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Correlating the Hybridization of Local-Exciton and
Charge-Transfer States with Charge Generation in Organic

Solar Cells

Deping Qian,* Saied Md Pratik, Qi Liu, Yifan Dong, Rui Zhang, Jianwei Yu,
Nicola Gasparini, Jiaying Wu, Tiankai Zhang, Veaceslav Coropceanu, Xia Guo,
Maojie Zhang,* Jean-Luc Bredas, Feng Gao, and James R. Durrant*

In organic solar cells with very small energetic-offset (AE,¢ _ 1), the
charge-transfer (CT) and local-exciton (LE) states strongly interact via
electronic hybridization and thermal population effects, suppressing the
non-radiative recombination. Here, we investigated the impact of these
effects on charge generation and recombination. In the blends of PTO2:C8IC
and PTO2:Y6 with very small, ultra-fast CT state formation was observed, and
assigned to direct photoexcitation resulting from strong hybridization of the
LE and CT states (i.e., LE-CT intermixed states). These states in turn
accelerate the recombination of both CT and charge separated (CS) states.
Moreover, they can be significantly weakened by an external-electric field,
which enhanced the yield of CT and CS states but attenuated the emission of
the device. This study highlights that excessive LE-CT hybridization due to
very low , whilst enabling direct and ultrafast charge transfer and increasing
the proportion of radiative versus non-radiative recombination rates, comes at
the expense of accelerating recombination losses competing with
exciton-to-charge conversion process, resulting in a loss of photocurrent

1. Introduction

The power conversion efficiencies (PCE)
of single-junction organic solar cells
(OSCs) have currently been pushed
to 19%.[151 One of the breakthroughs
accounting for this striking progress in
the PCEs of OSCs has been decreasing
the energetic offset (AE;_r) values
between charge-transfer (CT) and local-
exciton (LE) states at the donor-acceptor
(D-A) interface.[*”] This design strategy
has not only successfully minimized
the energy loss associated with photoin-
duced charge transfer, but also induced
new photophysical concepts that differ
from those describing the conventional
polymer:fullerene materials.l®®°! To date,
intensive research has been devoted
to studying the correlations between

generation.

device optoelectronic properties and
those newly observed photophysics.l>-!1]
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Figure 1. a) Chemical structures of the electron donors (PM6 and PTO2) and electron acceptors (C8IC and Y6) studied in this work. b) EQEg, as
a function of injected current density, c) current-voltage (J-V) characteristics, and d) EQEp, spectra of the devices based on PM6:C8IC, PTO2:C8IC,
PM6:Y6, and PTO2:Y6. The EQEg, values of the devices are extracted from (b), where the injected current densities (J;;) are comparable to the short-
circuit current densities of the devices. e) Charge generation efficiency (Jsc/Jsc sq) versus AV,,,.

When the CT state energy is substantially lower than that
of the LE states of the D or A molecules, a two-state model
including the CT state coupled with the ground state (S,) has
been widely utilized for the description of the optical transitions
and non-radiative recombination processes following exciton
dissociation (we note that, here, the term “CT state” gener-
ally refers to charge pairs generated by charge transfer at the
donor/acceptor interface, rather than to states localized (bound)
at the interface by their Coulomb attraction).'>13] Ultra-fast
charge transfer and separation processes take place via these
CT states.'*] However, when the CT and LE states are close in
energy, the role of the highly emissive and localized exciton state
must be considered in the competing charge recombination
pathways, as the CT state can interact with the LE state through
electronic hybridization and/or thermal population.[®1?] Thus,
instead of only the CT states, such intermixed LE-CT states can
govern the photoelectric conversion properties of D-A blend
films with a small AE;; _ .1"%)

Since the charge-to-photon conversion ability of a device
correlates with its voltage loss, it is striking that recent advances
in materials and device design with low AE;;_; have led to
OSCs where the non-radiative voltage loss (AV,,) was reduced to
as little as 0.13 V.11 At the same time, it has been reported that
exciton dissociation in those small AE ; _ - cases occurred at a
much slower rate than in larger AE; ;. _ -1 systems.[®] For extreme
cases with AE ; _.r being close to 0 eV, it was found that the
quantum yield of free-carrier generation (EQE,,) in an OSC
device is usually low (EQE,,<50%) or even no photocurrent is
generated.[®1% Although there are many factors influencing the
free-carrier generation at D-A interfaces,!'”! the manipulation
of the hybridization between LE and CT states is one of the
keys for simultaneously achieving high EQE,y and low AV, .18
Therefore, it is important to understand the correlation between
LE-CT state intermixing and charge generation.

In this work, we focus on the impact of LE-CT hybridization
on charge generation and recombination, employing steady-state
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photoluminescence (PL) and femtosecond transient absorption
(ts-TA) spectroscopies. We manipulate the extent of hybridization
by altering the AF,; _ r values between the LE and CT states. We
constructed two groups of material systems based on the elec-
tron donors PM6!'] and PTO2,/2%! and electron acceptors C8ICI2!]
and Y6,1?!] that is, PTO2:C8IC, PTO2:Y6, PM6:C8IC, and PM6:Y6
(Figure 1a). In contrast to the high-efficiency PM6:NFA blends,
the PTO2:NFA blends exhibited smaller EQE,, (40-60%) in OSC
devices; this was attributed to their smaller AE; _ - that results
from the PTO2 ionization potential (IP) being 150 meV larger
than that of PM6 (see Table S1, Supporting Information). In
PTO2 blends, we found that the strong LE-CT hybridization can
be identified from TA measurements. Ultra-fast CT state forma-
tion occurs via direct photoexcitation due to the increased oscilla-
tor strength of S; — CT transition. The CT states in such strong
intermixed LE-CT states exhibit more local excitonic character,
resulting in higher device electroluminescence and thus lower
calculated AV, but also leading to barrierless back electron
transfer and accelerated recombination pathways. In contrast,
the PM6 blends with relatively weak LE-CT hybridization, show
suppressed direct CT state formation, less radiative recombina-
tion, longer-lived CT and CS states, less impact of applied elec-
tric fields, and overall efficient charge generation. A key message
from our work is that excessive LE-CT hybridization due to very
small AE|; _ - can suppress the ability of CT states to function as
intermediates for highly efficient exciton-to-charge conversion.

2. Results and Discussion

2.1. Materials, Molecular Energetics, and Photovoltaic
Performance

The chemical structures as well as absorption spectra of PM6,
PTO2, C8IC, and Y6 are shown in Figure la and Figure S1,
Supporting Information, respectively. C8IC has an acceptor-
donor-acceptor (A-D-A) architecture. It differs from Y6, which
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exhibits an A-DAD-A architecture. Their state energies are esti-
mated from cyclic voltammetry measurements and are listed in
Table S1, Supporting Information.

In general, the extents of LE-CT hybridization and thermal
population inversely depend on AE;;; _ o1,[°! which we adjusted by
tuning the molecular energetics. As estimated from the IP offsets
(AIPy, _ ,) between donor and acceptor,[?*] all four systems give
AIP, _ , <0.3 eV and consequently small AE; _ - values. Since
PTO2 exhibits a larger IP than PM6, the PTO2-based blends pos-
sess smaller AE|; _ r values than those based on PM6. Moreover,
it was confirmed that the enhancement of the electrolumines-
cence quantum efficiencies (EQEy; ) of the devices was inversely
correlated with AE;; _ -.[2l As shown in Figure 1b, the EQE;
values of PTO2-based devices (2.3 x 10~ for PTO2:C8IC, 8.0 x
10~* for PTO2:Y6) are one order of magnitude higher than those
of the PM6-based devices (1.2 x 10~ for PM6:C8IC, 4.3 x 107
for PM6:Y6); these EQE,; values are used to calculate the non-
radiative voltage losses (AV,,) of the devices via the equation:
AV, = —XIn(EQE,, ), as we discuss further below.

The photovoltaic performance of the devices is displayed in
Figure 1c,d and Table S2, Supporting Information. Both PM6
blend devices displayed high efficiencies, with EQE,,, above 70%
extending to the near infrared. In contrast, the EQE;, and pho-
tocurrents of the PTO2 blend devices are relatively low. In order to
make comparisons in photocurrent and voltage losses easier, we
plotted the charge generation efficiencies (defined as Jsc/Jsc sq)
as a function of AV, 12l since AV, has been one of the primary
loss terms in OCSs, see Figure le. The corresponding data for
the highest performing perovskite solar cells, giving a small AV,,,

www.advenergymat.de

value (~0.06 V) and a high quantum yield (EQE,y> 90%),1’] are
shown as a benchmark. In comparison to the PBDB-T:ITIC!*®I
and PTB7-Th:PC,,BM® systems that display large AE,;_ - and
large AV,,, PM6:C8IC and PM6:Y6 based systems show signifi-
cant improvements by having lower AV, as well as higher Jq.
and V,. However, whilst both PTO2:C8IC and PTO2:Y6 de-
vices exhibit even smaller AV, values and higher open-circuit
voltages than the related PM6-based blends, their photocurrent
densities and device fill factors are reduced. It should be noted
that the PTO2:Y6 device shows much better photovoltaic perfor-
mance than the PTO2:C8IC device, even though the former has
the smaller AV,,. This point will be further discussed below.

2.2. Hybridization and Thermal Population Effects of the LE and
CT States

For a deeper understanding of the impact that the LE-CT hy-
bridization on the electronic states, we investigated the ex-
cited states of model PTO2:Y6, PM6:Y6, and PTO2:C8IC com-
plexes (see Figure S2, Supporting Information) within the frame-
work of time-dependent density functional theory (TD-DFT).
Even though our modeling neglects aggregation effects, it pro-
vides a useful reference to gain insight into the interfacial elec-
tronic structure. The hole and electron natural transition or-
bitals (NTOs) in the three complexes are shown in Figure 2a—c
while the energies and oscillator strengths (fj of the lowest ex-
cited states are given in Table S3, Supporting Information. The
NTOwq2 analysis indicates that the first singlet excited state S1
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Figure 2. Hole and electron natural transition orbitals (NTOs) in the lowest three singlet excited states of the a) PM6:Y6, b) PTO2:Y6, and c) PTO2:C8IC
complexes. d,e) Electroluminescent spectra of the devices based on D-A blend films (PM6:C8IC, PTO2:C8IC, PM6:Y6, and PTO2:Y6) and single-

component films (C8IC and Y6).
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in all blends has a CT character. We note that pure CT states are
dark states, that is, they are characterized by a vanishing oscilla-
tor strength f= 0. fvalues of 0.08 and 0.02 are estimated for the S,
states in PTO2:Y6 and PM6:Y6, respectively, indicating a stronger
hybridization of the CT state with the LE state in PTO2:Y6 than in
PM6:Y6. The calculations also point to an even stronger LE-CT in-
termixing in PTO2:C8IC, in which the lower three excited states
have very large fvalues of 0.8, 0.4, and 1.0, respectively. These val-
ues and the NTOs shown in Figure 2c indicate that the CT and LE
states are highly intermixed in this blend, that is, we cannot easily
distinguish here between CT and LE state characters. This can be
attributed primarily to the smaller AE;; _ - for the PTO2 blends.
The resultant intermixed LE-CT states are radiatively coupled to
the ground state, enabling direct optical excitation of these states
via light absorption.

In our previous work, we found that the LE-CT hybridiza-
tion and thermal population, described by a three-state model,
jointly affect the emission properties of the blend films.®! Elec-
troluminescence (EL) studies were therefore conducted to fur-
ther investigate the emission behaviors of the LE-CT states in
the blends. In Figure 2d, the EL spectrum of PTO2:C8IC is ob-
served to overlap well with that of neat C8IC. In contrast, in the
PM6:C8IC blend, there is a strong emission peak emerging at
1.15 eV in addition to the main peak at 1.3 eV. In this PM6:C8IC
blend, the low-energy peak is ascribed to CT emission and the
high-energy peak, to optical transitions from thermally populated
LE states. It is apparent that the CT energy in the PM6:C8IC
blend is lower than that of the PTO2:C8IC blend, which is at-
tributed to the larger IP of PTO2. As indicated by our DFT cal-
culations, the extent of LE-CT intermixing is inversely dependent
on AE; _ <. Itis therefore expected to be stronger in PTO2:C8IC
than PM6:C8IC, which is confirmed by the much higher EQE;
of the PTO2:C8IC device. In Figure 2e, the EL spectra of PTO2:Y6
and PM6:Y6 do not show any additional emission in the low-
energy region compared to the neat Y6. It turns out to be diffi-
cult to determine the CT-state energies from optical data in cases
where the CT signals completely overlap those of singlet excitons
due to a negligible AE,; _ ;. As discussed above, the EQEy, of
the PTO2:Y6 device (8.0 x 107*) is much higher than that of
PM6:Y6 (4.3 x 107°); combined with estimations of their energy
offsets from molecular state energies (Table S1, Supporting In-
formation), we can infer that, compared to PM6:Y6, PTO2:Y6 ex-
hibits enhanced radiative recombination due to the stronger LE-
CT hybridization and thermal population effects. We note that al-
though the LE-CT hybridization in PTO2:C8IC is stronger than in
PTO2:Y6, the EQEj, value of the PTO2:C8IC device is lower than
that of the PTO2:Y6 device. The weaker LE-CT state intermixing
but higher emission efficiency in the PTO2:Y6 device should be
mainly attributed to the much higher photoluminescence quan-
tum yield (PLQY) of Y6 (see Figure S3, Supporting Informa-
tion). This emphasizes once again the importance of increas-
ing the intrinsic PLQYs of the organic materials composing the
active layer.(*?]

2.3. Impact of LE-CT State Hybridization on CT Generation

In order to investigate further the variation in photocurrent gen-
eration efficiencies in the studied blends, we employed steady-
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state photoluminescence (PL) and femtosecond transient ab-
sorption (fs-TA) spectroscopies. PL quenching in blend films
was characterized with respect to the PL of the corresponding
polystyrene:NFA blend films. We evaluated the PL quenching
of C8IC and Y6 by selectively exciting the NFAs at 780 nm, in
which case exciton dissociation solely proceeds via hole transfer.
Polystyrene (PS) is employed for diluting the NFA molecules,
so as to mimic the morphology in a D-A blend and reduce
the self-quenching induced by aggregation.l®! As displayed in
Figure 3a,b, a significant amount of residual PL (x~40%) re-
mains in the PTO2:NFA blends. In contrast, the PL of PM6:NFA
blends is significantly quenched and only 9.5% (PM6:C8IC) and
2% (PM6:Y6) of residual PL remains. The PL intensities of
PM6:NFA blend films are one order of magnitude lower than
their PTO2:NFA counterparts, indicating that the excitons in
PMG6:NFA films have almost all converted to non-emissive CT
and CS states. 2D grazing-incidence wide-angle X-ray scatter-
ing (GIWAXS) analyses show that the morphology of PM6:C8IC
[PM6:Y6] and PTO2:C8IC [PTO2:Y6] are similar (see Figure S4,
Supporting Information), which means that the higher residual
PL of PTO2:NFA blends does not result from exciton decay in
the bulk due to a rougher morphology. Rather, the higher PL of
PTO2:NFA blends can be assigned to less efficient charge trans-
fer and/or higher radiative efficiencies of LE-CT states in these
blends.

As mentioned above, it is difficult to distinguish the CT emis-
sion from that of local excitons when these two electronic states
are of nearly the same energy. We, therefore, carried out fs-TA
measurements on the studied systems since TA is capable to
trace exciton and CT signals separately.?’! Figure 3c—f shows
the TA spectra of the PTO2:NFA blends and PM6:NFA blends
at various pump-probe delay times. C8IC and Y6 are solely ex-
cited at a pump wavelength of 760 nm. The ground state bleach-
ing (GSB) in the range of 650-780 nm was probed in all blends
and can be ascribed to the GSB of the main optical transi-
tions (i.e., ground state to exciton absorption) in C8IC and Y6
(Figure S5, Supporting Information). In addition, the bleaching
signals peaking at 530 nm [580 nm)] are similar to those observed
for neat PTO2 [PM6] pumping at 525 nm (Figure S6, Supporting
Information) and they can therefore be assigned to donor GSB
signals. Considering that neat C8IC and Y6 films both display
negligible signals below 650 nm and donor polymers are unable
to absorb photons at 780 nm, we assign these donor GSB signals
to CT states due to the hole transfer from NFA acceptor to poly-
mer donor. In the case of the PM6:NFA blends, Figure 3c,d, the
magnitude of the PM6 GSB (indicative of CT state formation)
increases concomitantly with the decrease of the exciton signal
(NFA bleaching) and reaches a maximum after 100 ps. This im-
plies that the photogenerated excitons have efficiently transferred
to CT states, which is consistent with the PL quenching results.
In contrast, for PTO2:NFA blends, Figure 3e,f, the magnitude of
the CT band (PTO2 GSB) is almost invariant (PTO2:Y6) or ex-
hibits only a small increase (PTO2:C8IC) with time delay. More-
over, the CT signals in the PTO2 blends are much lower than
their local-exciton signals, indicating inefficient exciton dissoci-
ation to CT states. The low CT generation in PTO2:NFA blends
can be attributed to too strong a hybridization between the LE
and CT states and the resultant dynamic equilibrium between
the LE states and intermixed LE-CT states. Moreover, among the
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Figure 3. a,b) Steady-state PL quenching of the blends with respect to the neat films. The excitation is a continuous light 4

Wavelength (nm)
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= 780 nm with intensity

exc

<100 mW cm~2. The PL intensities of the films are calibrated by their absorptions at 780 nm. Transient absorption (TA) spectra in the visible region
conducted on c) PM6:C8IC, d) PM6:Y6, e) PTO2:C8IC, and f) PTO2:Y6 with a pump at 760 nm (<4 ) cm~2). The 2D TA spectra are shown in Figure S7,

Supporting Information.

PTO2:NFA blends, the PTO2:C8IC blend appears to provide less
CT generation than the PTO2:Y6 blend, owing to its stronger LE-
CT hybridization.

2.4. Impact of LE-CT State Hybridization on the Kinetics of CT
Generation and Charge Recombination

In this section, we focus on the kinetics of CT and CS states
in PTO2:Y6 and PM6:Y6, see Figure 4a,b. The TA kinetics data
for PTO2:C8IC and PM6:C8IC are shown in Figure S8a, Sup-
porting Information, and have characteristics similar to those
of the former two blends. It is apparent that the generation

and decay kinetics of the CT and CS states in PTO2:Y6 are
in stark contrast to those in PM6:Y6. In the PM6 blend, the
growth of the PM6 GSB signals exhibits primarily a slow (7,
~ 10 ps) phase, assigned to the dynamics of exciton diffu-
sion and charge transfer.**! However, the PTO2 GSB signals in
PTO2:Y6 are dominated by a prompt (primarily instrument re-
sponse limited) growth within 400 fs. Following this instanta-
neous growth of the GSB is a fast decay. Pump fluence-dependent
measurements (Figure 4b) show that these readily generated
species are initially fluence independent up to 3 ps, indicative
of a contribution from CT state (monomolecular) recombina-
tion.

ad 12 "
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_ - 1.0 / e 1o
a g Y a
(]} L [*] 2
g 08 2 03} Q os
< < <
§ 06f ; osl § 06 Probe @980nm
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Figure 4. a) TA kinetics of PTO2:Y6 and PM6:Y6 blends upon pumping at 760 nm (<4 u) cm~2) and probing at 530 nm (in purple) and 580 nm (in cyan).
The solid lines are the global fitting curves. A biexponential function was utilized for fitting the decay stage and the extracted parameter z represents
the decay time of CT/CS species. b) Pump fluence-dependent TA kinetics probed at 525-535 nm for the PTO2:Y6 blend. c) TA kinetics of PTO2:Y6 and

PM6:Y6 blends upon probing at 980 nm.
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On longer time scales (>100 ps), the donor GSB signals
decay, which is assigned to CT and CS states recombination
(Figure 4a). It is apparent that the PM6:Y6 blend exhibits much
slower (>10 ns) recombination kinetics than the PTO2:Y6 blend
that shows an ~1 ns decay pointing to accelerated recombina-
tion losses in this blend. This is consistent with our previous
work demonstrating that the CT state lifetimes are shortened
in systems with intermixed LE-CT states.’!l Furthermore, this
difference in the timescale of recombination kinetics can also
be observed when probing the excited-state absorption signal at
980 nm (Figure 4c). These ns decay kinetics were observed to be
excitation density-dependent for both PM6:Y6[?°! and PTO2:Y6
(Figure S9, Supporting Information and Figure 4b), indicative of
bimolecular recombination of free carriers.

Our observation of the prompt CT-state generation in
PTO2:Y6 is indicative of direct photoexcitation from the ground
state to intermixed LE-CT states. This is consistent with the
strong hybridization of LE and CT states in this blend seen in
our DFT calculations. Analogous prompt CT formation was also
observed in our TAS studies of PTO2:C8IC and in another small
AE,; _ - blend PBDB-TCLITIC,!! see Figure S8, Supporting In-
formation. Our observation of faster charge recombination in
PTO2:Y6 compared to PM6:Y6 is also consistent with greater hy-
bridization of LE and CT states in the former. In this presence
of strong hybridization, CT states are more coupled to localized,
shorter-lived exciton states, rather than to delocalized CS states,
in agreement with our observation of faster charge recombina-
tion for PTO2:Y6, PTO2:C8IC, and PBDB-TCLITIC (Figure S8,
Supporting Information). As such, it can be concluded that whilst
strong LE-CT mixing can enable direct, ultrafast CT state gener-
ation, it also provides pathways for accelerating charge recombi-
nation, lowering device performance.

It is striking that the very small AE;_.r systems such as
PTO2:Y6, whilst exhibiting accelerated recombination and lower
device performance, also exhibit higher electroluminence yields
and thus lower calculated AV, (Figure 1). This can be under-
stood by considering how EQE; depends on the radiative (k,)
and non-radiative (k,,) recombination rate constants. Most sim-
ply, this dependence is given by EQEg, = k,/(k, + k,,).3*3}] On
the one hand, solely suppressing the non-radiative rate con-
stant results in an increased EQE,, lower AV, , and high de-
vice performance, as has been reported in several studies.[>*-3¢l
However, an increased EQEg; and lower AV, can also result
from increasing k,. In the case of all OSCs studied to date, k, is
much smaller than k,, (as evidenced by EQE;; values <<1).%
The increase in k, by itself will have only a marginal (detri-
mental) impact on device performance. We note that, as the
CT states mediating recombination in OSCs do not normally
contribute significantly to the overall absorption of solar irradi-
ation, increasing k, is not associated with an increase in light
absorption,*’] in contrast to the situation in photovoltaic devices
dominated by band-to-band light absorption and charge recom-
bination. For the devices studied herein, the faster recombina-
tion kinetics in the presence of stronger LE-CT state hybridiza-
tion can be understood as resulting from the shorter lifetime
of LE states compared to CT states in most such blends (due
to the increased overall, primarily non-radiative, recombination
rate of local-excitons compared to CT states)®*"*8] This further
emphasizes the importance of the LE decay dynamics in small
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AE ; _cr OSCs, which is consistent with the recent study by
Classen et al.'%

2.5. Field-Dependent Charge Generation of LE-CT States

In order to investigate further the impact of LE-CT hybridization,
steady-state PL spectra were collected for devices as a function of
applied electrical bias. PL data for PTO:Y6, PM6:Y6, and neat Y6
devices in going from open-circuit (OC) to short-circuit (SC) con-
ditions are shown in Figure 5a,b. It appears that 25% of the pho-
toluminescence is quenched for the PTO2:Y6 device. Analogous
behavior was observed for the PTO2:C8IC device (Figure S10a,
Supporting Information). This contrasts to a single-component
Y6 device, where the Y6 photoluminescence remains invariant
(insert in Figure 5a).%! Similar to neat Y6, PM6:Y6 (Figure 5b)
and PM6:C8IC (Figure S10b, Supporting Information) devices
also show invariant PL intensity from OC to SC conditions.
The latter observation is typical of most OSCs,*”) and indica-
tive of efficient, and field-independent, exciton separation into
free charges in the blends with weak LE-CT hybridization. The
field-dependent PL observed in PTO2 blends can be assigned to
the impact of the built-in field on the intermixed LE-CT states in
these blends, and means that a higher field can aid the separation
of these strongly intermixed states into free charges.

As displayed in Figure 5c, the PL of a PTO2:Y6 device
is increasingly quenched with higher reverse bias voltages.
This quenching is much more pronounced than in the single-
component device (insert in Figure 5c). Similar PL quenching
trends with applied bias were also observed in the PTO2:C8IC
device (Figure S1la, Supporting Information). To correlate
the field driving PL quenching with photocurrent genera-
tion, field-dependent EQE, spectra were conducted as well,
see Figure 5d and Figure S11b, Supporting Information. A
EQE,, enhancement with applied voltage appears in parallel with
increased PL quenching. It should be noted that both field-
dependent spectroscopic studies were observed to be reversible.
It can be concluded that the yield of separated charges in these
PTO2:NFA systems exhibits a high sensitivity toward external
field, which is consistent with our previous work,/*!l and can be
assigned to the field dependence of separation of intermixed LE-
CT states in these blends. This contrasts with relatively larger
energy offset and less intermixed LE-CT states in the PM6:NFA
systems, which do not exhibit a strong field dependence of their
photophysics (Figure S12, Supporting Information). We also note
that the field dependence of the PL quenching in PTO2:C8IC
is less pronounced than in PTO2:Y6, which is again due to the
stronger coupling between the LE and CT states in PTO2:C8IC.
In addition, the enhanced field dependence for the PTO2 blend
devices is also consistent with their lower device fill factors (FF),
which are determined by the competition between charge extrac-
tion and recombination.[*?! As shown in Figure 5e, the PTO2:Y6,
PTO2:C8IC, and PBDB-TCLITIC devices all present lower FF
than their PM6:Y6, PM6:C8IC, and PBDB-T:ITICP! counterparts,
which correlates with lower AV, values, as a result of strength-
ened LE-CT hybridization.

In order to reveal the mechanism behind an electric-field
driven LE-CT state dissociation, we computed the excited states
of a PTO2:Y6 complex in the presence of an applied external
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Figure 5. Electric field-dependent PL measurements from OC to SC for a) PTO2:Y6 and neat Y6 (insert) devices and b) PM6:Y6 device. Electric field-
dependent measurements of the device based on PTO2:Y6 for c) PL and d) EQEp, upon reverse bias voltages. The excitation is a continuous light A, =
780 nm with intensity < 100 mW cm~2 (1 sun). The active-layer thicknesses in all devices are around 100 nm, guaranteeing similar electric field densities
across the BHJ films under the same applied voltages. e) Fill factor versus AV, of devices based on PTO2:Y6, PTO2:C8IC, PBDB-TCL:ITIC,[®] PM6:Y8,
PM6:C8IC, and PBDB-T:ITIC.I’1 f) Impact of an electric field on the calculated energies of singlet LE-CT states; the external electric field (F7) was applied

along the PTO2 to Y6 (+Z) direction or along the reverse direction.

electric field (F,) along the direction perpendicular to the molec-
ular planes (see Figure S13, Supporting Information). The re-
sults show that an increasing positive electric field (see Figure 5f)
widens the LE-CT (as well as LE-CS) energy gap while it has only
a minor effect on the LE state energy. As a result, exciton disso-
ciation is expected to be enhanced by the electric field. We note
that, since the orientations of the D and A (macro)molecules are
somewhat random, the LE-CT gaps of some PTO2:Y6 pairs can
decrease or even become negative. However, due to energy migra-
tion, excitons on these pairs will funnel into the D:A pairs with
increased LE-CT gaps and dissociate. The same mechanism is
expected to be operative in single-component devices, that is, the
intermolecular CT states as well as the CS states stabilized by the
electric field can promote exciton dissociation, as is confirmed by
PL quenching.

3. Discussion

In summary, we have demonstrated that a very small AE ; _ -y re-
sults in stronger LE-CT state hybridization, higher EQEy, faster
but lower CT state generation, and faster charge recombination.
We found that such strong LE-CT intermixing can be weakened
by the application of an electric field, which enhances the yield
of CT and CS states, but attenuates the emission efficiency of the
device. We can therefore conclude that too strong a hybridization
of the LE and CT states reduces the non-radiative voltage loss of
the device mainly as a result of an increased radiative recombi-
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nation rather than a suppression of non-radiative recombination.
Thus, it negatively impacts the ability of CT states to function
as efficient intermediates for exciton-to-charge conversion. From
the comparison between the PTO2:Y6 and PTO2:C8IC blends,
we also learn that the trade-off between EQE,, and EQE, in an
OSCis not only affected by the LE-CT state hybridization, but also
by the intrinsic properties of the organic materials, such as their
PLQY and PL lifetime.l'%! Interestingly, a recent study demon-
strated a useful way to further reduce the trade-off by introducing
asymmetric acceptors, in which one end of the acceptor leads to a
CT state with a larger offset, which is beneficial for charge gener-
ation, while the other end of the acceptor leads to a CT state with a
very small offset, which is beneficial for electroluminescence.[*)]

4. Experimental Section

Materials: The studied materials were all commercially purchased
from the company of Solarmer Materials, Inc.

Fabrication of Films and Devices: The device configuration was as fol-
lows: Indium tin oxide/ZnO/active layer/MoO3/Ag. The D-A (or PS-NFA)
blend solutions of the studied systems were prepared with D/A weight ra-
tio of 1:1.2 and total concentration of 18 mg mL~", dissolved in chloroform
with 0.5% additive of diphenyl sulfide for C8IC blends or chloronaphtha-
lene for Y6 blends. The films were thermally annealed at 100 °C for 5 min
(C8IC blends) or 10 min (Y6 blends) following the spin-coating process.
The films for PL and TA measurements were fabricated from the same
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solutions, as that for the devices, with spin-coating on glass followed by
thermal annealing and studied in N, atmospheres.

J-V and EQEp,, Characterizations: More than 10 devices (40 pixels)
were characterized for each material system. The J-V curves were collected
by using a Keithley 2400 Source Meter under AM 1.5 illumination provided
by a solar simulator (LSH-7320 ABA LED solar simulator) with an inten-
sity of 1,000 W m~2 after spectral mismatch correction. The light inten-
sity for the J-V measurements was calibrated with a reference silicon cell
(VLSI standards SN 10510-0524 certified by National Renewable Energy
Laboratory). The EQE spectra were recorded by an integrated quantum ef-
ficiency measurement system named QE-R3011 (Enli Technology), which
was calibrated with a crystalline silicon photovoltaic cell before use. Field-
dependent EQEp, spectra were measured using an integrated system from
Quantum Design PV300. All devices were sealed and tested in ambient air.

EQEg, Measurement: EQEg was measured by a home-built system
with a Hamamatsu silicon photodiode 1010B. A Keithley 2400 was em-
ployed as bias voltage supplier and recording injected current. A Keithley
485 was used for collecting the photocurrent generated from the emitted
photons of the samples.

PL Measurement: PL/EL spectra were recorded by an Andor spectrom-
eter (a Shamrock sr-303i-B Spectrograph). Andor iDus camera of iDus In-
GaAs array in the infrared range from 900 to 1,600 nm was employed by
cooling down to —90 °C. An Oriel liquid light guide from Newport (Irvine)
was then connected to the entrance slit of the spectrometer and the other
end was placed as close as possible to the active area of the samples. The
system was wavelength calibrated by an argon lamp to a resolution better
than 0.5 nm. The lineshapes of the recorded spectra were calibrated by
an Optronic OL245 m standard spectral irradiance lamp. Field-dependent
PL was conducted on devices connecting to an external current/voltage
source meter Keithley 2400. A laser diode with wavelength of 780 nm was
used as excitation light source.

Femtosecond TA Measurement: A broadband pump-probe femtosec-
ond (fs) transient absorption (TA) spectrometer Helios (Spectra Physics,
Newport Corp.) was used to measure the TA spectra and kinetics for the
studied sample films. Ultrafast laser pulses (800 nm, 100 fs duration) were
generated by a 1 kHz Ti:sapphire regenerative amplifier (Solstice, Spectra
Physics, Newport Corp.). One portion of the 800 nm pulse was guided
to an optical parametric amplifier (TOPAS Prime, Spectra-Physics) and a
frequency mixer (Niruvis, Light Conversion) to tune the pump pulses of
750-800 nm for the measurements. The pump pulses were modulated at
a frequency of 500 Hz by a mechanical chopper. The rest of the 800 nm
pulse was routed onto a mechanical delay stage with a 6 ns time window
and directed through a non-linear crystal (sapphire for the visible region)
to generate a white light probe ranging from 400-800 nm. The probe pulse
was split into two by a neutral density filter. One probe pulse acted as
the reference and was directly sent to the fiber-optic coupled multichannel
spectrometers (CCD Si detector). Another probe pulse together with the
pump pulse was focused onto the same spot on the sample films with a
beam area of around 0.5 mm? before sending it to the spectrometer. To
compensate for fluctuations, the measured spectrum was normalized to
the reference spectrum and averaged for several scans to achieve a good
signal-to-noise ratio. Data analysis was performed with the commercial-
ized Surface Xplorer software.

Computational Details: The geometry optimizations of the PTO2:Y6,
PM6:Y6, and PTO2:C8IC complexes were carried out by means of DFT
using the long-range corrected wB97XD functional in combination with a
6—31g(d) basis set. The PTO2 and PM6 polymer chains were represented
by trimers and dimers, respectively. The side chains on the donor and ac-
ceptor molecules were known to be crucial for an accurate description of
interchromophoric distances and interactions, which in turn control the
overall electronic processes in the OSC; thus, they were taken into ac-
count during the geometry optimization process. It was noted that de-
rived in this way geometries (Figure S2, Supporting Information) resemble
very well the dominant D:A interface conformations, as previously proven
for PM6:Y6 and other D:A blends by means of molecular dynamics sim-
ulations and experimental techniques.[*4¢] The excited-state properties
of the energy-minimized structures were evaluated using TD-DFT at the
®B97XD/6-31G(d,p) level of theory. The range-separation parameter @
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was taken as 0.01 Bohr~! according to the previous work.[**#7] An im-
plicit dielectric environment based on the polarizable continuum model
was considered during the TD-DFT calculations. The dielectric constant
(€) was taken as 3.0, a typical value for active layers in an OSC. The im-
pact of an electrical field on the excited-state properties was considered
by applying an external field (F) along the direction perpendicular to the
molecular planes. The field strength was varied from 0.0 to + 0.15 V A~
with a step size of 0.03 V A=, The nature of the excited states was visual-
ized by analyzing the NTOs. All the calculations were performed using the
Gaussian 16 package.[®]

Supporting Information

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