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Role of Energy Offset in Nonradiative Voltage Loss in

Organic Solar Cells

Toshiharu Saito, Shin-ichiro Natsuda, Kenta Imakita, Yasunari Tamai,*

and Hideo Ohkita

The voltage loss incurred by nonradiative charge recombination should be
reduced to further improve the power conversion efficiency of organic solar cells
(OSCs). This work discusses the nonradiative voltage loss in OSCs with sys-
tematically controlled energy offset between optical bandgap and charge transfer
(CT) states. It is demonstrated that the nonradiative voltage loss is a function of
the energy offset; it drops sharply with decreasing energy offset. By measuring
the quantum yields of electroluminescence from OSCs and decay kinetics of CT
states, it is found that the radiative decay rate of CT states becomes larger when
the energy offset is negligible compared with those in conventional OSCs with
sufficient energy offset. This behavior is rationalized by hybridization between CT
and local excited states, resulting in a considerable enhancement of the oscillator
strength of CT states. Based on a trend observed in this study, the precise
mechanism by which the energy offset affects the nonradiative voltage loss is

discussed.

1. Introduction

The power conversion efficiency (PCE) of organic solar cells (OSCs)
has been improving constantly over the past three decades because
of the development of new donor and acceptor materials,!) with
some OSCs achieving >17% PCEs.”) However, the PCE of OSCs
still lags behind that of their inorganic analogs. One remaining
challenge in this field is to reduce the voltage loss AV, which is
defined as the difference between the optical bandgap energy E, of
a material and the open-circuit voltage (Voc) (AV = Eg/q — Voc,
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where g is the elementary charge). The volt-
age loss in OSCs is typically more than 0.7 V
except for some state-of-the-art devices,*™®
whereas it is only ~0.4V in Si-based solar
cells.”! This difference is partly because
OSCs require donor—acceptor (DA) hetero-
junctions to ionize excitons.®® At the DA
interface, excitons separate as holes on the
donor and electrons on the acceptor, form-
ing charge transfer (CT) states with energies
lower than E,. Historically, it was thought
that the energy offset between E, and the
CT state energy Ecr should be more than
0.3 eV for efficient charge generation.!*%
However, recent studies have demonstrated
efficient charge generation with a small
energy offset.'>® Therefore, the voltage
loss incurred by charge generation is no
longer an unavoidable and intrinsic property
of OSCs, although the mechanism of effi-
cient charge generation without an energy offset remains unclear.

Another reason behind the voltage loss in OSCs is nonideal
charge recombination. According to detailed balance theory,
any type of solar cells will have unavoidable, intrinsic voltage loss
relative to radiative charge recombination, even though there are
no disorders or trap sites."”) In the Shockley-Queisser (SQ) frame-
work, the radiative recombination loss makes the upper limit of
maximum achievable Vo to be ~0.3V lower than Eg/q.[17’18]
However, the voltage loss incurred by charge recombination
in OSCs is significantly larger than the SQ limit, mainly
because of an extra voltage loss caused by nonradiative charge
recombination.”~”*”2% It has been experimentally demonstrated
that CT states are intermediates of charge recombination in
0SCs.”?" The oscillator strengths of CT states are fairly small
because of poor spatial overlap between the highest occupied
molecular orbital (HOMO) of the donor and lowest unoccupied
molecular orbital (LUMO) of the acceptor, resulting in the radia-
tive decay rate k,, in general, being fairly smaller than the nonra-
diative decay rate k,,. Therefore, the CT states predominantly
decay nonradiatively to the ground state. The external quantum
efficiency of electroluminescence (EQEg;) of OSCs is typically
on the order of 10~°~10~8, which is equivalent to the nonradiative
voltage loss AV,,; 0f 0.35-0.46 V.[3:5-7:19.2022 Therefore, OSCs with
smaller AV,,, are highly required.

Benduhn et al. found a negative correlation between AV, and
Ecr.P) This is a clear signal of the energy gap law, or the transi-
tion rate in the Marcus inverted regime for the nonradiative
transition of CT states to the ground state. In this regime, the
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nonradiative transition rate from the CT state with the lowest
vibrational energy to an isoenergetic high vibrational ground
state is proportional to the overlap between the vibrational wave
functions of those states, which decreases with increasing differ-
ence in the vibrational quantum number.”? Consequently, the
nonradiative transition rate decreases exponentially with increas-
ing Ect; hence, AV, intrinsically increases linearly with decreas-
ing Ecr®) On the contrary, there is a large variation in AV,
around the trend observed in ref. [3], indicating that other param-
eters also affect AV,,. Recently, Eisner et al. highlighted the
importance of hybridizing local excited (LE) and CT states to
reduce AV,,, based on their three-state model simulation.?*2°!
They proposed that a hybrid LE-CT state is formed when the
LE and CT states are very close in energy. Because the oscillator
strength of the LE state is generally fairly larger than that of the
CT state, the hybridization will result in a large enhancement in
EQEg;. In contrast to their successful theoretical approach, there
is a lack of experimental evidence of reducing nonradiative
voltage loss through LE-CT hybridization.

Herein, we investigated the role of energy offset in nonradia-
tive voltage loss in OSCs. We used PTB7-Th, which is a bench-
mark material for OSCs, as a common polymeric donor, and
various fullerene and nonfullerene acceptors whose optical
bandgaps are larger than that of PTB7-Th (the chemical struc-
tures of the materials used in this study are shown in
Figure 1). In other words, E, was determined based on that of
PTB7-Th for all donor/acceptor blends, which makes our study
very straightforward in discussing the role of energy offset in
nonradiative voltage loss, as will be shown later. We found that
the decrease in AV, was considerably steeper than the general
trend observed in ref. [3]. By measuring the EQEg; of OSCs and
the decay kinetics of CT states using transient absorption (TA)
spectroscopy, we found that the nonradiative recombination rate
was less sensitive to either Ect or the energy offset. Rather, the
radiative recombination rate increased rapidly with decreasing
energy offset. This behavior can be rationalized by the hybridiza-
tion of LE and CT states, resulting in a considerable reduction of
AV, down to ~0.185 V.

2. Results and Discussion
2.1. Energy Offset Ordering

Figure 2 shows the current density—voltage (J-V) characteristics
and photovoltaic external quantum efficiency (EQEpy) spectra of
the solar cell devices used in this study (the photovoltaic device
parameters are summarized in the Supporting Information).
Note that the EQEpy spectra were extended to lower energies
using the EL spectra according to the previous report (the details
are given in the Supporting Information).”! E, was determined
from the EQEpy spectra using the method proposed in
ref. [26] wherein the first derivative of the EQEpy spectrum is
assumed to be a probability distribution function of the photovol-
taic bandgap energy, and the mean value of distribution is used
for E,. We evaluated E, to be approximately 1.65 eV, as summa-
rized in Table 1, which is consistent with previous reports.!>'¢!
Acceptor materials were chosen to vary the LUMO energy offset
from nearly zero to approximately 0.2eV, according to the
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literature values.””) However, it is difficult to compare the

reported LUMO values accurately because they strongly depend
on the experimental methods. Moreover, it is well known that
conventional experimental techniques often fail to provide correct
LUMO energy levels because the energy level measured sepa-
rately for each pristine film is often different from that near
the buried interface in a bulk-heterojunction blend.”® We need
a more definitive criterion for the energy offset to understand its
role in nonradiative voltage loss. Ideally, the energy offset should
be quantified based on Ecr. However, estimating Ect accurately
from the absorption/emission band, which should appear on the
lower energy side compared with that of bulk component, is more
challenging because of a complete overlap with large bulk com-
ponents when the offset is small or negligible. Instead, we tem-
porarily provide a qualitative characterization of the energy offset
here. Some devices exhibit clear shoulders in their EQEpy spectra
on the lower energy side, as shown in Figure 2¢, clearly indicating
the photocurrent response from the CT state absorption; this
shoulder is negligible for other devices. From the EQEpy spectra,
the acceptor materials can be categorized into three groups:
group I (sufficient offset group: PC;BM, di-PDI, and ITIC),
group II (small offset group: bis-PCBM, IT-M, and IT-DM),
and group III (negligible offset group: ICBA, IDT-2BR, and
IDFBR). All these groups contain one fullerene and two nonful-
lerene acceptors, as shown in Figure 1. Additional quantitative
characterization of the energy offset will be given later.

2.2. Quantifying the Radiative and Nonradiative Voltage Losses

Based on earlier studies,”'® Vo can be divided into several
components as follows

Voc = Vo& — AVge — AV, — AV, = VEd _ AV, 1)

V(S)% is derived from the SQ limit, which depends only
on E, and temperature. Its value is ~0.28 V lower than E,/q
(E; ~1.65eV) because of the unavoidable radiative charge
recombination even in an ideal solar cell, as mentioned earlier.
AVsc, AV,, and AV, are extra voltage losses associated with the
nonideal behavior of real solar cells. AVyc is the extra voltage
loss due to nonideal behavior above Eg, arising because EQEpy
is less than unity above E,. AV, arises from nonideal behavior
below E,, being associated with a broadened EQEpy tail that
extends further below E,, as shown in Figure 2c. AV, is the
extra voltage loss due to nonradiative charge recombination.
On the right-hand side of Equation (1), Vo™ is the radiative
open-circuit voltage of a solar cell, wherein radiative charge
recombination is the only deactivation pathway. As will be
shown later, we found Vo™ to be a good measure for quanti-
tatively assessing the role of energy offset. Table 1 shows the
voltage losses of our devices (the details of the evaluation meth-
ods are given in the Supporting Information).

AVsc, which ranges only from 16 to 26 mV, is typically
much smaller than other losses because it is proportional to
the logarithm of Jsc/J. s>Q where Jsc is the short-circuit current
density and ]SCSQ is the maximum achievable Jsc in the SQ
limit. An exception is the IDFBR device, where AV is rela-
tively large (38 mV) because of poor photocurrent generation,
as will be discussed later. AV, is strongly dependent on the
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Figure 1. Chemical structures of PTB7-Th and various acceptor materials used in this study. The acceptor materials are categorized into three groups:
group | (sufficient offset group: di-PDI, PC7;BM, and ITIC), group Il (small offset group: bis-PCBM, IT-M, and IT-DM), and group Il (negligible offset
group: ICBA, IDT-2BR, and IDFBR). Each group contains one fullerene and two nonfullerene acceptors.

choice of acceptor materials. Because AV, originates from the
EQEpy tail below E,, it contains losses from both the smeared-
out absorption edge of the material (AV,;) and the CT state
absorption (AV,,).”) Because we used the common low-
bandgap donor polymer in this study (i.e., the slope
of the absorption edge of the bulk part for all devices should
be almost constant), the variation in AV,; originates from
the variation in the photocurrent generation yields; because
of the reciprocity relationship, a better EQEpy (i.e., a smaller
AVsc) results in larger radiative recombination (see the
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Supporting Information for more details). In contrast, AV, ,
is strongly dependent on the energy offset. As the intensity
of the blackbody emission exponentially increases with decreas-
ing energy, the weak shoulder of the EQEpy spectrum on the
lower energy side, because of the weak CT state absorption, sub-
stantially contributes to the radiative recombination loss. We
evaluated AV, ; and AV,, separately, as shown in Table S2,
Supporting Information, and found that AV, , is suppressed
to almost zero in group III, whereas it increases up to
100 mV in group I. Interestingly, there is a strong positive
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Figure 2. a) J-V characteristics of photovoltaic devices. The device param-
eters are summarized in the Supporting Information. b) EQEpy spectra of
the devices extended to lower energies using the EL spectra. c) Enlarged
image of panel b on the lower energy side.

Table 1. Various voltage losses for PTB7-Th/acceptor blend OSCs.

www.solar-rrl.com

correlation between AV, and AV,: AV, decreases rapidly with
decreasing AV,.

2.3. Impact of Energy Offset on Nonradiative Voltage Loss

As mentioned earlier, we need more quantitative characteriza-
tion of the energy offset to discuss the role of energy offset in
nonradiative voltage loss. As discussed in the Supporting
Information, we found that Vo™ can be used as a good alter-
native to Ecr. Voo™ is expressed in terms of Ecr as follows

E
vlgg = % - AVr,bu]l( - AVr,CT (2)

where AV, pui (= Eg/q — Vo> + AVsc + AV,,) is the radiative
voltage loss associated with the photocurrent response caused by
bulk absorption. As shown in Table S2, Supporting Information,
AV, puk is less dependent on the choice of acceptor materials, for
which the range is only 0.355 £ 0.015V, because we used the
common low-bandgap donor in this study; hence, it can be
assumed to be a constant (see the Supporting Information for
more details). In contrast, AV, ¢t is a function of CT state prop-
erties, which is defined as

Eg — ECT

Avr,CT = AVr,z - (3)

However, what is critically important here is that although
AV, cr is clearly a function of the energy offset, its dependence
is fairly modest because the former and latter terms of the right-
hand side in Equation (3) cancel each other out, as discussed in
the Supporting Information. AV, ct remains almost constant
when the energy offset is more than 50 meV, and it rapidly
increases to zero when the offset approaches zero. In other
words, we can assume that Vo™ is a direct measure of Ecr,
at least for groups I and II, whereas it slightly underestimates
Ecr for group III relative to groups I and II. We therefore plotted
AV, against Voc™, as shown in Figure 3. In panel a, we also
show AV, over a span of previously published data.>”*3?% The
solid line in panel a represents the general trend for AV,, pro-
posed in ref. [3] with a slope of —0.184 V V™', This trend was
described by the energy gap law based on the Marcus inverted
regime for nonradiative transition rates in organic DA systems,[3 1

Group Acceptor Eg [eV] AV [V] Vo™ V] Voc™ I\ AVsc [V] AV, [V] AV, V]
| di-PDI 1.646 0.898 1.372 1.187 0.023 0.162 0.439
PC;;BM 1.648 0.863 1.374 1.211 0.019 0.144 0.426
ITIC 1.642 0.830 1.368 1.218 0.020 0.130 0.406
1l IT-M 1.645 0.799 1.370 1.235 0.018 0.117 0.389
IT-DM 1.647 0.754 1.372 1.263 0.016 0.093 0.370
bis-PCBM 1.645 0.673 1.371 1.294 0.026 0.051 0.322
1 ICBA 1.648 0.632 1.374 1.307 0.024 0.043 0.291
IDT-2BR 1.648 0.592 1.374 1312 0.023 0.039 0.256
IDFBR 1.644 0.515 1.370 1314 0.038 0.018 0.185
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Figure 3. Nonradiative voltage loss AV, as a function of the radiative
open-circuit voltage Voc™d. Our results are shown as filled circles. In panel
a, previously published data are also shown by open circles.?”'*? sm,
small molecule donor; P, polymeric donor; F, fullerene acceptor; and NF,
nonfullerene acceptor. The solid line in panel a represents the model trend
proposed in ref. [3]. The solid and broken lines in panel b represent the
trends observed in this study with slopes of —1.1 and —14.6V V',
respectively.

suggesting that the large AV,, in OSCs is unavoidable as it is
intrinsic to the C—C bond vibration in organic materials.
Although most of our results lie inside the scattered data set,
as shown in Figure 3a, the trend we observed is clearly different
from the general trend. Our results are extracted in panel b. AV,
decreased linearly with increasing Vo™, regardless of whether
we used fullerene or nonfullerene acceptors, exhibiting a slope
of —=1.1VV™" (solid line in panel b), much steeper than that
proposed in ref. [3] (—0.184 V V). This finding emphasizes that
AV, significantly depends on other parameters as well as Ecr.
Because we used a common low-bandgap donor (i.e., the E; of all
devices is almost constant), Voc™ can also be used as a direct
measure of the energy offset, which is a key advantage of this
study compared with previous reports. Our results indicate that
AV, decreases rapidly with decreasing energy offset. This is con-
sistent with the model proposed in ref. [25] as will be discussed
later. AV, sharply deviates downward from the solid line when
Ey/q — Vo™ < 0.35V (Vo™ > 1.3 V), where AV, drops with
a slope of —14.6 VV™!, as shown by the broken line in panel b.
The minimum AV, observed here is only 0.185 V for the IDFBR
device, which is considerably small compared with other OSCs,
as shown in Figure 3a, and comparable with those of inorganic
analogs.[7'30] Note that the Vo™ in this region slightly under-
estimates the Ecr relative to the lower Vpc™¢ region because
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of negligible energy offset, as mentioned earlier. However, the
key takeaway here is that a marginal decrease in energy offset
significantly reduces AV,,.

2.4. Nonradiative Decay Kinetics

To confirm the large reduction in AV,, in group III, we mea-
sured the EQEg; of the OSC devices because AV, is directly
related to EQEg;, as follows

kT ( 1 )
AV, =By 4
q EQEg, @

where kg and T are the Boltzmann constant and absolute
temperature, respectively. Figure 4 shows the EQEg; of our OSC
devices plotted against applied voltage. The EQEg; measured at
two specific conditions, the EQEg; (Voc) at which the applied bias
was set at the Vo and the EQEg (V) at which the current den-
sity was equivalent to the Jsc, is also shown in Table 2. As shown
in Figure 4, the EQEy, increased in order of the Voc™. The
EQEg, for group I is on the order of 107°~107%, which is typical
for conventional OSCs.B>71920221 Op the contrary, the EQEg

102 ——IDFBR
40C IDT-2BR
10%4 vSC ICBA
bis-PCBM
10% —— IT-DM

108

T LI LI T T LI T T LI T T T
06 08 1.0 1.2 1.4 16 1.8 2.0 2.2
Applied Voltage (V)
Figure 4. EQEg, plotted against applied voltage. A, applied bias was set at

the Vo of each device; v, applied bias was set at the V,__, at which current
density was equivalent to the Jsc of each device.

Table 2. EQEg, from OSC devices.

Group Acceptor EQEEL(VOC)a) EQEEL(VJSC)b)
I di-PDI 3.8x10°8 1.5x 1077
PC,,BM n.a. 83x1078
ITIC 9.7x1078 1.8x10°°
Il IT-M 9.9%x 1077 5.4x10°°
IT-DM 22x107°° 1.1 %107°
bis-PCBM 45x10°° 1.5%x107°
n ICBA 1.7x107° 1.7x107°
IDT-2BR 89x10°° 1.5x10°*
IDFBR 9.6 x107° 7.9x107*

IThe applied bias was set at Voc; “The applied bias was set at the V)i» at which
current density was equivalent to the Jsc; PEQEg, (Voc) of the PC7,BM device was not
available because the EL intensity was too weak.
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for group III increased up to ~10 >, which is three orders of
magnitude larger than the conventional values.

EQEg; is mainly controlled by the internal photoluminescence
(PL) quantum yield of CT states for OSCs, as follows

ky ke
EQEEL ~ kr T km— ~ kim (5)

Because the oscillator strengths of CT states are generally fairly
small owing to a poor spatial overlap between the donor’s HOMO
and the acceptor’s LUMO, k, is significantly smaller than k.,
resulting in extremely low EQEg;, on the order of 107°-107%,
This means that the large enhancement of EQEg; in group III
originates from either an enhancement in k, or a reduction in
k,y in CT states.

To reveal the origin of the large enhancement, we monitored
the decay kinetics of CT states using TA spectroscopy. Here, we
measured a PTB7-Th/IDT-2BR blend film as a high-EQEg; mate-
rial representing group III and a PTB7-Th/ITIC blend film as a
low-EQEg; counterpart representing group I. Figure 5a shows
the TA spectra of the PTB7-Th/ITIC blend film. The sharp pho-
toinduced absorption (PIA) and broad PIA bands observed
immediately after photoexcitation at approximately 950 and
1400 nm are assigned to singlet excitons of ITIC and PTB7-
Th, respectively, as reported previously.*"*? The negative sig-
nals below 800 nm are attributable to the ground state bleaching
(GSB) of the blend film. The singlet excitons monitored at

(@ 4
ITIC

AmOD
N o

—O0ps
1ps
10 ps
100 ps
4 — 1000 ps
— 2500 ps
600 800 1000 1200 1400
Wavelength (nm)
(c) 0.50 -
ITIC
o -\\\_W\,\M\’__,
)
% 0.00 : .
< 0.751 IDT-2BR
0.50
0.25 1
0.00 T T
0 25 50

Time (ps)
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1400nm decayed with a time constant of 2.5ps (panel c),
whereas a broad PIA band ranging from 900 to 1200 nm was
also observed, which is assigned to ITIC radical anions (peaking
at approximately 950 nm) and PTB7-Th hole polarons (peaking at
approximately 1150 nm).*>*? At a later time stage, a new PIA
signal at approximately 1300 nm, which is assigned to triplet exci-
tons of PTB7-Th generated through bimolecular charge recom-
bination,®" became more pronounced. On the contrary,
Figure 5b shows the TA spectra of the PTB7-Th/IDT-2BR blend
film. Following photoexcitation, a broad PIA signal attributable to
the superimposition of singlet excitons of PTB7-Th (1400 nm)
and IDT-2BR (1200 nm) was observed. As in the case of the
ITIC blend, singlet excitons were then converted into charged
species, peaking at approximately 1150 nm. Singlet excitons
decayed more slowly compared with that in the ITIC blend with
a time constant of 38 ps as will be discussed later. Note that the
PIA band of IDT-2BR radical anions was not observed, probably
because of the small absorption cross section. Triplet excitons
of PTB7-Th (1300 nm) were also observed in this blend. On
the contrary, because we aim to monitor the decay kinetics of
CT states through geminate recombination to the ground state,
bimolecular recombination should be suppressed. As shown in
the Supporting Information, the decay kinetics of PTB7-Th hole
polarons were independent of the excitation intensity under
0.8 uJ cm™?, indicating the absence of bimolecular recombina-
tion below 0.8puJcm ™. Under such a weak excitation, the
polaron signals decayed monoexponentially with time constants

(b)
IDT-2BR

AmOD
o

—O0ps
1ps
24 \ 10 ps
) 100 ps
— 1000 ps
— 2500 ps
'4 T T T T T
600 800 1000 1200 1400
Wavelength (nm)
(d)
1.0 T
0
(o}
g 0.51
= oo ITIC
E . T T 1
5 10 \ﬂ’_\‘_\-'\_
£
8 o5}
<
IDT-2BR
0-0 T T 1
100 1000 2000 3000
Time (ps)

Figure 5. TA spectra of a) PTB7-Th/ITIC and b) PTB7-Th/IDT-2BR blends. The excitation wavelength was set at 650 nm with a fluence of 2.4 yj cm ™2,

¢) Time evolution of exciton signals with a fluence of 0.8 i) cm 2 monitored at 1400 nm. d) Time evolution of polaron signals with a fluence of 0.8 1) cm ™

monitored at 1150 nm. The TA signals were normalized at 100 ps.
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of ~1.9 and ~1.3 ns for the ITIC and IDT-2BR blends, respec-
tively, as shown in panel d (TA spectra under the weak excitation
are shown in the Supporting Information). These values are on
the same order as those reported previously for PC;BM and
di-PDI blends.P" Because the EQEg, of these devices is signifi-
cantly lower than unity, we can safely assume that k,, is the
inverse of the CT state lifetime; hence, k,,, was evaluated to be
~5.3 x10%s™! and ~7.7 x 10%s™" for the ITIC and IDT-2BR
blends, respectively. This indicates that the nonradiative transi-
tion rate is less sensitive to either Ecr or the energy offset.
Rather, it would depend on other parameters such as morphol-
ogy near the DA interface or the electronic coupling matrix ele-
ment of electrons and holes. Therefore, the fact that the EQEg
observed in the IDT-2BR device is three orders of magnitude
larger than that of the ITIC device cannot be explained by the
reduction in k,,.

2.5. Hybridization of LE and CT States

In the previous section, we demonstrated that the large enhance-
ment in EQEg; observed in group III cannot be rationalized by
the decrease in k,,,. This means that k, is much larger for the CT
states in group III than those in group . In fact, the k, was
roughly estimated based on the EQEg; and k,, to be ~10° and
~10*s™"' for the IDT-2BR and ITIC blends, respectively.
Recently, Eisner et al. proposed that a hybrid LE-CT state is
formed when the LE and CT states are very close in energy.***"!
Once the hybrid states are formed, the oscillator strength of the
CT states is enhanced by the hybridization of a certain degree
with the nearest donor or acceptor. Owing to negligible energy
offset in group III, the Ect of these blends should be very close
to Eg, resulting in the formation of hybrid LE-CT states with sig-
nificantly larger k. This study provides clear experimental evi-
dence on the role of energy offset in nonradiative voltage loss.
The energy offset affects not only the voltage loss incurred by
charge generation (E;— Ecr)/q, but also AV, by enhancing
the oscillator strength of the CT states.

Importantly, we could not find any intrinsic differences in
AV, between the fullerene and nonfullerene acceptors in groups
I and II, wherein AV, decreases linearly with decreasing energy
offset without a large deviation, as shown in Figure 3b. Note
that because we used the common low-bandgap donor polymer,
variations in PL quantum yields of the acceptor materials have
no impact on AV,, in this study, while it would significantly
affect AV,, when we use low-bandgap acceptors. The trend
we observed has a slope of —1.1V V™! (solid line in Figure 3b),
meaning that a small reduction in energy offset by only 50 meV
produces a large enhancement in EQEg; by nearly one order of
magnitude. AV, in group III, where the difference between
Voc ? and Vo™ is less than 70 mV, drops more rapidly (slope
of —14.6V V™!, broken line in Figure 3b). Consequently, a
130mV increase in Vo™ (from di-PDI to IDFBR) results in
a 250 mV reduction in AV,,. Because a change in energy offset
by 100 meV often occurs at the DA interface even when we use
the same donor/acceptor materials as reported previously,?®! our
findings emphasize the importance of fine-tuning the energy
landscape near the DA interface. Interestingly, in contrast to
groups I and II, no fullerene acceptor that deviates considerably
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from the solid line in Figure 3b was observed in this study
(ICBA sits close to the intersection). This result implies that non-
fullerene acceptors may be intrinsically advantageous in reduc-
ing the nonradiative voltage loss, although the limited data set
presented herein is insufficient to obtain an unambiguous con-
clusion. Nevertheless, nonfullerene acceptors are clearly better
candidates for further improvement because of the easier opti-
mization of HOMO and LUMO energies.

One drawback of reducing the energy offset is that a smaller
energy offset often leads to slow and inefficient charge separa-
tion."*1633] For example, Li et al. found a strong correlation
between LUMO energy offset and EQEpy, with EQEpy dropping
sharply when AV was less than 0.6 V because of a poor charge
separation efficiency.**! We also observed a slower CT in the
IDT-2BR blend, as shown in Figure 5c. Singlet excitons in the
IDT-2BR blend decayed more slowly than those in the ITIC
blend. According to the Marcus theory for electron transfer in
the normal regime, CT at the DA interface becomes slower with
decreasing energy offset. This may lead to inefficient CT when
the energy offset is negligible. On the contrary, the IDT-2BR
blend showed a PL quenching efficiency of ~90% (see the
Supporting Information), indicating that excitons dissociate
slowly yet efficiently without an energy offset in the IDT-2BR
blend. In contrast, approximately 60% of excitons did not disso-
ciate into CT states in the IDFBR blend (see the Supporting
Information), although the AV, was the smallest, resulting in
the lowest EQEpy and PCE in our devices. These results may
allow a compromise when reducing the energy offset. On the
contrary, sub-picosecond ultrafast CT with near-zero energy oft-
set was observed very recently in some donor/acceptor blends.*!
Because the mechanism of ultrafast CT without an energy offset
remains unclear, further spectroscopic studies are highly
required. Another option to overcome this tradeoff has been
recently suggested by some authors of this study,’” using a
thienoazacoronene-based novel nonfullerene acceptor called
TACIC. This acceptor shows an extremely long exciton lifetime
of 1.59ns in the film state as opposed to a relatively low E, of
1.59 eV, allowing an efficient exciton dissociation efficiency (>95%)
and EQEpy (~80%), despite slow charge generation (=60 ps).

3. Conclusion

We have investigated the role of energy offset in nonradiative
voltage loss AV, in OSCs composed of PTB7-Th as a common
donor and various fullerene and nonfullerene acceptors. As we
utilized the common low-bandgap donor, we could use the radi-
ative open-circuit voltage Voc™ as a direct measure of both Ect
and the energy offset. We observed that the nonradiative voltage
loss reduced very rapidly with decreasing energy offset. The plot
of AV,, against CT state energy Ecr (Vocrad) had a slope of
—1.1VeV™!, which is much steeper than the general trend
described by the energy gap law based on the Marcus inverted
regime for nonradiative transition rates in organic DA systems.
The variation observed in previous reports is attributable to the
fact that the energy difference between E; and Ecr is more
important than Ecr itself for AV,,. This indicates that we can
achieve a small AV, with a low Ect as opposed to the energy
gap law.

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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From EQEg; and TA measurements, we conclude that the
nonradiative transition rate k,, is less sensitive to either Ecr
or the energy offset, whereas the radiative recombination rate
k. increases rapidly with decreasing energy offset. This is ratio-
nalized by the hybridization of LE and CT states. When the LE
and CT states are very close in energy, hybrid LE-CT states are
formed, enhancing the oscillator strength of the CT states. The
trend observed in this study indicates that a small reduction in
the energy offset by only 50 meV produces a large enhancement
in EQEg; by nearly one order of magnitude, emphasizing the
importance of fine-tuning the energy landscape near the DA
interface. A drawback associated with energy offset reduction
may be slow and inefficient charge generation. Therefore, non-
fullerene acceptors with very long exciton lifetimes would be
good candidates for overcoming this problem and simulta-
neously achieving efficient charge generation and small AV,
to further improve OSCs.
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the author.
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