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Efficient Nanoscale Exciton Transport in Non-Fullerene
Organic Solar Cells Enables Reduced Bimolecular
Recombination of Free Charges

Drew B. Riley,* Oskar J. Sandberg,* Nasim Zarrabi, Yong Ryun Kim, Paul Meredith,*
and Ardalan Armin*

The highest-efficiency organic photovoltaic (OPV)-based solar cells, made
from blends of electron-donating and electron-accepting organic
semiconductors, are often characterized by strongly reduced (non-Langevin)
bimolecular recombination. Although the origins of the reduced
recombination are debated, mechanisms related to the charge-transfer (CT)
state and free-carrier encounter dynamics controlled by the size of donor and
acceptor domains are proposed as underlying factors. Here, a novel
photoluminescence-based probe is reported to accurately quantify the
donor–acceptor domain size in OPV blends. Specifically, the domain size is
measured in high-efficiency non-fullerene acceptor (NFA) systems and a
comparative conventional fullerene system. It is found that the NFA-based
blends form larger domains but that the expected reductions in bimolecular
recombination attributed to the enhanced domain sizes are too small to
account for the observed reduction factors. Further, it is shown that the
reduction of bimolecular recombination is correlated to enhanced exciton
dynamics within the NFA domains. This indicates that the processes
responsible for efficient exciton transport also enable strongly non-Langevin
recombination in high-efficiency NFA-based solar cells with low-energy
offsets.

1. Introduction

Recently, the power conversion efficiencies (PCEs) of bulk het-
erojunction (BHJ) organic photovoltaic (OPV)-based solar cells
have consistently exceeded 15% with the introduction of non-
fullerene acceptor (NFA) molecules and now are approaching
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19%.[1–4] A PCE of 20% is in sight, and
an optimistic value of 25% is predicted.[5]

To achieve this, all loss mechanisms, how-
ever small, must be identified and over-
come. These BHJs are made of blends
of excitonic electron-donating (donor) and
electron-accepting (acceptor) organic semi-
conductors that form percolated and phase-
separated domains. These domains, con-
sisting of donor- or acceptor-rich regions,
act as charge collection channels to the elec-
trodes, while the interfaces between donor
and acceptor domains, consisting of small
intermixed regions of donor and acceptor
molecules, act as charge generation and re-
combination centers.[6,7]

To maximize charge generation, the do-
main sizes need to be small enough to en-
sure that the majority of photogenerated ex-
citons can diffuse to a donor–acceptor in-
terface. At the interface, the exciton disso-
ciates into a charge-transfer (CT) state by
transferring an electron (hole) to the accep-
tor (donor) phase.[6] Alternatively, Förster
resonance energy transfer (FRET) can oc-
cur from donor (typically having larger

exciton energies than the acceptor in state-of-the-art NFA-based
OPVs) to acceptor,[8,9] followed by migration of acceptor excitons
to the interface and dissociation into CT states. Once CT states
are formed, owing to lower binding energy, they typically dissoci-
ate into separated free charge carriers with relatively high quan-
tum efficiency.[10,11]

To maximize the collection of separated charge carriers, in
turn, the acceptor (donor) domains need to be large and pure
enough to support efficient charge transport of electrons (holes)
and minimize bimolecular recombination between separated
charges. Bimolecular recombination in BHJs is commonly un-
derstood as a two-step process involving electron and hole en-
counter to form bound CT states and a subsequent decay of the
bound states, which otherwise re-dissociate back to free charges.
The bimolecular recombination rate constant (𝛽) in many BHJ
devices has been observed to be orders of magnitude lower than
the Langevin rate constant (𝛽L) expected for diffusion-limited
charge-carrier recombination processes.[10,12,13] This reduction
factor (𝜁L = 𝛽L∕𝛽 ≥ 1) is typically attributed to a reduction (𝜁 enc)
associated with impediments to electron–hole encounters due to
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Figure 1. Charge generation and recombination processes in organic semiconductor bulk heterojunctions. a,b) Graphical representation of the domain
size of a bulk heterojunction from the frame of reference of a photoexcited exciton (a) and a pair of separated charge carriers (b). rc indicates the Coulomb
capture radius.

their geometrical confinement in the respective domains,[12,14]

and a reduction (𝜁CT) due to the re-dissociation of CT states into
free charges, such that 𝜁L = 𝜁 enc 𝜁CT, where 𝜁 enc ≥ 1 and 𝜁CT
≥ 1.[15] In recently reported NFA-based organic solar cells based
on low-offset donor–acceptor systems, the CT state kinetics, and
thus 𝜁CT, is further expected to be strongly influenced by exci-
tons. Explicitly, it is expected that 𝜁CT is inversely proportional to
the exciton lifetime.[4,16,17] However, thus far the interrelation be-
tween exciton dynamics and bimolecular recombination of free
charges in NFA-based BHJs has remained unclear.

To gain further insights into exciton dynamics and bimolec-
ular recombination of free charges in BHJs, methods to probe
the morphology are needed. Studies of the surface morphology
of many NFA-based BHJs via atomic force microscopy have re-
vealed that the surface domains exhibit superior phase sepa-
ration and larger domain sizes than fullerene blends.[1,18] Fur-
ther, studies using transmission electron microscopy (TEM) have
indicated that this trend extends into the bulk of NFA-based
BHJs.[19–21] However, these commonly used methods cannot ac-
curately quantify the size or purity of NFA-based BHJ domains
due to the low contrast of the constituent compositionally similar
materials.[22,23] Resonant soft X-ray scattering (R-SoXS) studies of
NFA BHJs have reported scattering peaks at q < 0.1 nm−1, indi-
cating large donor- or acceptor-rich areas are present and sug-
gesting a characteristic mode length in the acceptor phase as
large as 90 nm.[23] Although R-SoXS is a widely used and power-
ful tool, many of the organic semiconductor–X-ray interactions
result in high-energy electrons that cause damage to the native
structure.[24] As such, a convenient, benign probe to quantify
the size of donor and acceptor domains in BHJs is in high de-
mand not only for understanding the effect of domain size on
device relevant figures of merit such as PCE, but also to provide
researchers with the ability to probe morphological changes to
BHJs under various conditions in the absence of probe-induced
degradation.

In this work, we present a novel photoluminescence-based
quasi-steady-state measurement technique to quantify the do-
main size and exciton dissociation efficiency in BHJs. This tech-
nique is validated through Monte-Carlo simulations and ex-
periments, and further used to quantify the acceptor domain
size in technologically relevant BHJs. We find that NFA-based
BHJs form larger acceptor domains than fullerene-based sys-
tems. However, these domains are not large enough to explain

the observed non-Langevin recombination rates based upon ge-
ometrical confinement of charges. Instead, the ratio of exciton
diffusion length to average domain size is found to be a figure
of merit that correlates well with reduced bimolecular recom-
bination. This indicates that efficient exciton dynamics enable
strongly reduced bimolecular recombination in high-efficiency
NFA-based organic solar cells with low energetic offsets.

2. Analytical Construct

The charge generation process for an exciton in the donor phase
of an FRET-activated BHJ is shown in Figure 1a. The photoex-
cited exciton diffuses freely throughout the donor phase until
it is within the FRET radius (RFRET) of the donor–acceptor in-
terface, at which point the exciton is transferred to the accep-
tor phase with a high probability of arriving near the interface.
Hence, from the exciton’s frame of reference, the donor domain
size is smaller than the phase separation of the BHJ by twice
RFRET. Since FRET from the NFA to the donor is typically inef-
ficient in most state-of-the-art BHJs, excitons generated in the
acceptor phase (or transferred there via FRET) diffuse within
the acceptor phase before reaching the interface and dissociat-
ing into a CT state. Conversely, Figure 1b shows a corresponding
schematic of the bimolecular recombination process occurring in
the same system. Since the electron and hole are free to diffuse
everywhere in their respective domains, the donor domain size in
the charge-carrier frame of reference is equivalent to the phase-
separated domain size and thus larger than the donor domain in
the frame of reference of an exciton. In the ideal BHJ, defined
by a fully percolated donor–acceptor network with well-defined
interfaces, the characteristic mode length, as defined in R-SoXS
experiments, and domain size, as defined by L in Figure 1b,
are equivalent. Total scattering intensity approaching unity from
R-SoXS experiments indicates a high domain purity in the
fullerene and NFA-based systems studied here, signifying that
these systems are closely approximated by this ideal form.[23,25–27]

To probe the domain size, a photoluminescence-based method
has been developed, based on measuring the density depen-
dence of the relative photoluminescence quantum yield (PLQY,
𝜂PL) of excitons under quasi-steady-state excitation conditions. At
high excitation densities, excitons interact via exciton–exciton an-
nihilation (EEA) providing a nonlinear, nonradiative relaxation
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channel, reducing 𝜂PL.[28] The rate equation for the density of
excitons (𝜌) in one phase of a BHJ is given by

d𝜌
dt

= −𝜌

𝜏
− keff𝜌 − 𝛾𝜌2 (1)

where 𝜏 is the exciton lifetime in the neat semiconductor of the
corresponding phase, keff is the effective rate of energy or charge
transfer from the occupied phase to the opposing phase, and
𝛾 = 4𝜋DR0 is the EEA rate constant, in which D and R0 are the
diffusion constant and exciton capture radius (taken as the d100
spacing given by grazing-incidence X-ray diffraction measure-
ments) of the occupied phase, respectively.[28–30] In the case of a
phase-separated BHJ, the effective rate of charge or energy trans-
fer is dependent on the efficiency of exciton diffusion toward the
donor–acceptor interface (𝜂diff = (2LD∕L) tanh(L∕2LD), in which
LD =

√
D𝜏 is the exciton diffusion length) and the rate of exci-

ton extraction at the (effective) interface.[17] The exciton extraction
occurs either as a charge transfer at the interface, historically as-
sumed to depend on the energetic offset between the exciton and
CT state, or as an energy transfer near the interface, dictated by
the FRET rate.

The photoluminescence quantum efficiency, corresponding
to the ratio between the total number of excitons decaying ra-
diatively and the total number of generated excitons, is given
by 𝜂PL = [𝜂PL,0 ∫

∞
0 𝜌(t)dt∕𝜏eff ]∕𝜌0 where 𝜂PL,0 is the photolumines-

cence quantum efficiency at low excitation densities, 𝜌0 the initial
density of excitons, and 𝜏eff = 𝜏∕(1 + 𝜏keff )).[17,28] In each individ-
ual phase, the density-dependent 𝜂PL is then obtained by solving
Equation (1) and integrating to yield

𝜂PL = 𝜂PL,0

ln
[
1 + 𝜌0𝛾𝜏eff

]
𝜌0𝛾𝜏eff

(2)

By measuring the relative change (𝜂PL∕𝜂PL,0) in PLQY as a
function of 𝜌0 generated via an instantaneous source, referred
to as pulsed-PLQY, 𝛾𝜏eff can be extracted through Equation (2).
In the case of a neat organic semiconductor (keff = 0, 𝜏eff = 𝜏),
pulsed-PLQY can be used to measure the exciton diffusion length
as LD =

√
𝛾𝜏∕4𝜋R0.[28] In a BHJ film, the efficiency of exciton

quenching can be expressed as the competition between the ef-
fective extraction rate and the natural decay rate PS = keff (keff +
1∕𝜏)). Under conditions where the rate of charge or FRET trans-
fer is efficient, the system becomes diffusion-limited, and 𝛾𝜏eff in
the occupied phase can be related to the domain size through[17]

PS = 1 −
𝛾𝜏eff

𝛾𝜏
=

2LD

L
tanh

[
L

2LD

]
(3)

Consequentially, by measuring 𝛾𝜏 in a neat semiconductor and
𝛾𝜏eff from the corresponding phase of a BHJ using pulsed-PLQY,
Equation (3) can be solved, and the average domain size L can be
calculated, analogous to the characteristic mode length measured
in an R-SoXS experiments. Although distinct quenching exper-
iments have been used historically to evaluate PS, these tech-
niques often suffer from complications related to evaluating the
excitation density and the resulting density dependence of the ex-
citon kinetics. Utilizing pulsed-PLQY, PS can be evaluated with a
high degree of confidence in a density-independent manner.

3. Results

3.1. Validation of Domain Size Probe

The efficacy of the technique laid out above was validated in three
ways: 1) by applying the method to simulated results with known
domain size and diffusion length through Monte-Carlo simula-
tions; 2) by applying the method to bilayer systems for which
the domain size, reflected by the thickness of each layer, can be
measured independently by other means; and 3) by applying the
method to a benchmark BHJ system for which the domain size
is previously estimated using other techniques.

Monte-Carlo simulations were chosen as they have been
shown to accurately account for exciton dynamics within organic
semiconductors and BHJs.[28,31,32] The Monte-Carlo simulations
were conducted in an infinite cylinder geometry to simulate a sin-
gle domain in a percolated BHJ, with the domain size being de-
fined as the diameter of the cylinder. Although many BHJs show
inhomogeneous regions of donor–acceptor mixing, the choice of
a sharp boundary was used to validate the experimental proce-
dure under ideal conditions, where the domain size is known pre-
cisely. Simulated exciton dynamics within the domain included
natural decay and annihilation, while excitons at the domain edge
were additionally subject to extraction and reinjection. The PLQY
of the simulation was defined as the ratio of excitons decaying
radiatively to the total number of excitons generated in the sim-
ulation. For further details on the Monte-Carlo simulations, see
Section S4.1 (Supporting Information).

Figure 2a shows the results of the Monte-Carlo simulations
where the black dashed line indicates Equation (2) for a neat film,
and the circles (dashed lines) indicate the simulated 𝜂PL∕𝜂PL,0 (fits
to Equation (2)) for simulations with varying domain diameter.
When the domain diameter is large, compared to LD, there is lit-
tle charge or energy transfer occurring (green curve, Figure 2a).
This corresponds to the case of a small PS and keff , while 𝜏eff ≈ 𝜏;
hence, there is little change in 𝜂PL∕𝜂PL,0 from the case of a neat
film. On the other hand, when the domain diameter is small
(blue curve, Figure 2a), charge or energy transfer from the do-
main increases, resulting in an increase of both PS and keff . Con-
sequently, 𝜏eff decreases causing the onset of the reduction in
𝜂PL∕𝜂PL,0 to shift to higher densities. Fitting each simulated curve
to Equation (2) and solving Equation (3) for L agrees well with the
input diameter across the considered range of diameters. This
agreement is depicted in the inset of Figure 2a, where the fit-
ted domain size coincides well with the input domain diameter
across a wide range.

Next, to experimentally validate Equations (2) and (3), a series
of bilayer films (mimicking the domain size in BHJs) were fab-
ricated with a glass/acceptor/donor structure with 2,2’-[[12,13-
Bis(2-butyloctyl)-12,13-dihydro-3,9-dinonylbisthieno[2’’,3’’:4’,5’]-
thieno[2’,3’:4,5]pyrrolo[3,2-e:2’,3’-g][2,1,3]benzothiadiazole-
2,10-diyl]bis[methylidyne(5,6-chloro-3-oxo-1-H-idene-2,1(3H)-
diylidene)]]bis[propanedinitrile] (Y6) as the acceptor and poly[4,8-
bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b;4,-5b’]dithiophene-
2,-6diyl-alt-(4-(2-ethylhexy)-3-fluorothieno[3,4-b]thiophene-)-2-
carboxylate-2-6-diyl)](PTB7-Th) as the donor using the sponta-
neous spreading method (see Section S1 for a list of chemical
definitions and Section S2.2 for details).[33,34] The resulting Y6
layers had a well-defined and controllable thickness and a sharp
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Figure 2. Validation of the photoluminescence-based domain size mea-
surement technique. a) Monte-Carlo simulated pulsed-PLQY data for vary-
ing domain sizes (colored circles) and Equation (2) plotted for a neat film
(black dashed line) and fit to simulated data (colored lines). Inset: simu-
lated measured domain diameter as a function of input domain diameter.
b) Film thickness measured via pulsed-PLQY as a function of ellipsometry
measured film thickness for a series of Y6/PTB7-Th bilayers taken from
pulsed-PLQY data (Figure S4, Supporting Information). c) Pulsed-PLQY
data (circles) and fit to Equation (2) (dashed lines) for neat BQR (black)
and BQR: PC71BM bulk-heterojunction thin films, as cast (AC, red) and
solvent annealed (SA, blue). Indicated are the measured diffusion length
and domain sizes.

interface with the PTB7-Th layer. These materials were selected
to ensure that there is efficient charge transfer at the interface
and that, under quasi-steady-state conditions, the majority of
excitons were generated within the Y6 phase. Pulsed-PLQY was
conducted on a neat Y6 film and a series of bilayer films with
Y6 thickness varying from 17 to 75 nm, and the resulting 𝛾𝜏eff
was used to calculate the thickness of the Y6 layer (akin to the
domain size in BHJs) using pulsed-PLQY through a modified
Equation (3) (Figure S4, Supporting Information). Figure 2b

shows the results of these experiments. The thicknesses obtained
from pulsed-PLQY are in excellent agreement with the thickness
measured via ellipsometry.

Finally, to further substantiate pulsed-PLQY as a tool to quan-
tify the domain size in BHJs, we applied the method to a
model BHJ system for which the domain size is known from
other techniques. For this purpose, we chose benzodithiophene–
quaterthiophene–rhodanine (BQR) as a donor and [6,6]-phenyl-
C71-butyric acid methyl ester (PC71BM) to make BQR:PC71BM
for which the domain size has previously been found to be 15
nm in as cast (AC) blends.[35] We examined AC films as well as
those prepared with solvent annealing (SA). To ensure the quality
of our BQR devices we fabricated BQR:PC71BM solar cells with
PCEs of 4.79% and 9.33%, respectively, for AC and SA devices
(Figure S5, Supporting Information); these PCEs are close to pre-
vious reports.[35,36] We then applied pulsed-PLQY on the BHJs as
well as neat BQR films. Figure 2c shows the results of these ex-
periments. The black curve shows the normalized 𝜂PL∕𝜂PL,0 ob-
tained from the neat SA–BQR film. Both SA and AC neat BQR
films were found to have equivalent LD, consistent with previous
findings.[35] In the case of the BHJ blends, we obtained a domain
size of 16.2 ± 0.7 nm for the AC BHJ, which is very close to the
previous report of 15 nm.[35] Upon solvent annealing, the onset
of the reduction in 𝜂PL∕𝜂PL,0 shifts to lower densities indicating an
enhancement in the domain size of the BQR phase to 22 ± 1 nm
in the SA blend, again consistent with previous reports. However,
we note that the exact domain size is strongly dependent on the
SA conditions.

In conclusion, we validated our methodology for quantifying
the domain size from pulsed-PLQY. The fitted domain size ob-
tained from our method agrees well with the input parame-
ters in the Monte-Carlo BHJ simulations. Also, thicknesses ob-
tained from our method in bilayer experiments agree very well
with thicknesses obtained from ellipsometry. Finally, applying
our method to BQR:PC71BM BHJs we obtained domain sizes in
agreement with previous reports.

3.2. Domain Size of BHJs

Having validated pulsed-PLQY through three different methods,
we utilize it to measure the domain size (L) in several tech-
nologically relevant systems compared to a fullerene-acceptor-
based system. To measure pulsed-PLQY in one phase of a BHJ,
the photoluminescence of this phase must be spectrally isolated.
In the case of a heavily quenched fullerene system, such as
a blend of poly[N-9’-heptadecanyl-2,7-carbazole-alt-5,5-(4’7’-di-2-
thienyl-2’,1’,3’-benzothiadiazole)] (PCDTBT) as a donor and [6,6]-
phenyl-C61-butyric acid methyl ester (PC61BM) as an acceptor
to make PCDTBT:PC61BM, the emission of the BHJ is due only
to emission from the PC61BM phase (photoluminescence spec-
tra are shown in Figures S6 and S7 in the Supporting Informa-
tion). Figure 3a shows pulsed-PLQY data taken on a neat PC61BM
(black circles) and a PCDTBT:PC61BM BHJ (red circles) film; the
black and red dashed lines indicate fittings to Equation (2). The
shift in the onset of the reduction in 𝜂PL∕𝜂PL,0 is indicative of
phase separation in the BHJ. Solving Equation (3) indicates that
L = 9.0 ± 0.6 nm for the PC61BM phase of PCDTBT:PC61BM.
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Figure 3. Pulsed-PLQY data. a–f) Relative photoluminescence quantum yield as a function of initial excitation density measured on (black circles) neat
acceptor films and (red circles) acceptor phase of BHJ films. Black and red lines indicate fittings to Equation (3). Inset shows the extracted exciton
diffusion length for neat acceptor films and acceptor domain size for BHJ fims.

A series of low-offset NFA-based systems were fabri-
cated using PTB7-Th, poly[(2,6-(4,8-bis(5-(2-ethylhexyl-3-
fluoro)thiophen-2-yl)-benzo[1,2-b:4,5-b’]dithiophene))-alt-(5,5-
(1’,3’-di-2-thienyl-5’,7’-bis(2-ethylhexyl)benzo[1’,2’-c:4’,5’-c’]dit
hiophene-4,8-dione)] (PM6), and poly[[4,8-bis[5-(2-ethylhexyl)
-2-thienyl]benzo[1,2-b:4,5-b’]dithiophene-2,6-diyl]-2,5-thiophene
diyl[5,7-bis(2-ethylhexyl)-4,8-dioxo-4H,8H-benzo[1,2-c:4,5-c’]dith
iophene-1,3-diyl]] (PBDBT) as donors and Y6, 3,9-bis(2-
methylene-(3-(1,1-dicyanomethylene)-indanone))5,5,11,11-tetra
kis(4-hexylphenyl)-dithieno[2,3-d:2’,3’-d’]-s-indaceno[1,2-b’:5,6-
b’]dithiophene (ITIC), (5Z)-3-ethyl-2-sulfanylidene-5-[[4-[9,9,18,
18-tetrakis(2-ethylhexyl)-15-[7-[(Z)-(3-ethyl-4-oxo-2-sulfanylidene
-1,3-thiazolidin-5-ylidene)methyl]-2,1,3-benzothiadiazol-4-yl]-5,
14-dithiapentacyclo[10.6.0.03,10.04,8.013,17]octadeca-1(12),2,
4(8),6,10,13(17),15-heptaen-6-yl]-2,1,3-benzothiadiazol-7-yl]meth
ylidene]-1,3-thiazolidin-4-one (EH-IDTBR) and 2,2’-[[12,13-bis
(2-butyloctyl)-12,13-dihydro-3,9-dinoonylbisthieno[2’’,3’’:4’5’]thi
eno[2’,3’:4,5]pyrrolo[3,2-e:2’,3’-g][2,1,3]benzothiadiazole-2,10-diy
l]bis[methylidyne(5,6-chloro-3-oxo-1H-indene-2,1(3H)-diylidene
)]]bis[propanedinitrile] (BTP-eC9) as acceptors to make PTB7-
Th:Y6, PM6:ITIC, PBDBT:EH-IDTBR, PM6:Y6, and PM6:BTP-
eC9. In all these systems the quasi-steady-state photolumi-
nescence spectra included emission from both the donor and
acceptor phases. Therefore, by using appropriate low- and
high-pass filters in the collection pathway it is possible to collect
emission from the donor and acceptor phases, respectively,
and in principle measure the domain size of both phases inde-
pendently. However, the relative heights of the emission from
the donor and acceptor phases indicate that the absorbed light
does not create an equal population of excitons in each phase.
The density of excitons available for EEA in each phase can be
calculated from the quasi-steady-state absorption via the relative
heights of the photoluminescence spectra and the absolute value
of 𝜂PL,0 of each neat semiconductor (see Section S6.1 in the
Supporting Information for details). For each of the donor:NFA
systems studied, this analysis indicated that >95% of all excitons
are available for EEA in the acceptor phase.

Once the appropriate high-pass filter was chosen for each sys-
tem, pulsed-PLQY was performed on neat acceptor films and
high-pass-filtered NFA-based BHJs, accounting for the uneven
population of excitons. Figure 3b–f shows pulsed-PLQY data
taken on long-pass-filtered NFA-based BHJs and the associated
neat acceptor. The resulting fits to 𝛾𝜏 and 𝛾𝜏eff were used, in
conjunction with Equation (3), to solve for the size of the ac-
ceptor domain. The label in each panel of Figure 3 indicates
the measured LD of the neat acceptor, and the extracted aver-
age domain size in the acceptor phase. Total scattering intensi-
ties approaching unity for each of these systems indicate pure
domains that are closely approximated by Figure 1a signifying
that the extracted average domain size is emblematic of the aver-
age domain spacing.[23,25–27] Notably, pure domains much larger
than PC61BM were measured in all NFA systems studied, in-
dicating that NFA-based BHJs naturally form large (>17 nm)
domains.

Due to the high absorption in the acceptor phase, pulsed-PLQY
in the donor phase resulted in photo-oxidation of films at den-
sities below the onset of the reduction of 𝜂PL, indicating that
this analysis was not possible in the heavily quenched donor
phase (see Section S7 in the Supporting Information for de-
tails). Therefore, L in the donor phase can, in this case, only
be estimated indirectly by considering the ratio of the height
of the donor photoluminescence signal in the BHJ (ΦBHJ) to
the neat film (Φneat). Further, efficient FRET from the donor to
the acceptor phase has been observed in many low-offset NFA-
based systems;[9] therefore, the domain size of the donor es-
timated from the photoluminescence quenching is indicative
of Leff , seen from the frame of reference of excitons. The do-
main size defined in Figure 1b can be estimated as L = Leff +
2RFRET. The donor-to-acceptor RFRET was measured in PTB7-
Th:Y6, PM6:Y6, and PM6:BTP-eC9, and found to be 3.9, 3.7, and
2.9 nm, respectively (see Section S8 in the Supporting Informa-
tion for details). Taking this into account, the phase-separated
donor domains were estimated to be ≈10 nm in all systems
studied.
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4. Discussion

The above results show that NFA domain sizes are substantially
larger than the 9.0 ± 0.6 nm measured in the fullerene sys-
tem PCDTBT:PC61BM and, evidently, larger than the expected
Coulomb capture radii for organic semiconductors.[37] This ob-
servation precipitates questions about the relevance of charge en-
counter dynamics to the device performance in state-of-the-art
NFA–BHJ OPVs. A semiempirical formula can be used to esti-
mate 𝜁 enc if both charge-carrier mobilities and domain size are
known (see Section S10 in the Supporting Information).[14] Based
on the measured acceptor domain size and mobilities (see Sec-
tion S9 in the Supporting Information), we obtained that 𝜁 enc <

3 for all systems (Table S3, Supporting Information), indicating
that charge encounter dynamics have little influence over the to-
tal bimolecular recombination reduction factors.

An elucidating comparison can be drawn between the highest
PCE systems, PM6:Y6 (Figure 3e) and PM6:BTP-eC9 (Figure 3f).
The exciton diffusion length in neat Y6 was found to be 25 ± 6
nm, while the exciton quenching efficiency in the PM6:Y6 BHJ
was found to be 0.960 ± 0.005, leading to an extracted domain
size of 17.5 ± 0.4 nm. Similar domain sizes have been inferred
from R-SoXS experiments.[38] Comparing this to PM6:BTP-eC9,
BTP-eC9 has a larger diffusion length (LD = 36 ± 9 nm) while
the PM6:BTP-eC9 BHJ shows a similar exciton dissociation ef-
ficiency (0.94 ± 0.01), resulting in a domain size of 32 ± 1 nm,
almost twice that of PM6:Y6. We note that RFRET for acceptor-to-
donor energy transfer was found to be below the intermolecular
spacing of the acceptor for these materials, indicating that the L
measured in the frame of reference of excitons localized to the
acceptor phase is representative of the corresponding phase sep-
aration (see Section S9, Supporting Information).

For PM6:Y6 and PM6:BTP-eC9, 𝜁 enc ≈ 2 was obtained for both
systems. This contrasts with measured values for 𝜁L of 400 and
1000 for PM6:Y6 and PM6:BTP-eC9, respectively, with 𝜁L being
2.5 times larger in PM6:BTP-eC9 than in PM6:Y6.[10] According
to the semiempirical formula, to increase the 𝜁 enc of PM6:Y6 by
a factor of 2.5, the domain size would need to be ≈70 nm. In
addition, to maintain PS > 0.96 for a domain size of ≈70 nm
would require an exciton diffusion length of LD ≈ 100 nm. De-
spite the recent surge in acceptor molecules with large LD, mate-
rials matching these requirements are yet to be realized. There-
fore, as previously suggested by others, the domain sizes are not
large enough to explain the heavily reduced recombination in the
highest-performing systems.[12,14]

As discussed in various independent experimental reports, ac-
ceptors that form the highest efficiency systems (in this case Y6
and BTP-eC9) generally show longer exciton diffusion lengths
compared to fullerene systems.[28,30] However, this does not guar-
antee a high-performing system, as the other NFA-based sys-
tems studied here also show increased acceptor LD (compared
to fullerene systems), while only displaying modest PCEs. With
this in mind, and in accordance with Equation (3), the relevant
figure of merit for exciton diffusion in BHJs is instead the ratio
of the diffusion length to the average domain size (LD∕L), some-
times referred to as the characteristic length ratio.[17] In the case
of PM6:BTP-eC9, the large acceptor domain size is not an im-
pediment to charge generation due to the large diffusion length
of BTP-eC9, while in the case of PM6:Y6 the smaller domain size

Figure 4. Characteristic length ratio dependency of recombination and fill
factor. a) Bimolecular recombination constant, and b) fill factor measured
for each system as a function of characteristic length ratio measured from
pulsed-PLQY. Black open circles indicate fullerene-based systems; blue
squares indicate NFA-based systems with PCE < 10%; and red stars in-
dicate NFA-based systems with PCE > 15%. 𝛽 for PCDTBT:PC61BM was
taken from ref. [40], no reliable measure of 𝛽 was available for PTB7-Th:Y6
devices, all other 𝛽 values were taken from ref. [10].

allows for high PS with a reduced LD. In the remaining systems,
acceptor domain sizes greater than that measured in PM6:Y6,
coupled with decreased diffusion lengths (<16 nm), contributed
to lower short-circuit currents and fill factors (FF) (correspond-
ing current–voltage characteristics are provided in Figure S5 in
the Supporting Information).

To explore the relevance of the characteristic length ratio to de-
vice performance, Figure 4a shows the total bimolecular recombi-
nation rate constant, and Figure 4b shows the FF of each system
studied as a function of LD∕L. For the systems with LD∕L > 1, 𝛽
is reduced by an order of magnitude compared to those of LD∕L
< 1, leading to improvements in FF, reflected in Figure 4b, and
ultimately PCE. Importantly, NFA-based systems with large do-
main sizes or long exciton diffusion lengths do not necessarily
exhibit strongly reduced bimolecular recombination; rather, the
observed trend suggests that efficient exciton dynamics enable
strongly reduced bimolecular recombination through enhanced
𝜁CT. Delineating the mechanism of 𝜁CT enhancement is beyond
the scope of this work and is typically attributed to the interplay
between the kinetic rate constants of exciton re-dissociation and
decay, including triplet CT states and triplet excitons.[15,39] This
observation indicates that the processes that facilitate effective ex-
citon dissociation are the same processes that reduce bimolecular
recombination in efficient NFA-based solar cells. Further, these
processes are strongly dependent on both morphology and ex-
citon dynamics while being only weakly dependent on the free-
charge-carrier encounter dynamics. In other words, our findings
imply that exciton dynamics play a decisive role in non-Langevin
charge-carrier recombination in NFA solar cells based on low-
offset systems. This highlights the importance of not only pure
domains for efficient charge-carrier generation and extraction,
but also of a thorough understanding of the exciton dynamics
occurring within donor and acceptor domains.

Adv. Mater. 2023, 35, 2211174 2211174 (6 of 8) © 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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5. Conclusion

Pulsed-PLQY was shown to be a viable, accurate, and benign
probe to quantify the acceptor domain size in both fullerene- and
NFA-based BHJs. Based on this technique, NFAs were found
to exhibit longer exciton diffusion lengths and form larger do-
mains, when blended with an appropriate donor, than their
fullerene counterparts. However, these characteristics alone are
not enough to form a high-efficiency BHJ OPV-based solar cell.
Instead, the ratio of exciton diffusion length to average do-
main size correlates to increased suppression of the bimolecu-
lar recombination rate constant leading to improved FFs. No-
tably, the highest-performing systems (PM6:Y6 and PM6:BTP-
eC9) were both found to have a ratio greater than 1, indicating
that this is an important design rule for phase-separated OPV-
based solar cells. Further, these results suggest that the processes
engendering strongly reduced bimolecular recombination are
enabled by and related to efficient exciton dynamics.
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