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1. Introduction

Low-offset organic solar cell systems have attracted great interest since

nonfullerene acceptors came into the picture. While numerous studies have
focused on the charge generation process in these low-offset systems, only a
few studies have focused on the details of each loss channel in the charge
generation process and their impact on the overall device performance. Here,
several nonfullerene acceptors are blended with the same polymer donor to
form a series of low-offset organic solar cell systems where significant
variation in device performance is observed. Through detailed analyses of loss
pathways, it is found that: i) the donor:acceptor interfaces of PM6:Y6 and
PM6:TPT10 are close to the optimum energetic condition, ii) energetics at the
donor:acceptor interface are the most important factor to the overall device
performance, iii) exciton dissociation yield can be field-dependent owing to
the sufficiently small energetic offset at the donor:acceptor interface, and iv)
the change in substituents in the terminal group of Y-series acceptors in this
work mainly affects energetics at the donor:acceptor interface instead of the
interface density in the active layer. In general, this work presents a path

toward more efficient organic solar cells.

Thanks to the development of non-
fullerene acceptors (NFAs), the organic
solar cell (OSC) field is currently enjoying
a revitalization, with power conversion
efficiencies now approaching 20%.0'-3
Presently, OSC-based NFAs match their
inorganic competitors in terms of current
production (internal quantum efficiency)
owing to their large and complementary
absorption, but lag behind with regards
to their fill factor (FF) and open-circuit
voltage (V)1

Interestingly, NFA-based solar cells
seem to require a smaller driving force
for charge generation to work efficiently
and simultaneously benefit from a
smaller open-circuit voltage loss. In this
regard, PM6:Y6 has spurred significant
fundamental interest for the possibility
of an efficient device with a small energy
offset. While initial reports on different NFA systems suggest that
efficient charge generation is achievable with a small offset,l>®]
other in-depth characterization studies of energy levels suggest
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that a minimum ionization potential offset of 0.3-0.5 eV is re-
quired to ensure efficient charge transfer.>-!1]

With decreasing the highest occupied molecular orbital
(HOMO) offset, another observation is that the decreased en-
ergy offset between singlet excitons (S,) and the charge trans-
fer (CT) state of the acceptor (AEs _cr) leads to reverse transition
from the CT state back to the singlet state (repopulation of sin-
glet excitons). Indeed, the low AE; _cr feature and consequently
S, reformation in low HOMO-offset systems can lead to interest-
ing and important behaviors in these systems. For this reason,
it was observed that the lowest nonradiative voltage losses (AV, )
in such low-offset systems are defined by the photoluminescence
yield of the acceptor.?l However, recent work from Neher and
co-workers shows that the reduction in AV, due to S, repopu-
lation cannot be simply translated into an overall benefit to the
Vo131 On the other hand, the S, reformation feature changes
the recombination picture, which can now occur via two chan-
nels — CT decay and S, decay. Recent work has shown that in
PM6:Y6, while the S; emission dominates photoluminescence
(PL) and electroluminescence (EL), around 99% of the recombi-
nation still occurs via the nonradiative CT channel.[’*] However,
in other systems with even smaller HOMO offset compared to
that of PM6:Y6, the loss from the S; decay channel may be con-
siderable.

In terms of the charge generation yield (CGY), it has been pro-
posed in previous works that the relation between AEg _r and
CGY can be well described by a model based on the Boltzmann
stationary-state equilibrium between the CT and S; states when
AE; _cy is sufficiently small.l**) Thus, while the minimal energy
offset inhibits the rate of charge transfer at the interface, a long
exciton lifetime has been suggested to be a key to achieving high
generation efficiencies in low AEg _cr systems.">'Sl However, it
has also been observed that other parameters such as the ener-
getic offset between the CT and charge separation (CS) states, the
CT decay rate (k;), and morphology can play an important role in
the relation between AE; . and CGY."”'®) In addition, it was
also reported that the low AEg _cr values influence the CT disso-
ciation rate by affecting the energetic offset between the CT and
CS states.[??]

Given these complex interplays, the question that arises is
whether efficient organic solar cells could be obtained by sim-
ply reducing AEg _r. More specifically, how does the reduction
of AEg _cr affect the overall performance of an organic solar cell.
While a considerable amount of work has focused on the effect of
reduced AEg _cr on V,c and on charge generation, limited work
has researched the effect of reduced AEg _cr on charge recombi-
nation and fill factor and the overall device performance.[2%2!]

In this work, a set of nonfullerene acceptors were judiciously
selected and blended with the same polymer donor (PM6) and
compared with the reference system PM6:Y6 to study the effect
of reduced AE; _c on the overall performance. The systems in
this work present a series of low AEg _; values with a wide range
of device performances. Various steady-state and transient mea-
surements were performed for a detailed study of charge gener-
ation, recombination, and V. losses. An insightful understand-
ing of the role of AEg _c; in the overall device performance in
small AEg _oy region is given. For the systems studied herein,
we demonstrate that PM6:Y6 and PM6:TPT10 are close to the
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optimum energetic conditions with respect to their power con-
version efficiency (PCE). In the systems where AEg _cr values are
further reduced, significant reduction in the short-circuit current
(Jsc) and FF were observed concurrently with a limited benefit in
Voe, although AV, was significantly reduced. It was found that
at Jsc, the losses mainly originated from inefficient exciton dis-
sociation yield, while the losses via the CT states became more
pronounced as the applied voltage reached V.

Interestingly, the charge generation process was observed to
be field-dependent in systems with sufficiently small AEg _cy val-
ues. With further investigation, our data indicated that this field
dependence came from field-dependent exciton dissociation at
the donor:acceptor interface instead of from the CT states, pre-
senting a different picture from that described by the Onsager—
Braun model explaining a field-dependent charge generation in
organic solar cells. Furthermore, the bimolecular recombination
rate (k,) increased as AEg _cy was reduced. The field-dependent
charge generation together with the increased k, leads to the infe-
rior FF and the overall device performance in PM6:Y5 and PM6:0-
IDTBR.

2. Results and Discussion

To study the relation between AE; _.r and the device perfor-
mance, three small NFA molecules are chosen as the acceptors
(o-IDTBR, Y5, and TPT10) and PMG6 is used as the donor. These
three PM6:NFA systems are then compared with the “standard-
ized” PM6:Y6 in terms of their device performances as well as
detailed charge generation and recombination mechanisms and
dynamics. The chemical structures of the three NFA molecules
are given in Figure 1a, the full chemical names and device struc-
tures can be found in the Supporting Information. Compared to
PM6:Y6, the three organic heterojunctions in this work have con-
siderable smaller HOMO offsets, indicating smaller AEg _y val-
ues.

For the studied systems, while the HOMO offsets are only
slightly different, significantly different device performances (in
Jsc» FE, and V) were observed. Figure 1d shows the currents—
voltages (JVs) of the studied systems (detailed JV parameters are
given in the Supporting Information), where the increase in V¢
comes at the cost of the reduction in J;.. Among the studied sys-
tems, PM6:TPT10 has the largest Jy. (24.4 mA cm™2) and lowest
Voc (0.91 V), while the behavior is vice versa for PM6:0-IDTBR
(Jsc of 7.8 mA cm™2, V. of 1.15 V). The photovoltaic bandgap
of each system is obtained by the first derivative of photovoltaic
external quantum efficiency (EQE,y) spectra (Figure S1, Support-
ing Information). The low Js. in PM6:0-IDTBR can be partly ex-
plained by its large photovoltaic bandgap (1.69 eV) compared to
the other studied systems.

However, this is not the whole picture. As is shown in
Figure 1d, the major difference in the EQE,, spectra is in its
amplitude rather than the absorption spectrum. In the following
subsection, the AEg _cr values of each system are first character-
ized and compared. Thereafter, detailed analyses on the charge
generation and recombination are performed to elucidate the un-
derlying origin of the device performance in these systems and
give a unified understanding on the role of AEg _cr.
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Figure 1. a) Chemical structures, b) energy levels of polymer donor and nonfullerene acceptors reported from previous work,[>?2-26] ¢) thickness-
normalized optical densities, d) current-voltage (JV) characteristics, and €) external quantum efficiencies (EQEs) of the blends and materials used in

this work.

2.1. Evaluation of Low AEg _.; Offsets

In evaluating AEg _c; by determining the HOMO-HOMO en-
ergetic offset, we are faced with two challenges: 1) difficulty in
determining the HOMO values in the blend!?”?] and 2) lack of
information on binding energies for the singlet exciton and CT
states.[?31] To overcome these issues, in particular account of
the binding energies, and to study the energetics of the excited
species in a working device, we consider using the energy differ-
ence between the CT state and the exciton, AEg _cr, instead of
HOMO-HOMO offset. To this end, we performed temperature-
dependent electroluminescence quantum yield (T-ELQY) mea-
surements on working devices. In a system where the HOMO-
HOMO offset is estimated to be sufficiently small, the EL spec-
trum is almost entirely composed of the 0-0 transition of the
small bandgap NFA singlet exciton (see Figure S2 in the Sup-
porting Information).l**) In all three systems studied herein, the
PL and EL of the blends resemble the PL of the neat acceptors
(see Figure S2 in the Supporting Information for the compari-
son of the EL spectra of the blends and the PL spectra of the cor-
responding neat NFAs) pointing to the presence of the S, states
and negligible CT contributions in the EL spectra, which is con-
sistent with the energetics of the donor and acceptors.

In a T-ELQY measurement, when fixing the injection cur-
rent, the quantity of reformed S, states is essentially the result
of the rate competition between the CT decay and net S, re-
population rate from CT. While the rate constant of the CT de-
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cay is described by a constant kg, the rate constant of S; refor-

mation from CT can be described by an exponential expression
AEg, _cr

kfef = k:ef,O x exp( kg T
CT-S, reformation rate k. at infinite temperature.[1*3233] In this
regard, in the studied systems where the EL spectra are almost
fully represented by exciton emission, the ELQY values are pro-
portional to the quantity of reformed excitons in the charge in-
jection process

), where k* . ' corresponds to the net

#exciton ke (T)
ELQY =
Qr « #injected charge ke (T) + k¢
= [1 + ks ]_1 1)
kref (T)

Using the ELQY values, the normalized ELQY*(T) given by
ELQY*(T) = %(YT(:X) is plotted against 1/k, T and fitted with
the physical model (Equation (1)), from which AEs _cr is ob-
tained. The data are shown in Figure 2a, where a clear trend of the
AEg _cr offset in the four involved systems is observed, varying
from ~25 (for PM6:0-IDTBR) to ~#114 meV (for PM6:Y6). The
trend in AEg . offsets agrees well with the EQE amplitudes
(Figure 2b), where the smallest EQE corresponds to the small-
est AEg _cr offset. As the AEg _cr offset increases, the EQE
first increases accordingly, then saturates at ~80%.

max
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Figure 2. a) Temperature-dependent ELQY of the devices, the temperature-dependent ELQY values of PM6:Y6 are taken from a previous paper from our
group,*) and refitted with Equation (1). b) The fitted AEg, _ct values and EQE amplitude of each system.
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Figure 3. Energy diagram describing the generation and decay of S; and CT states as well as the interplays between each energy state in low-offset
OSCs. Kfexer Kgiffexcr and Kgiss exc are the rate constants of the decay, diffusion, and dissociation of excitons, respectively. ket and kygs o1 are the rate
constants of CT decay and CT dissociation, respectively. k. is the reformation rate constant, and B the rate of encounter of free carriers. The singlet
excitons generated in the bulk diffuse to the donor:acceptor interface and dissociate to form CT states, and subsequently form free charges (CS) via
CT dissociation. The CT and S, states can be repopulated upon the encounter of free charges and CT-S; reformation, respectively. Losses can occur
through four channels: 1) via S; decay during the exciton diffusion in the bulk, 2) via S; decay during S dissociation at the donor:acceptor interface, 3)

via the decay of reformed S; from CT states, and 4) via CT decay.

2.2. Loss Channels in Low-Offset OSCs

For a deeper understanding of the losses in EQE and photocur-
rent in the studied systems, charge generation and recombina-
tion processes, as well as the interplays between each energy state
must be considered (depicted in Figure 3). Light absorption by
the bulk heterojunction (BHJ) materials generates excitons that
diffuse to the donor:acceptor interfaces, where they dissociate
into CT states which subsequently form CS states via CT dissocia-
tion. Upon the encounter of free charges, CT states are reformed
and recombine directly to the ground state thereafter (known as
bimolecular recombination). In low-offset OSC systems, the S,
states can be rather efficiently repopulated via the CT state. The
loss mechanism can be described by four channels: 1) exciton
loss in the domain during exciton diffusion,!'”**] 2) decay of exci-
tons at the donor:acceptor interface (energy driven),** 3) decay of

Adv. Energy Mater. 2023, 13, 2300980 2300980 (4 of 11)

reformed excitons from the CT states,['*!®] and 4) decay of the CT
states. Channel 1 describes the competition between the domain
size and exciton diffusion length, while channel 2 entails the de-
tails of the S; dissociation rate and exciton lifetime. On the other
hand, channel 3 gives information on the competition between
exciton reformation and CT decay, and channel 4 includes the
rate competition between net CT dissociation, net CT reforma-
tion, and CT decay. In the following subsection, the losses from
each channel are studied in detail.

2.3. Loss Analysis for Js
2.3.1. Losses via S; and CT States

Photoluminescence measurements can be used to probe exciton
dissociation. The extent of exciton emission quenching of the
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Table 1. The exciton diffusion length (Lp acceptor) Of the acceptors mea-
sured on neat acceptor films, as well as the characteristic length (L¢),
exciton diffusion efficiency (#ex qiff), and PL quenching (PLye,) of each
blend.

LD,acceptor [nm] LC [nm] Domain purity [N] HNexc,diff PLquen

PM6:0-IDTBR 10 60 0.58 0.58 0.32
PM6:Y5 17 85 1 0.67 0.66
PM6:TPT10 17 110 0.7 0.58 0.94

blend film relative to the corresponding neat film can be a useful
assay of exciton splitting, assigned to the charge transfer from
the exciton to the formation of CT states. Herein, photolumines-
cence quantum yield (PLQY) and PL quenching measurements
are performed to study the loss via the S; decay. For OSC systems
with a large HOMO offset, when the blend is illuminated, the PL
spectral characteristic is usually understood as a combination of
exciton and CT decay. However, as is discussed in Section 2.1
in the discussion part, as AEg _cr becomes sufficiently low, the
CT states can more efficiently repopulate the S, state, and hence
the PL spectrum is dominated by exciton contribution due to the
much higher emissivity of the excitons compared to the CT states.
With the PL emission in the studied systems being almost fully
contributed by exciton emission (shown in Figure S2 in the Sup-
porting Information), the PL quenching (PL,.,), which is calcu-
lated via Equation (2), represents the fraction of generated exci-
tons that ultimately decay via nonradiative channels (e.g., CT and
triplets). In large offset systems these are typically from the ini-
tially photogenerated excitons which do not dissociate to form a
CT state, while in low offset systems, in addition to the photo-
generated excitons, there is an additional contribution from re-
formed excitons via the CT state. The PL ., values are tabulated
in Table 1 (The PLQY values of the blends and neat acceptors can
be found in Table S2). As anticipated, exciton quenching becomes
less and less efficient with decreasing offset.

PLQYpig _

# quenched exciton
uen — 1-
a PLQY,

PL

(2)

# generated exciton

where PLQYy.,q and PLQY, are the photoluminescence quan-
tum yields of the donor:acceptor blend and neat acceptor, respec-
tively.

Meanwhile, with the knowledge of optical constants (real re-
fractive index n and extinction coefficient K) of each blend, the
maximum photocurrent (], ,.,) can be calculated for each stud-
ied system in terms of the optical transfer matrix,*! under the
assumption that all generated excitons are converted into free
charges upon light excitation (see Note S2 in the Supporting In-
formation for details). This serves as the upper limit of the pho-
tocurrent that the device could theoretically reach, limited by the
absorption of the active layer. The ratio of Jsc and J, ., evalu-
ates the fraction of photogenerated excitons that are converted to
free charges at the J¢ condition. A comparison of Jsc/J o max 20d
PL_ . (at open-circuit voltage) for each system then evaluates the
fraction of quenched excitons that results in free charges. As is
presented in Figure 4c, the close agreement between Jsc/Joh max
and PL_ ., values observed for all systems indicates the main loss

‘quen
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Figure 4. a) Calculation of maximum photocurrent (Joj, may) in terms of the

optical transfer matrix. b) The optical constants of each blend. c) Compar-
ison of Jsc[Joh,max @nd PL quenching (at Voc) of each system.

channel is the decay of S; (loss channels 1-3) rather than the CT
state (loss channel 4).

2.3.2. Exciton Decay in the Bulk during Exciton Diffusion

While Figure 4c manifests the dominance of decay via S;, we
now delve deeper to decouple thermodynamics from kinetics
of exciton diffusion in the bulk and charge transfer at the
donor:acceptor interface. To address the exciton losses during the
exciton diffusion process, a combination of characterizations of
morphology, exciton lifetime, and diffusion length is conducted.
Resonant soft X-ray scattering (R-SOXS) is a powerful technique
to characterize the nanometer scale morphology and provide in-
formation of average domain size and domain purity in the ac-
tive layer of organic solar cells.*®) Through the R-SOXS measure-
ments, it was found that PM6:0-IDTBR has the smallest domain
characteristic length (L), 60 nm, then PM6:Y5 (85 nm), and then
PM6:TPT10 (110 nm). Given that the volume ratio of the donor
and acceptor is close to 1 in our studied systems, the domain size
in all studied systems is estimated to be half of their correspond-
ing characteristic lengths.

The exciton diffusion lengths (Lp) and lifetimes (r.) of
the acceptors are measured by performing quasi-steady-state
pulsed-PLQY measurements and time-resolved photolumines-
cence (TRPL) measurements on neat acceptor films, respec-
tively (for TRPL measurement, the neat acceptor was diluted
with polystyrene (PS), more details can be seen in the Exper-
imental Section in the Supporting Information). The Ly of o-
IDTBR was determined to be smallest among the three studied
acceptors (=10 nm), while those of Y5 and TPT10 were found
to be much larger than that of o-IDTBR, with a similar value
of ~17 nm. The result of Lj is consistent with the r . val-
ues obtained from TRPL, being 263, 1280, and 1071 ps for o-
IDTBR, Y5, and TPT10, respectively. With the domain size and
the exciton diffusion lengths, and assuming that the observed
domains are 100% pure, the exciton diffusion efficiency (1., i
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representing the probability that an exciton reaches the interface)
in each blend can be calculated with Equation (3)

1
2Ly 5 Lc
= =2tanh | 2— 3
ncxc,dtﬁ %Lc ( 2Ly > ( )

For all studied systems, the .4 Was found to be close
to 0.6, showing no relation between 7, 4 and the observed
trends in CGY and PL_,,. Notably, in PM6:TPT10, the calcu-
lated #. gir is much smaller than PL,.,. This discrepancy be-
tween #q g and PLy, can be explained by low domain purity
in the studied systems. The relative domain purities in a set of
binary organic heterojunctions can be estimated by R-SOXS, en-
abling a qualitative comparison in domain purities among the
studied systems. The total scattering intensity (TSI) is related
to Anp,, the contrast function of the donor and acceptor (see
Figure S6 in the Supporting Information), by the relationship
VTSI

Domain purity « e The domain purity was found to be the
DA

highest in PM6:Y5, then PM6:TPT10 (Table 1). The lowest do-
main purity was observed in PM6:0-IDTBR. As pointed out in
numerous publications, less domain purity assists exciton dis-
sociation by creating more donor:acceptor interfaces, leading to
higher PL quenching -]

Another way of estimating the exciton diffusion efficiency re-
lies on comparison between the saturated photocurrent [, o
measured with a high reverse bias and the theoretically calcu-
lated maximum photocurrent Jp, .., Considering the domain
purities, the ratio of J, i, over [, ..., represents the lower limit
of exciton diffusion efficiency in the blends. Measuring the JV
response of the three studied systems to obtain the ratio of pho-
tocurrent at each voltage J;,(V) and J, 1., it was found that the
Johsat/Johmax Values of both PM6:TPT10 and PM6:Y5 were close
to 1 when measuring [, . at =8 V (Figure S5, Supporting In-
formation). Since the exciton diffusion process is independent
of the applied field, this suggests that all generated excitons can
successfully find the donor:acceptor interface in PM6:TPT10 and
PM6:Y5. As for PM6:0-IDTBR at =8 V, [, o /Joh max Was found to
be 0.73. In fact, considering the smallest domain size and lowest
domain purity in PM6:0-IDTBR, it is considered that the actual
exciton diffusion efficiency in PM6:0-IDTBR is also close to 1. In
the following subsection, a calculation is performed to justify this
point.

First, knowing the lower limit of exciton diffusion efficiency
and exciton diffusion length, Equation (3) gives an estimation of
the actual effective L in both PM6:TPT10 and PM6:Y5. We found
amaximum value of 25 nm, significantly lower than the directly
measured L from R-SOXS. According to the R-SOXS results,
PMG6:0-IDTBR has the smallest domain size and lowest domain
purity, so the actual L. in PM6:0-IDTBR should be even smaller
than 25 nm. However, in the following subsection, we use L. =
25 nm for the calculation to estimate the lowest exciton diffusion
efficiency in PM6:0-IDTBR. With L. = 25 nm and L ,cepror =
10 nm (see Table 1) for PM6:0-IDTBR, the real exciton diffusion
efficiency in PM6:0-IDTBR can be estimated to be at least 90%.
Therefore, it could be concluded that in all studied systems, the
excitons are able to find the donor:acceptor interface efficiently.

Notably, a relatively high FF of almost 70% is observed for
PM6:TPT10 which is close to a Shockley-type charge extraction
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scenario.[*?] This indicates that the charges can still be efficiently
extracted in PM6:TPT10 despite its low domain purity, pointing
to the formation of a descent intercrossing morphology between
each impurity in the domains. Comparing the atomic force mi-
croscopy scans of the neat donor and acceptor as well as the
blends, it was found that the fibrous feature from PM6 was well
preserved in the films of donor:acceptor blends (Figure S7, Sup-
porting Information). This is consistent with other studies with
diluted PM6-based OSC systems, in that efficient charge trans-
portation is ensured due to the high fibrous figure of the PM6
that connects each domain together.[**]

2.3.3. Exciton Decay at the Interface

For a better understanding of the mechanism behind the charge
generation process, time delayed extraction field (TDCF) mea-
surements were performed under very low fluences to study
the field dependence of the charge generation yield (Figure 5c).
It was found that the charge generation in systems with small
AEg _cr (PM6:0-IDTBR and PM6:Y5) is field-dependent, while
in PM6:TPT10 and PM6:Y6, where AEg _cr is relatively large, the
charge generation is field-independent.® This further supports
that the field-dependent current density between —2 and 0 V in
the JV plot in PM6:0-IDTBR and PM6:Y5 (in Figure 1d) is due to
actual charge generation processes instead of inefficient compe-
tition between charge extraction and recombination.

From the discussion in Sections 2.3.1 and 2.3.2, it is concluded
that the differences in the EQE,, amplitudes among the studied
systems observed in Figure 1d mainly originate from the exciton
losses at the donor—acceptor interface, giving an indication that
the field dependence in charge generation originates from field-
dependent exciton dissociation at the donor:acceptor interface in-
stead of from field-dependent CT dissociation, as depicted by the
Onsager—Braun model. This is further consolidated using com-
parisons between J,/Jon max @a0:d PL quenching at three different
applied voltages (Vi ¢, Jsc, and —2 V) shown in Figure 5a. It was
observed that both ] /] mae and PL quenching increase while
remaining close to each other when the applied bias changed
from Jg. to —2 V. The similar but increasing PL quenching and
Jon/Johmax Values in PM6:Y5 and PM6:o-IDTBR evidence that
in systems where AEg _cr is sufficiently small: 1) at Jqc, exci-
ton dissociation at the interface limits the photocurrent (through
channels 2 and 3), and 2) the exciton dissociation yield at the
donor:acceptor interface can be assisted with the application of
an extraction bias. The field-dependent exciton dissociation yield,
on the one hand, leads to inefficient CGY at Ji. and hence low
EQE, and on the other hand leads to a reduction in FF.

At the Vi condition where no charge extraction happens,
Jon/Johmax becomes 0 while PL quenching remains relatively
high. This indicates that at V., the recombination current is
mainly contributed by the CT decay (opposite to the situation at
the J¢. condition).

As is highlighted in gray in Figure 5a, when applied voltage
approaches V. from —2 V, recombination via the CT states
(channel 4) is found to be more and more pronounced com-
pared to the recombination via S;. This is consistent with the
observed discrepancy between the TDCF generation and JV data
(Figure 5c, area highlighted in gray) showing that nongeminate
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recombination due to an encounter of free charges becomes
more significant as the applied bias approaches V. from reverse
bias. The agreement in the gray highlighted areas in Figure 5a,c
indicates, for all our studied systems, upon encountering of the
free carriers, the decay is more likely to proceed via the CT states
than by the CT-S, reformation and the consequent S, decay.
This is further evidenced by comparing the ELQY of the blends
with the PLQY of the neat acceptors. Since the EL spectra of the
donor:acceptor blend almost fully consists of the emission of ac-
ceptor excitons, ELQY presents the quantum yield of the blend to
convert free charges into photons via exciton decay. Relating the
PLQY of the neat acceptor (which is the probability that a formed
acceptor exciton emits a photon) and the ELQY of the blend, the
probability of recombination via exciton reformation and the sub-
sequent exciton decay (P, ;) upon the encounter of free carriers
in each system (Figure 3, efficiency of channel 3) can be estimated
by Equation (4). The ELQY of the blends and the PLQY of the
neat acceptors, as well as P, ¢ in each studied system is sum-
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marized in Table S2 (Supporting Information). At near V., the
calculated P, . in all studied systems is much smaller than 50%,
with ~3% for both PM6:TPT10 and PM6:0-IDTBR and 13% for
PM6:Y5, which is consistent with the observation in Figure 5a,c
that in all studied systems, recombination tends to proceed via
channel 4 instead of channel 3 (depicted in Figure 3) upon the

encounter of free carriers

ELQY}enq
Peyrer = W “4)
A

2.4. Charge Recombination

As shown in Figure 3, upon an encounter of free charges, ex-
citon reformation is in competition with the CT decay process,
and both contribute to bimolecular recombination. As derived in
previous work, the effective bimolecular recombination rate kg
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from our group.[44]

given by Reg = k.gn?, can be obtained via Equation (5) for low-
offset OSC systems!®]

-1

1

ker + kg ©)

keff =

= 4
ko

where k, is the charge encounter rate coefficient for free charge
carriers, kop = koke/k4 is an effective bimolecular recombination
coefficient via CT states, and kg = kyk,,’/k, is the corresponding
effective bimolecular recombination coefficient for charge carri-
ers to ultimately decay via excitons. The ratio between k- and kg
is given by k¢/ky,". k¢ is the CT state recombination rate constant,
and k;, is the back-transfer rate constant for CT states to recom-
bine via excitons in the acceptor, which increases exponentially
as AEg _cr decreases. As Equation (5) indicates, when the CT de-
cay rate constant (k) is much faster than k,,’, the S, reformation
process is minor and does not have much effect on the overall re-
combination process. However, as k;,” increases, the S, reforma-
tion starts to act as a loss channel and contributes to the recom-
bination process. This means when AEg _cr gets small enough,
either the CT recombination itself is so fast and dominates the
recombination rate, or the S, decay acts as another leakage chan-
nel to the overall recombination rate. Both of the above-described
cases lead to a reduction in FF and hence are not favorable for the
overall device performance.

In general, reduced AE; _y increases kg, and the significance
of this effect depends on the rate competition between CT decay
and S, reformation, and the subsequent S, decay. To study the
effect of AEg _cr on the bimolecular recombination rate k.g, bias
assisted charge extraction measurements were performed for
each system that is studied here. This charge extraction method
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estimates the carrier density at various fluence at V. condition
and calculates the effective bimolecular recombination rate via
G = R = kgn’. As shown in Figure 6, it was found that the
measured kg reduces by 1 order from 3 x 1071¢ to 3 x 1077 m?
s~!as AE _cr increases from 25 to 114 meV which is consistent
with the result from Equation (5) and the discussion in the pre-
vious paragraph.

2.5. Vo Losses in Low-Offset OSCs

It has been found in previous work that the AV, value gets sig-
nificantly suppressed in systems with low AE; _ ., and its lowest
limit is defined by the PLQY of the pristine low-optical bandgap
material of the blend.?! In our study, AV, of each system was
determined via AV,, = k; T - In(ELQY). The ELQY values in the
systems with low AEg _r, PM6:0-IDTBR and PM6:Y5 (1.6 x 10~
and 3.2 X 1073, respectively), were found to be much higher than
those in systems with relatively high AEg _o (PM6:TPT10 and
PM6:Y6, with values of 7.4 X 10~* and 2.7 x 107, respectively),
leading to a very low AV, value of 0.16 eV — one of the lowest
AV, values in organic solar cells. However, interestingly, when
analyzing the overall V. losses using the difference between the
photovoltaic bandgap of the system (E,) and measured V., [*] it
was found that the overall V. losses among the studied systems
are very close (Figure 7, left panel).

To further investigate into the observed discrepancy between
the trends in overall V. losses and AV, among the studied sys-
tems, the radiative voltage limit V.. .4 was evaluated for each sys-
tem with Equation (6)!*®) (more details about the determination
of V¢ 1aq can be found in the Supporting Information). Getting
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more intuitive comparison on the slope for each system.

the radiative voltage loss AV,4 via AV,,g = E, — Vi ,,4, and plot-
ting AV, together with AV, for each system, an anticorrelation
can be found between these two parameters (Figure 7, left panel).
From PM6:0-IDTBR to PM6:Y6, while AESI_CT increases, the in-
creasein AV, and reduction in AV, compensate each other and
lead to a constant overall V. loss

q' VOC,rad = kBT]n<{)_R> (6)

rad

where where Jy, is the total recombination current, J°  is the ra-
diative dark saturation current density.

As shown in Figure 7 (left panel), there seems to be a rela-
tion between AEg _cy, AV,,, and AV,,. This is reminiscent of
the relation between the S; population and AEg _cr which can
affect both AV, and AV, due to the high emissivity of S; com-
pared to the CT states.[!*] However, in all systems studied here,
the AEg _cr is so small that the contributions of the CT state to
the EQE,y spectra are nearly negligible. This is evidenced from a)
the EL measurements (which is related to EQE,,, via reciprocity)
showing that the EL spectra are almost entirely contributed by S;,
and b) previous ultrasensitive EQE,, measurements for PM6:Y6
where no observable CT contribution is presented.’! This means
that for all systems, J° , and with this V4, is entirely deter-
mined by the properties of the singlet exciton and have no “func-
tional” dependence on AEs _.r. Instead, the difference in the
AV, observed in our systems is found to be due to the subtle
difference in the shapes of the tails in the EQE,, spectra. For ex-
ample, PM6:Y6 gives the sharpest tail while PM6:0-IDTBR has
the “flattest” tail, as can be more intuitively found in the inset of
Figure 7 on the right panel. This affects the calculated J° , values
when convoluting the EQE,, spectra with the blackbody photon
flux and thus the AV,,. In other words, the increase of AV 4
when decreasing AEg _cr comes from a broadening of the EQE,y
spectra rather from the S, repopulation process. The reason is
suspected to be lying in the stiffness of the NFA and detailed
blend morphology. Therefore, it is not evident that the observed
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dependence of AV, 4 on AEg _.; among the systems involved in
this study can be generalizable, but it is worth studying this case
for more systems in the future.

3. Conclusion

In conclusion, by performing detailed analyses of overall effi-
ciency losses to a series of NFA-based low-offset systems, our
work shows that both Js. and FF are severely reduced as AEg _cr
becomes sufficiently small, yet the reduction in V- losses is lim-
ited, despite the significantly reduced AV,,. In all systems stud-
ied herein, the losses in Ji conditions were assigned to exciton
dissociation at the donor:acceptor interface. The exciton loss at
the donor:acceptor interface was found to be more significant in
the systems with the smallest AEg _cr value. Importantly, in the
two systems with the lowest AEg _cr values (PM6:0-IDTBR and
PM6:Y5), exciton dissociation yield at the donor:acceptor inter-
face was found to be field-dependent, which also leads to a further
reduction in the FF. In the forward bias regime where bimolec-
ular recombination becomes significant, recombination via the
CT state was found to be increasingly pronounced as the applied
bias approached V. Thus, despite the presence of S, reforma-
tion and the consequent decay via S;, recombination via CT state
still serves as the prominent decay channel of the encountered
free electrons and holes and severely affects FF, even in the sys-
tem with very small AEg . In addition, consistent with previ-
ous theoretical work,!*] it was found that decreasing AEs _c is
not beneficial for achieving low bimolecular recombination coef-
ficients. We anticipate this is due to a stronger binding energy of
the CT state (when it becomes closer to the S, state), reducing the
probability of redissociation. In general, the results in our study
support an inferior PCE obtained by simply reducing AEg _cr
from PM6:TPT10 and PM6:Y6. In addition, our work provides
structure—function information by showing that upon a change
of the halogen substituents in the terminal groups of Y5, TPT10,
and Y6, the exciton diffusion in their binary heterojunctions
with PM6 remain highly efficient, while the very different JV
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performances among these three systems mainly rely on the en-
ergetics at the interface.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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