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Abstract

Photoinduced intermolecular charge transfer (PICT) determines the voltage

loss in bulk heterojunction (BHJ) organic photovoltaics (OPVs), and this

voltage loss can be minimized by inducing efficient PICT, which requires

energy‐state matching between the donor and acceptor at the BHJ interfaces.

Thus, both geometrically and energetically accessible delocalized state

matching at the hot energy level is crucial for achieving efficient PICT. In

this study, an effective method for quantifying the hot state matching of OPVs

was developed. The degree of energy‐state matching between the electron

donor and acceptor at BHJ interfaces was quantified using a mismatching

factor (MF) calculated from the modified optical density of the BHJ.

Furthermore, the correlation between the open‐circuit voltage (Voc) of the

OPV device and energy‐state matching at the BHJ interface was investigated

using the calculated MF. The OPVs with small absolute MF values exhibited

high Voc values. This result clearly indicates that the energy‐state matching

between the donor and acceptor is crucial for achieving a high Voc in OPVs.

Because the MF indicates the degree of energy‐state matching, which is a

critical factor for suppressing energy loss, it can be used to estimate the Voc

loss in OPVs.
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1 | INTRODUCTION

The open‐circuit voltage (Voc) in organic photovoltaics
(OPVs), based on bulk heterojunctions (BHJs) of electron‐
donating conjugated polymers and electron‐accepting
materials, is an important parameter for determining
power conversion efficiency (PCE).1–4 To date, researchers
have attempted to increase Voc through various ap-
proaches, including the use of electron donors with deep
highest occupied molecular orbital (HOMO) levels and
electron acceptors with shallow lowest unoccupied molec-
ular orbital (LUMO) levels, and inserting a functional layer
between the active layer and electrodes. However, the Voc

values exhibited by OPVs are still lower than those shown
by inorganic semiconductors and perovskite‐based
photovoltaics.5–10

The relatively low Voc of OPVs is mainly ascribed to
their large voltage loss, which is induced by a significant
photon energy loss in the lowest‐lying charge transfer
(CT) states that are located deeper than the LUMO of the
electron acceptor.11 Because a substantial number of
electrons and holes separated at the interface undergo
nonradiative recombination in the lowest‐lying CT states,
inefficient photoinduced charge transfer (PICT) occurs in
the vicinity of the LUMO level of the electron acceptor,
resulting in a loss of Voc.

12–17 According to a previous
study, efficient PICT for directly generated mobile
carriers, without trapping in CT states, could be achieved
via hot‐state CTs between the electron donors and
acceptors.18 Jakowetz et al.19 reported that efficient PICT
occurs through hot‐state charge delocalization between
donors and acceptors. They also demonstrated that both
geometrically and energetically accessible delocalized
state matching is essential for suppressing Voc loss.19

According to these observations, it is expected that hot‐
state matching between an electron donor and acceptor
is a critical factor for achieving efficient PICT. In
addition, ensuring the well‐matching of hot states
between an electron donor and acceptor is essential for
achieving a high Voc. These factors have motivated
research to gain an in‐depth understanding of hot‐state
matching between electron donors and acceptors.
Although simulations and experimental studies have
been performed to investigate hot‐state matching
between electron donors and acceptors for efficient
PICT, systematic studies on the correlation between
hot‐state matching and Voc loss in actual devices have not
been conducted.20,21 Moreover, because useful methods
to quantify hot‐state matching involving the LUMO level,
as well as a broad range of electronic energy levels
between electron donor and acceptor materials, have not
been developed, applying hot‐state matching to increase
Voc in actual devices remains a challenge.

Thus, in this study, the correlation between Voc

and hot‐state matching in OPVs was investigated by
developing an effective method to quantify the degree
of hot‐state matching between the donor and acceptor.
The hot‐state matching of the BHJ thin film was
analyzed using modified optical density (MOD), which
represents the sum of the absorbed photon energy and
HOMO level of the material. By analyzing the
modified optical density overlapping (MODO) in the
BHJ, we calculated the mismatching factor (MF) to
quantify the degree of energy‐state matching between
the electron donors and acceptors at the BHJ interface.
The results indicate that a large MF causes a large Voc

loss for both binary and ternary OPVs. Finally, we
achieved a high‐efficiency ternary OPV device with a
PCE of 16.15% by controlling the MF between the
donor and acceptor.

2 | EXPERIMENTAL SECTION

2.1 | Device fabrication

Indium tin oxide‐coated glass substrates were sequen-
tially cleaned in an ultrasonic bath with deionized
water, acetone, ethanol, and isopropanol for 10 min and
then dried in the oven at 100°C for overnight. The
surface of the substrates was then treated with ultra-
violet (UV)/ozone treatment for 1800 s; thereafter, poly
(3,4‐ethylenedioxythiophene)‐poly(styrene sulfonate)
(PEDOT:PSS; Paytron PH) was spin‐coated onto the
substrate at the 4500 rpm for 50 s and annealed at 140°C
for 10 min. A polymer blend of electron donor (P1, P2,
PTB7‐Th, and PBDB‐T) and electron acceptor (PC71BM,
ITIC, and IEICO‐4F) at various ratios was dissolved
in a solution (chlorobenzene:1,8‐diiodooctane = 97:3,
volume ratio) and thereafter spin‐coated on top of the
PEDOT/PSS layer. Specifically, the D18:Y6:phenyl‐C61‐
butyric acid methyl ester (PCBM) blend was dissolved
in a solution (chloroform:1‐chloronaphthalene = 99:1,
volume ratio). After coating the active layer, it was
washed with 0.2 mL methanol via spin‐coating at
3000 rpm for 30 s. Lastly, 100‐nm‐thick Al electrode
was deposited by thermal evaporation in the vacuum of
approximately 3 × 10‒6 Torr.

2.2 | Characterization

The UV–visible (UV‐vis) absorption spectra of conju-
gated polymer and small molecule materials were
measured by using a T70 +UV/vis spectrometer. The
saturated Voc and light intensity‐dependent Voc were
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measured under monochromatic light by using a xenon
lamp (Dongwoo Optron). The irradiated current
density–voltage (J–V) curves were tested using Keithley
2400 SourceMeter under air mass 1.5 global (AM 1.5G)
irradiation (100 mW cm−2). The light intensity was
calibrated using the NREL‐Si solar cell.

3 | RESULTS AND DISCUSSION

3.1 | Definition of MODO and MF

Hot‐state matching between the donor and acceptor in
the BHJ is an important factor for increasing the rate of
efficiency of PICT, which reduces Voc loss in OPV
devices.18–22 Because the generated electrons move
from the electron donor to the electron acceptor at the
interface via PICT, a well‐matched energy state at

the interface leads to efficient electron transfer.23 In this
case, the degree of energy‐state overlap between the
donor and acceptor at the hot‐energy level significantly
affects the PICT efficiency of the BHJ.19 Figure 1A,B
illustrates two possible PICT processes in BHJ systems
with mismatched and well‐matched donor and acceptor
states at their interfaces. In both cases, the electrons in
the donor are directly excited to the hot‐state level from
the HOMO level via the absorption of photon energy
(vertical yellow arrows) and then delocalized in the hot
states.24,25 If there are no states with energy levels equal
to those of the hot state in the acceptor (Figure 1A), then
the excited electron spontaneously relaxes and reaches
the thermally stable LUMO of the donor and is
subsequently transferred to the LUMO of the acceptor
via the CT states.26 In this case, because of the existence
of a large number of CT states at levels lower than the
LUMO level of the acceptor, a large number of electrons

FIGURE 1 Energetics of PICT and hot‐state matching of two organic material systems. (A) Mechanism of inefficient PICT at a
mismatched state. (B) Mechanism of efficient PICT at a well‐matched state. (C) Scheme for determining MF from OD and MOD.
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are trapped in the lowest‐lying CT states during the
transfer process.27 Because the probability of nonradia-
tive recombination increases in the lowest‐lying CT states
owing to the Coulomb attractive force between the hole
and trapped electron, the trapped electrons are rarely
transferred to the mobile carrier state, leading to a
significant Voc loss.

24,26–28

By contrast, the excited electrons in the hot state
can be directly transferred to the energy state in the
acceptor before relaxation if there are states with
energy levels equal to those of the hot state in the
acceptor, as shown in Figure 1B.29–31 In this case, a
significantly large number of mobile carriers are
generated via the efficient PICT process without
trapping in the CT states, leading to a reduced Voc

loss.32 Thus, ensuring energy‐state matching at the BHJ
interface is crucial for realizing efficient PICT. Devel-
oping effective methods for identifying the degree of
state matching in a BHJ is crucial for achieving high‐
performance OPVs with maximum Voc. Although the
importance of hot‐state matching has been indicated in
numerous studies,11,20 no method for quantifying and
visualizing the state matching has been reported.
Therefore, we developed a simple and effective method
for quantifying and visualizing hot‐state matching to
ensure efficient PICT.

Figure 1C illustrates the method developed for
quantifying and visualizing hot‐state matching. We
calculated the MF, based on the optical density (OD)
and energy‐level matching at the donor–acceptor
interface, to quantify the degree of energy‐state match-
ing. Figure 1C shows ① the pristine OD between the
donor and acceptor; the OD spectra of the donor and
acceptor were easily obtained by measuring the UV–vis
absorption spectra. The red and blue lines indicate the
ODs of the acceptor and donor, respectively, and the
yellow area represents the area of optical density
overlapping (ODO) between the donor and acceptor.
In this case, we can easily determine the OD of the state
and energy bandgap (Eg) between the valence band
maximum (or HOMO level) and conduction band
minimum (or LUMO level). However, because ODO
does not provide information on the excited electron
energy level, estimating hot‐state matching using only
the ODO information is a challenging task. Therefore,
we need additional information on the corresponding
energy level of the valence band maximum (or HOMO
level) to calculate the energy state of the OD and
investigate electron transfer from the donor to the
acceptor. Therefore, in this study, we considered the
MOD calculated by summing the absorbed photon
energy and HOMO levels of each material, as described
in Equation (1).

E E E(MOD) = (OD) + .excited electron photon HOMO (1)

To ensure the reliability of the HOMO values, the
HOMO values of each material were determined via
ultraviolet photoelectron spectroscopy (UPS) measure-
ments. Because the target for the MODO calculation is a
thin film, UPS measurements are appropriate to show the
exact HOMO level of the thin film.33 The sum of the
absorbed photon energy and HOMO level for each material
is depicted in the ② MOD shown in Figure 1C. The yellow
area in ① indicates the pristine ODO between the donor
and acceptor, whereas the yellow area in ② indicates the
MODO. As expected, the overlapping areas of the ODO and
MODO significantly differ. Although the shape of each
MOD is identical to that of the OD, the degree of overlap
between the ODO and MODO significantly differs; this
difference originates from the difference between the
HOMO levels of the donor and acceptor. Because MOD
implies the energy state of the excited electron, the area of
the MODO indicates the degree of hot‐state matching.

We defined an MF to visualize and quantify the
hot‐state matching effectively. Fundamentally, the
MF is calculated by subtracting the MOD of the
acceptor from that of the donor at each electron energy
level, as described in Equation (2). The fraction of
“MODdonor + MODaccpetor” is the total absorption in
the BHJ layer.

≡MF
MOD − MOD

MOD + MOD
.

donor acceptor

donor acceptor
(2)

As shown in ③ in Figure 1C, a positive MF value
indicates “MODdonor >MODacceptor” at the corresponding
energy level, whereas a negative MF value indicates
“MODdonor <MODacceptor.” An MF value of zero (red
dash line) indicates “MODdonor =MODacceptor,” suggest-
ing well‐matched hot energy levels. For the range in
which absorption occurs only at the donor, the MF
should be “1,” whereas the value of MF should be “−1”
for the range in which absorption occurs only at the
acceptor. Therefore, using the MF value, we can easily
estimate the degree of energy‐state matching at the
interface between the donor and acceptor.

3.2 | Application of MF to two organic
materials systems

The MF is applied to a two organic materials system based
on a BHJ of the electron‐donating conjugated polymer poly
(4,8‐bis(5‐(2‐ethylhexyl)thiophen‐2‐yl)benzo[1,2‐b:4,5‐bʹ]
dithioph‐ene‐alt‐4,6‐bis(thieno[3,2‐b]thiophen‐5‐yl)‐5‐octyl‐
2‐(2‐octyld‐odecyl)pyrrolo[3,4‐c]pyrrole‐1,3(2H,5H)‐dione)
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(P1) and the electron‐accepting material PC71BM.34,35

Figure 2A,B shows the molecular structures and absorption
spectra of P1 and PC71BM. Energy diagrams of P1 and
PC71BM are shown in Figure 2C. The ODs of P1 and
PC71BM at different incident‐photon energies are shown in
Figure 2D. P1 exhibits the highest OD at 2.4 eV (black line),
and PC71BM exhibits the peak OD at 2.5 eV (blue line). The
OD of P1 is overlapped with that of PC71BM in the range of
2.0–4.0 eV, and the highest overlapping photon energy is
nearly 2.5 eV. The vertical arrows in Figure 2D indicate
arbitrary photon energy for excitation generation with a
scale set at 2.5 eV, and they illustrate the corresponding OD
intensities of both materials when irradiated by a photon
with an energy of 2.5 eV. The OD values are 0.8 and 0.5 for
P1 and PC71BM, respectively.

Figure 2E shows the MODs of P1 and PC71BM
calculated via the summation of the HOMO level
and irradiated photon energy for each material.

The HOMO levels of P1 and PC71BM are –5.41 and
–5.90 eV, respectively. When the materials absorb an
incident photon with an energy of 2.5 eV, as shown in
Figure 2E, the electrons in P1 are excited to hot states,
with an energy of –2.91 eV, from their HOMO levels
(–5.41 eV). In contrast, the electrons in PC71BM
are excited to an energy state of –3.4 eV from their
HOMO levels (–5.9 eV). The yellow area in Figure 2E
indicates the MODO area between P1 and PC71BM,
and this area significantly differs from that of the ODO
in Figure 2D. The MOD of P1 is higher than that of
PC71BM in the range between –2.75 and –3.4 eV,
whereas that of PC71BM is higher above –2.75 eV and
below –3.4 eV; the MODs of P1 and PC71BM are
identical at –2.75 eV.

To visualize the amount of MODO, we calculated the
MF for the BHJ of P1:PC71BM. Figure 2F shows the
calculated MF for P1:PC71BM (black line) at each energy

FIGURE 2 Material and optical properties of P1 and PC71BM. (A) Molecular structures of P1 and PC71BM. (B) Absorption spectra of P1
and PC71BM. (C) Energy‐level diagrams of P1 and PC71BM. (D) OD of P1 and PC71BM. (E) MOD of P1 and PC71BM. (F) MF at the
corresponding electron energy level for P1:PC71BM.
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level. The MF was calculated by subtracting MODacceptor

from MODdonor, as described in Equation (2). The MFs
are zero at −2.75 and −3.4 eV for P1:PC71BM. However,
the energy state at −3.4 eV lies near the LUMO level,
where inefficient PICT easily occurs.36 As previously
explained, an MF of zero indicates that the amplitudes of
the two MODs are equal and that the energy states at
their interface are ideally matched. To derive an intuitive
expression of the MF, we separated the range into three
parts, as shown in Figure 2F, that is, Areas I, II, and III
(green =Area I, blue = Area II, and red =Area III). Area
I covers a deeper energy level than the hot state, which
can be considered as the energy level with the highest
MOD of the donor (−3.2 eV).19,22 Therefore, although the
state matching is good in Area I (such as −3.4 eV),
the effect of energy matching is relatively small.37 In
contrast, Area III indicates the range where the value of
MODO is under 0.4 (−2.6 eV), that is, an unbalanced
energy level between the donor and acceptor. Using this
approach, well‐matched energy levels of P1:PC71BM with
a small MF are obtained in Area II, where the intensities
of the MODO are greater than 0.4, and the energy level is
within the hot state. This value of 0.4 is selected based on
the experimental results. In P1:PC71BM, the excitation of
electrons in Area II requires a photon energy of
460–570 nm, as shown in Figure 2F.

3.3 | Correlation between MF and Voc

Because we expect that the Areas I, II, and III exhibit
different PICT processes between P1 and PC71BM,
monochromatic light of different wavelengths (different
photon energies) can be used to excite the electrons
selectively to each state of the area.38 Therefore, the
correlation between the MODO and Voc in the OPV
device can be investigated by measuring the Voc variation
for the incident monochromatic light with different
energy levels. Figure 3A shows the variation in the Voc of
the OPV device under irradiation of different mono-
chromatic lights. The structure of the OPV device is
shown in the inset of Figure 3A. Interestingly, the device
exhibits noticeably different Voc values upon irradiation
with monochromatic light with different wavelengths.
When monochromatic light with a wavelength of
<455 nm was irradiated on the device, electrons were
selectively excited to Area III due to incident energy
absorption. Under irradiation with wavelengths of 350,
400, and 450 nm, the device exhibits a nearly constant Voc

of ∼0.64 V. However, the higher Voc from 0.64 to 0.72 V is
observed when monochromatic light with a wavelength
of ∼480 nm is applied to the device. The higher Voc is
maintained under irradiation at wavelengths of 490 and
500 nm. The Voc again decreases when the wavelength of

FIGURE 3 Correlation between MODO and Voc. (A) Variations in the Voc of P1:PC71BM irradiation by different wavelength. (B) Light‐
intensity‐dependent Voc. (C) IQE and IPCE of P1:PC71BM. (D) TA spectra of the P1:PC71BM film were measured at 1 ps after pumping at
400, 550, and 600 nm; the spectra are normalized at 570 nm, and the pump intensity is 5 μJ cm−2. (E) TA spectra of the P1:PC71BM film were
obtained at 1, 5, and 20 ps using a pump wavelength of 600 nm; the pump intensity is 17 μJ cm−2. The inset shows TA signal time decays
probed at 600 and 700 nm.
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the incident light exceeds 570 nm. However, the decrease
in Voc at 570 nm is also higher than those in Areas I and
III. Because irradiation with wavelengths of 480–570 nm
can excite electrons to Area II and irradiation with
wavelengths larger than 570 nm can excite electrons to
Area I, we can conclude that the excitation of electrons to
Area II increases the Voc of the device. Moreover, the
highest Voc is observed at the point where MF= 0.

This tendency is also observed in the variation of Voc

with an increase in the intensity of the monochromatic
light, as shown in Figure 3B. We selected three mono-
chromatic light wavelengths of 450, 488, and 587 nm,
corresponding to the energy required to excite the
electrons to Areas III, II, and I, respectively, and monitored
the evolution of Voc with the increasing light intensity. As
shown in Figure 3B, the Voc of the device irradiated by
monochromatic light with wavelengths of 450 and 587 nm
increases slightly with an increase in the light intensity and
saturates at approximately 0.6 V. However, the Voc of the
same device under irradiation with monochromatic light of
wavelength 488 nm continuously increases with the
increasing light intensity from 0.6 to 9.5mWcm−2.
Moreover, even when the irradiated light intensities are
equal, a considerably high Voc is obtained in case of light
source of 488‐nm wavelength. Because irradiation with
monochromatic light of 488‐nm wavelength excites the
electrons to Area II with a well‐matched energy state
(MF= 0 at the point), these results clearly indicate that
energy‐level matching at the interface between the electron
donor and acceptor is crucial for achieving a high Voc. To
examine the correlation between hot‐state matching and
the number of collected electrons, the internal quantum
efficiency (IQE) and incident photon‐to‐current efficiency
(IPCE) of the P1:PC71BM device were measured, and
results are shown in Figure 3C. Although there is no
correlation between the IPCE and MF, a high IQE is
observed in Area II (blue area in the inset of Figure 3C).
The red, blue, and green lines indicate 450, 488, and
587 nm, respectively. The IPCE in Area II is higher (> 65%)
than those in Areas I and III. To verify our observations,
we conducted the same experiment for the PTB7‐
Th:PC71BM BHJ, which is widely used in OPVs.39

Figure S1 shows the (A) MODO, (B) MF of the PTB7‐
Th:PC71BM BHJ, and (C) the Voc variations shown by the
device. As expected, identical results are obtained for the
PTB7‐Th:PC71BM device, confirming our interpretation.

For further investigations, the transient absorption
(TA) spectra and time‐decay profiles of the P1 and
P1:PC71BM films are measured (Figure S2). The P1 and
P1:PC71BM films exhibit fast (∼ 65 ps) and very long
(> 2 ns) TA time‐decay components, respectively, when
they are pumped at 600 nm and probed at 565 (namely,
photobleaching absorption regime) and 600 nm (namely,

photoinduced absorption (PIA) regime). The approxi-
mately 65 ps component possibly results from fast
relaxation from the singlet exciton state of P1, whereas
the component larger than 2 ns component is indicative
of an ultrafast and thus highly efficient electron transfer
process from P1 to PC71BM, and the generation of long‐
lived states of CT and polarons, as previously demon-
strated in other fullerene‐based BHJs.18,40 To evaluate the
effect of excitation wavelength on carrier dynamics, we
measured the TA spectra of the P1:PC71BM film using
three different pump wavelengths of 400, 550, and
600 nm (Figure 3D), which belong to the Areas III, II,
and I, respectively. Compared to the TA spectra obtained
using the pump wavelengths of 400 and 600 nm, the TA
spectra obtained using the pump wavelength of 550 nm
exhibit relatively low PIA spectral intensity at
600–700 nm. This shows that a well‐matched energy
level results in a reduced electron population in the CT
states. To obtain more detailed information on the PIA
spectra, we measured the TA spectra and time‐decay
profiles of the P1:PC71BM film using a high pump
intensity of 17 μJ cm−2, which may induce a carrier
saturation at the CT states and a transition from the CT
state to the polaron state (Figure 3E). As observed in the
inset in Figure 3E, the fast (∼ 3 ps) time‐decay and
(∼ 2 ps) time‐rise components at the probe wavelengths
of 600 and 700 nm may be indicative of photoinduced CT
and polaron bands at 600 and 700 nm, respectively, and a
transition from the CT state to the polaron state. These
results are in agreement with the previously reported
results for other fullerene‐based BHJs.17,39 Following
these PIA band assignments, the observed decrease in the
PIA spectral intensity at 600–700 nm in the 550‐nm
pumped P1:PC71BM possibly indicates a reduction in the
CT state population after photoexcitation, plausibly
because of hot carrier transition. The reduced population
in the CT states may decrease the Voc loss in the OPVs.

3.4 | Estimation of Voc loss in binary and
ternary OPVs using the integration of MF

Because the Voc of OPVs is highly sensitive to the MF
value, which indicates the degree of state mismatching
between the electron donor and acceptor in each energy
level, the MF can be calculated to estimate the Voc loss at
the interface during PICT. A small absolute MF value
indicates a high degree of energy‐level matching (along
with a high Voc and small Voc loss) and vice versa, as
described in the definition of MF. However, because the
donor material in an actual OPV device is excited by
irradiation with an AM 1.5 solar light, with a wide
spectral range, the electrons in the donor can be

YANG ET AL. | 7 of 11
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simultaneously excited to Areas I, II, and III via solar‐
light absorption and then transferred to the acceptor via
PICT. Therefore, the MF indicating the degree of energy
matching at a specific energy state is insufficient to
estimate the energy loss in an actual device under AM 1.5
solar‐light irradiation.

For an actual OPV device irradiated by solar light,
integrating each MF value (such as the yellow area of ③
in Figure 1C) for each energy state over the entire range
of the MOD for the donor would be more useful. This
integrated MF value is more meaningful than the
individual MF values corresponding to each energy state,
because the integration of the MF over the entire MOD
range for the donor indicates the degree of MODO under
solar‐light irradiation. Figure 4A shows the correlation
between Voc and the integrated MF for P1:PC71BM and
P2:PC71BM. Because P1 and P2 have similar optical
bandgaps (P1 = 2.04 eV, and P2 = 2.08 eV) and HOMO

levels (P1 = –5.41 eV, and P2 = –5.44 eV) but different
MOD shapes and MF values (see Figure S3A,B), a
comparative analysis of these materials provides infor-
mation for investigating the validity of the proposed MF
integration method. The calculated integrated MF values
for P1:PC71BM and P2:PC71BM are 0.452 and 0.440,
respectively. As expected, the Voc of P1:PC71BM is higher
than that of P2:PC71BM. This result was reproduced for
PTB7‐Th:PC71BM, PTB7‐Th:ITIC, and PTB7‐Th:IEICO‐
4F, which are widely used as active materials in
OPVs.39,41 Figure 4B shows the variation in Voc for the
integrated MF values of these material compositions. All
the device structures and fabrication processes were
identical, except for the active materials. The integrated
MF values of PTB7‐Th:PC71BM, PTB7‐Th:ITIC, and
PTB7‐Th:IEICO‐4F are 0.39, 0.36, and 0.45, respectively,
and the resulting Voc values are 0.78, 0.81, and 0.71 V,
respectively. These results indicate that integrating the

FIGURE 4 Photovoltaic properties for applying MODO to organic solar cells. (A) Integrated MF‐dependent Voc of P1:PC71BM and
P2:PC71BM. (B) Integrated MF‐dependent Voc of PTB7‐Th‐based photovoltaics. (C) Integrated MF‐dependent Voc of PBDB‐T‐based
photovoltaics. (D) MOD of D18, Y6, and PCBM. (E) MF at each energy level of the D18:Y6:PCBM blended system. (F) Integrated MF‐
dependent Voc with the ratio of the third component. (G) J−V characteristics for the optimized ratio of the third component. PCBM, phenyl‐
C61‐butyric acid methyl ester.
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MF value across the entire MOD range of the donor is a
reasonable approach for estimating Voc loss in OPVs.
The relationship between integrated MF and Voc is also
observed in PBDB‐T‐based devices, as shown in
Figure 4C.

To validate the concept of integrating MF into an
actual device, we fabricated a ternary OPV device with
three active materials. Because the absorbance of active
materials can be changed by altering the ratio of the
mixture in the ternary system, the MF value can be
tuned by controlling the mixture ratio of these three
materials.42 For the ternary OPV device, D18 was
selected as the donor material, and Y6 and PCBM were
selected as the acceptors.43 Although the MOD of D18
is considerably different from that of Y6, the MOD of
PCBM covers the range of those of D18 and Y6 (see
Figure 4D). Therefore, the MF of the ternary system can
be tuned by controlling the amount of PCBM. The
yellow box in Figure 4D indicates the integrated section
of the integrated MF, and the red and blue areas
indicate the MODO of D18:Y6 and D18:PCBM, respec-
tively. Figure 4E shows the MF at each electron energy
level of D18:Y6:PCBM, and the inset of Figure 4E shows
the device structure along with the MODO of the
donor, acceptor, and third component. The mass ratio
of D18:Y6:PCBM was 1:1:x (where x represents the
amount of PCBM and was set to 0, 0.2, 0.4, or 0.6). As
shown in Figure 4E, the MF of the ternary system
varies with the changing PCBM content. The red
arrows around −2.4 eV indicate the MF variation
caused by the addition of PCBM. The ternary system
with 0.6 x value (green) exhibits an MF value of nearly
zero at −2.5 eV, indicating a high degree of MODO
between the D18 donor and Y6 and PCBM acceptors at
−2.5 eV. The integrated MFs of the ternary system,
when x = 0.6, 0.4, 0.2, and 0, are 0.232, 0.252, 0.275, and
0.299, respectively. Figure 4F presents the variations in
Voc at different values of the integrated MF and
indicates that large integrated MF values correspond
to low Voc values. The highest Voc is observed when
x= 0.6, which corresponds to the smallest integrated
MF of 0.232.

Figure 4G shows the current–voltage (J–V) curves of
the ternary devices with different mixture ratios. OPV
devices exhibit advantageous short‐circuit current den-
sity (Jsc), Voc, and fill factor (FF) values, which are
conducive to their high performances. The Jsc and Voc

vary with the changing mixture ratio of the ternary
system, as shown in Table 1. The highest PCE of 16.15%
is observed for a device with a D18:Y6:PCBM ratio of
1:1:0.2, whereas the highest Voc is observed for a device
with a D18:Y6:PCBM ratio of 1:1:0.6. Because the PCE is
determined by the Jsc, FF, and Voc, the optimal mixing

ratio for maximizing the Voc slightly differs from that for
maximizing the PCE; this difference can be overcome
by optimizing the nanoscale morphology of the active
layer. To verify the correlation between Voc and MF,
we fabricated ternary OPVs using PBDB‐T, ITIC, and
PC71BM and conducted the same experiments. Figure S4
presents the (A) MFs, (B) Voc variations, and (C) J–V
curves of the PBDB‐T:ITIC:PC71BM ternary devices. The
experimental results shown in Figure S4 agree well with
those of the D18:Y6:PCBM ternary devices. The Voc of
OPVs is often predicted using an empirical rule (qVoc =
Eg− 0.3 eV). However, the value obtained using this
empirical rule is different from those of the actual devices
owing to various factors (induced gap tail states, carrier
mobility, and morphology). Conversely, the MF‐based
method developed in this study is a derivation technique
based on the absolute spectrum of the final coated thin
film. This MF‐based method encompasses the factors
mentioned earlier and can thus be used to predict Voc for
an actual device using a simple process. Therefore, we
can conclude that the integrated MF can be used to
estimate the Voc loss at the interface during PICT.

4 | CONCLUSION

We developed an effective method to quantify the degree
of hot‐state matching between donors and acceptors in
OPVs. In this method, the MF of the BHJ thin film is
determined from the MODO between the donor and
acceptor to identify the degree of the energy‐state
mismatch between the electron donor and acceptor at
their interface. A small MF value indicates a high degree
of energy‐level matching, whereas a large MF value
indicates a low degree of state overlapping at the BHJ
interface. Using the MF value, we evaluated the
correlation between the Voc loss of the OPVs and the
energy‐state matching at the BHJ interface. In binary
systems, OPVs with small MFs exhibit high Voc values,

TABLE 1 Photovoltaic properties of D18:Y6:PCBM blend with
various ratio.

Ratio
(D18:Y6:PCBM) MF

Jsc
(mA
cm−2) Voc (V) FF PCE (%)

1:1:0 0.299 26.15 0.83 0.69 15.29

1:1:0.2 0.275 26.75 0.85 0.70 16.15

1:1:0.4 0.252 21.49 0.86 0.67 12.56

1:1:0.6 0.232 22.68 0.87 0.67 13.37

Abbreviations: FF, fill factor; MF, mismatching factor; PCBM, phenyl‐C61‐
butyric acid methyl ester; PCE, power conversion efficiency.

YANG ET AL. | 9 of 11

 26379368, 2024, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cey2.433 by G

w
angju Institute O

f Science, W
iley O

nline L
ibrary on [02/04/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



and this tendency has been confirmed for ternary OPV
devices with three active materials. Based on these
results, we can conclude that energy‐state matching
between donors and acceptors is critical for reducing
energy loss and maximizing Voc. Finally, we achieved a
high‐efficiency ternary OPV device with a PCE of 16.15%
by controlling the MF value. We believe that the MF
determined in this study enables the estimation of Voc

loss in OPVs and allows the designing of optimized
mixtures of donors and acceptors for high‐performance
OPV devices with a maximum Voc.
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