right regimes AV, . are

solely determined by the local exction (LE) and CT state properties, respectively. In the intermediate regime, the CT-LE equilibrium determines AV,
Reproduced with permission.['22] Copyright 2017, Springer Nature. b) Plot of maximum EQEpy as a function of AV,

using Y-series acceptors.

neat NFA. However, a trade-off between AV, . (and thus EQEy,)
and maximum EQE,, values remains, as shown in Figure 7b.
For more than 50 recently published Y-series-based OSC devices,
AV, varies over 200 mV (from 0.15 to 0.35 V). Once AV .
is less than 0.18 V, corresponding to an EQE, of more than
0.1%, the peak EQE,,, drops rapidly below 80%. Hence, to further
improve OSC efficiency, the physical origin of this trade-off needs
to be urgently addressed and mitigated. That will require newly
designed material systems with long-lived and disorder-free CT-

and excitonic states with low reorganization energies.!125-177]

6. Conclusion and Future Perspective

We have summarized the recent efforts undertaken to under-
stand the origin of non-radiative recombination losses in NFA-
based OSCs and discussed some empirical strategies to reduce
them. It is clear that the community is still at the early stages of
understanding the fundamental factors controlling non-radiative
recombination processes at D-A interfaces and AV, has been
eliminated only partially. No doubt, substantial efforts will be
needed and future strategies developed for efficient NIR-OLEDs
may be adapted for OSCs since they are sharing the same goal of
improving EQE; . In contrast to NIR-OLEDs, however, efficient
OSC additionally require a well-designed blend morphology with
high and balanced electron and hole mobilities, strong light ab-
sorption, and an efficient CT state dissociation rate, resulting in
high EQE,ys, photocurrents, and FFs.

Once the above strategies are put into action, we are optimistic
that non-fullerene OSCs can achieve PCEs close to the state-of-
the-art inorganic or perovskite PVs. Indeed, a rather small AV, _,
value of ~0.15 V (EQE; ~ 0.3%) has been achieved when we
used a NIR emitting NFA with a rather narrow electrolumines-
cence linewidth (Ref. [62]). If this EQE}, value could be achieved
for the currently best OSC, an additional 90 mV enhancement in
V,. would result, giving over 21% efficiency. However, an impor-

Adv. Mater. 2023, 35, 2302452 2302452 (10 of 13)

oc,nr*

for over 50 NFA-based OSCs

oc,nr

tant requirement is that the electronic states at the D-A interface
do not only dissociate efficiently into free carriers, but also that
the non-radiative paths for decay of these states are strongly su-
pressed.
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