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ABSTRACT: For organic solar cells (OSCs), the charge
generation mechanism and the recombination loss are heavily
linked with charge transfer states (CTS). Measuring the energy of
CTS (ECT) by the most widely used technique, however, has
become challenging for the non-fullerene-based OSCs with a small
driving force, resulting in difficulty in the understanding of OSC
physics. Herein, we present a study of the PM6:Y6 bulk
heterojunction. It is demonstrated that electro-absorption can
not only reveal the dipolar nature of Y6 but also resolve the
morphology-dependent absorption signal of CTS in the sub-
bandgap region. The device with the optimum blending weight
ratio shows an ECT of 1.27 eV, which is confirmed by independent
measurements. Because of the charge transfer characteristics of Y6,
the charge generation at PM6:Y6 interfaces occurs efficiently under a small but non-negligible driving force of 0.14 eV, and the total
recombination loss is as low as 0.43 eV.

The excitonic absorbers in organic solar cells (OSCs) rely
on the donor−acceptor (D-A) interfaces to generate free

charges. The energy of the interface charge transfer state (ECT)
is considered as the effective bandgap of OSCs, while the
difference between the absorber bandgap (ES1) and ECT is
known as the energy loss, or driving force, required for charge
generation. For fullerene-based devices, it is improbable to
combine high short-circuit current (JSC) with low open-circuit
voltage (VOC) loss because of the energy levels of fullerene
acceptors.1 The best power conversion efficiency (PCE) of the
fullerene-based OSCs currently stagnates at 11.48%.2

The invention of low-bandgap non-fullerene acceptors
(NFAs) provides a feasible scheme to solve the issue.3 Since
the demonstration of ITIC,4,5 various types of non-fullerene
small molecule acceptors have been developed to break the
efficiency limit.6−10 Currently, single-junction OSCs based on
Y6 can simultaneously exhibit a large JSC (∼25 mA cm−2), a
very low VOC loss (Eg/e-VOC ∼ 0.55 V), and a PCE over
18%,11,12 closing the gap with other emerging photovoltaic
technologies. Some key factors for the success of Y6-based
OSCs have been acknowledged in the literature. First, the
narrow bandgap and high mobility of Y6 helps to enhance the
photocurrent.13 Second, the charge generation process is not
compromised by the reduction of driving force, for which the
mechanism remains unsettled.14,15 Third, the separated
charges experience less nonradiative recombination in
comparison to most other bulk heterojunction (BHJ) systems.
The corresponding mechanism is also under research.16,17

Interface driving force (ES1 − ECT) and recombination loss
(ECT − eVOC) are core issues for OSC physics, and their values
are both determined by ECT. Some recent reports pointed out
that although the charge generation in PM6:Y6 and other
NFA-based OSCs follows Marcus electron transfer theory, the
charge transfer rate under the low driving force is largely
boosted by the molecular electrostatic potential,18 the S1-CTS
hybridization,16 a beneficial morpholog,19 or a small
reorganization energy.20 In some of these studies, the ECT
and driving force of PM6:Y6 were determined as 1.29−1.31 eV
and <0.1 eV, respectively.14,16 The low recombination loss
(∼0.48 V) has been mainly attributed to the reduced energetic
disorder.17 In addition, some other reports found the measured
ECT of PM6:Y6 (>1.4 eV) to be greater than the energy of Y6’s
absorption edge.14,21 Consequentially, the recombination loss
was calculated to be larger than 0.5 eV, while the driving force
(ES1 − ECT) becomes almost zero. Although the OSCs still rely
on D−A interfaces to split excitons, “barrier-less hole transfer”
or “self-stimulated dissociation” has been proposed and
explained by the quadrupolar or the dipolar nature of
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Y6.14,15 As elaborated above, the value of ECT is a crucial
parameter in the determination of driving force, recombination
loss, and even the charge generation mechanism of these
devices.
To date, the ECT values of OSCs have been mostly obtained

by measuring and fitting the spectra of photovoltaic external
quantum efficiency (EQEPV) and electroluminescence (EL).
Although the methodology has been very successful for
fullerene-based OSCs,5,22 some recent reports pointed out
that the measurements for some NFA-based OSCs were
technically challenging.16 The barely resolved feature of CT
absorption,16,23−25 the uncertainty of EL spectra, and the high
degree of freedom in data fitting accumulatively lead to
inconsistent results, i.e., from 1.29 to 1.41 eV for
PM6:Y6.14,16,21 Given the crucialness of ECT values, it is
necessary to explore other characterization methods. Among
all the showcased techniques, photothermal deflection spec-
troscopy and EQEPV−EL should principally both face the
difficulty in distinguishing the CT absorption from the
absorption tail of the acceptor, while modulation spectroscopy,
such as electro-absorption (EA), is able to reach much higher
sensitivity as the absorption feature appears in forms of the
derivatives.23,26,27

In this work, we applied EA as a primary technique to study
the BHJ of PM6:Y6. In the form of pristine thin films, Y6’s
excited states show strong dipolar characteristics. When
blended into BHJs with the optimum morphology, the sub-
bandgap CT absorption is successfully separated from the
absorption tail of Y6, and the peak energy of ECT is determined
to be 1.27 eV. This result is consistent with those of ultraviolet
photoelectron spectroscopy (UPS) and temperature-depend-
ent VOC (VOC-T). In comparison, we believe the values
measured by EQEPV−EL have been probably overestimated.
On the basis of our results, the hole transfer in PM6:Y6 occurs
at a low driving force of 0.14 eV, and the total reocombination

loss (ΔV) is determined to be 0.43 eV. The rationality of these
results is discussed as well.
Figure 1a shows the molecular structure of PM6 and Y6,

which are used to form a BHJ absorber. The OSCs based on
PM6:Y6 (1:1.2) used for our study show a JSC of 25.36 mA
cm−2, a VOC of 0.84 V, an FF of 0.726, and a PCE of 15.47%
(see Figure S1). To evaluate ECT, we first carried out the
widely adopted EQEPV−EL measurement. The measured
spectra, shown in Figure 1b, were fitted through Marcus
theory by following the procedure proposed by Vandewal et
al.:22
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where E is the excitation energy, λ the reorganization energy,
kB the Boltzmann constant, and T the temperature of the
sample.
As shown in Figure 1b, the ECT

Marcus and λ of the PM6:Y6
(1:1.2) OSC are determined to be 1.41 and 0.09 eV,
respectively, which means the absorption peak of the CTS
(ECT

Marcus + λ) is at about 1.51 eV. Depending on how the
optical bandgap of Y6 is determined,28 one can get a zero or
even negative driving force for hole transfer. These results are
consistent with some recent reports14,16 but are still worthy of
further discussion for the following reasons. First, in contrast to
fullerene-based devices,5,29 the EQEPV spectra show no distinct
feature of CT absorption. To be noted, the absence of CT
feature is very common for the NFA-based BHJ systems with a
small driving force.5,16,23,24 Second, because the absorption
feature of CTS is hardly measurable, the EL spectrum of CTS
becomes the determining factor. Nevertheless, when the

Figure 1. (a) Molecular structure of the donor PM6 and the acceptor Y6. (b) Reduced EQEPV and EL spectra of a PM6:Y6 device. (c) PL
spectrum of Y6 and EL spectrum of PM6:Y6 (normalized, linear scale).
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PM6:Y6 OSC is operated as a light-emitting diode, holes can
be easily injected from PM6 to Y6 by overcoming the small
energy barrier (ΔEHOMO), and they then recombine with the
electrons injected from the cathode. As shown in Figure 1c, the
measured EL spectrum, ranging from 850 to 1200 nm, is barely
different from the fluorescence spectrum of Y6. Therefore, we
believe that the EL peak in Figure 1b mainly comes from the
S1 states of Y6 and that the values of ECT

Marcus have therefore
been overestimated. Several groups have noticed this issue
recently. To make the EL results more meaningful, Tang et al.
proposed that the lower-energy tail of EL spectra, instead of
the peak, should be fitted.30 Recently, Neher et al. pointed out
the difference between the EL and the PL spectra, which
centers around 1.15 eV, should be attributed to CTS.25 Third,
despite these efforts, the reliability of the experimental method
is still arguable. As pointed out by Würfel et al., the
wavelength-dependent outcoupling of EL strongly affects the
measured spectrum.31 Therefore, the fitting results also depend
on device structure and film thickness. Finally, as will be
discussed later, the extrapolated VOC (0 K) generates an ECT
value of 1.12 ± 0.01 eV at 0 K. If the conclusion of EQEPV−EL
held, the difference between ECT (0 K) and ECT

Marcus (300 K),
which is greater than 0.29 eV, would suggest an energetic
disorder of about the same magnitude, which is not consistent
with recent findings.17

To better study the PM6:Y6 system, we conducted detailed
measurements using EA. As has been reported, EA is a
modulation spectroscopy capable of studying the electronic
structure of molecular semiconductors.32 With an external
electric field, the EA phenomenon of molecular semi-
conductors is explained by the Stark effect. The shift of S1
level (ΔE) can be derived using the second-order perturbation
theory. The perturbation level absorption change is described
in the form of a Taylor expansion.

α α μ αΔ = Δ ∂
∂

+ Δ ∂
∂

pF
E

F
E

1
2

1
6

2 2 2
2

2 (3)

According to eq 3 and our further derivation (refer to Note
S1 in the Supporting Information), the EA spectra of a pristine

material, i.e., the donor or the acceptor material, can be
described by the change of polarizability (Δp) and dipole
moment (Δμ) upon the excitation of S1 states. The EA
spectrum of the pristine PM6 film, measured in the
transmission mode, is shown in Figure 2a. The resulting line
shape from 1.7 to 2.2 eV is found to be dominated by the first
derivative of PM6’s absorption spectrum (see Figure 2b). The
application of eq S7 generates a dipole moment change of 4.23
D (fitting results summarized in Table S1), indicating strong
Frenkel-exciton-like characteristics which are typically found in
most photovoltaic polymers.33 In Figure 2c, the EA spectrum
of the pristine Y6 film, measured in the transmission mode,
resembles the second derivative of its own absorption
spectrum (see Figure 2d), indicating an EA response
dominated by Δμ. The result suggests that Y6 has strong
charge transfer characteristics, which is consistent with the
recent molecular dynamics calculation results.34 Further study
is required to achieve a more quantitative analysis of the
excitonic properties using the extracted Δμ and Δp values. The
obtained dipole moment change (8.98 D) is much larger than
that of many state-of-the-art donor polymers, which generally
indicates a small exciton binding energy (EB). Figure S2 shows
the EQE spectrum of pristine Y6-only device. As seen, Y6 does
not show a distinctive plateau region which is typical for
polymers with a larger EB. Moreover, the EQE values around
the first excitonic transition is 1 order of magnitude higher
than that in most donor polymers,35 confirming that Y6 has a
much smaller EB.

36 Therefore, we believe the efficient
generation of free charges, under a low driving force, should
be correlated with the strong dipolar characteristics and the
small EB of Y6.
In addition to the analysis of pristine materials, EA can also

study the CTS in BHJs. To date, relevant research has been
limited to fullerene-based OSCs. As first proposed by So et al.,
the sub-band signals observed from polymer−fullerene blends
are contributed by the charge modulation resulting from the
CTS absorption.37 Without sufficient signal-to-noise ratio for
adequate data fitting, the onset of the sub-bandgap signal was
marked as the edge of CTS distribution. Later, Giebink et al.

Figure 2. (a and c) Measured and fitted EA spectra of PM6, Y6. (b and d) First derivative (α′) and second derivative (α″) of the absorption
measured from PM6 and Y6.
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reported that the CTS signals measured from some small
molecule BHJs can be decently fitted using eq 3.38 Recently, a
comparison between EA with other characterization techni-
ques was provided by Tsang et al.29 Here, panels a and b of
Figure 3 show the EA spectra of PM6 and Y6 measured in the
reflection mode, respectively. As seen, the signal ranging from
1.25 to 1.7 eV is contributed by the S1 level of Y6, and the

signal from 1.7 to 2.7 eV is contributed by both PM6 and Y6.
The EA spectrum of the PM6:Y6 blend (PM6:Y6 = 1:1.2) is
plotted in Figure 3c. In addition to the signals from pristine
PM6 and Y6, the sub-bandgap signal ranging from 1.0 to 1.25
eV is attributed to the direct excitation of CTS because it is
observable only in the blended films.37 The CTS signal shows
no change in line shape with modulation frequency up to 10

Figure 3. (a−c) Electro-absorption of pristine PM6, pristine Y6, and PM6:Y6 (1:1.2) devices. (d) The line shape of CT absorption (αCT) and
derivatives (αCT′ and αCT″). (e) Measured and fitted sub-bandgap EA signal. (f) EA spectra of PM6:Y6 bulk heterojunctions with different donor−
acceptor weight ratios.

Figure 4. (a and b) UPS results of PM6 and Y6, respectively (linear scale). (c) Energy level diagram of the PM6:Y6 interface. (d) Temperature-
dependent VOC of a PM6:Y6 (1:1.2) device.
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kHz (see frequency-dependent signal intensity in Figure S3),
and it is much more pronounced in comparison to those
observed for many fullerene-based BHJs. The high-quality
CTS signal allows further analysis through data fitting. First, as
shown in Figure 3d,e, the line shape of the CTS signal clearly
matches the second derivative of a Gaussian absorption peak
(αCT″), suggesting the dipolar nature of CT excitons. Inserting
the magnitude of absorption coefficient, obtained from the
absorbance shown in Figure S4, into eq 3 generates a CT
absorption peak of 1.27 ± 0.01 eV and a dipole moment
change of ΔμCT = 14.5 D. Second, the energy of the CTS
absorption peak, marked as ECT

EA (=1.27 eV), is 0.14 eV lower
than ECT

Marcus and 0.24 eV lower than that determined by
EQEPV (ECT

Marcus + λ = 1.51 eV). Third, with the measured
ECT

EA, the optical Eg of the blend (1.41 eV, see Figure S5), and
the eVOC (0.84 eV) of the device, we get a driving force of 0.14
eV and a total recombination loss of 0.43 eV. The rationality of
these results will be further discussed in the following
paragraphs. Last, the higher-energy part of the CTS absorption
overlaps with the S1 signal of Y6, which explains why it is so
difficult to use plain absorption spectroscopies to get reliable
results.
The phase separation of PM6:Y6 BHJ is highly dependent

on the D−A blending ratio.19 As previously found for
fullerene-based OSCs,33,39 the CTS signal by EA is sensitive
to the microscopic morphology. To support the findings in
Figure 3c, we further measured the EA spectra of PM6:Y6 with
different blending ratios. The sub-bandgap signals are
summarized in Figure 3f. It is not a surprise to see the
optimum blending ratio (1:1.2), which creates a beneficial
morphology for charge generation, generates the strongest
CTS signal. Deviated from the optimum ratio, the 1:2 ratio is
supposed to increase phase separation and results in lower
density of CTS. As expected, the spectrum of the 1:2 sample
shows a weaker but still resolvable CTS signal with second-
derivative characteristics. The CTS absorption of the 1:2
sample also has a narrower distribution, and the extracted CTS
peak is slightly blue-shifted (∼1.29 eV) in comparison to the
optimum ratio. With the blending ratios of 2:1 and 1:9,
although the devices also show sub-bandgap signals, the
lineshapes are no longer adequate for fitting, which is similar to
the case of many fullerene-based OSCs.40 In the case of 9:1
D:A weight ratio, because of the suppression of the CTS
population, the sub-bandgap signal almost disappears.
Summarizing the results in Figure 3f, we can conclude that

EA is able to capture the morphology-dependent CTS
energetics and population in NFA-based OSCs.
To verify the results obtained from EA, we characterized the

energy levels of PM6 and Y6 using UPS. As pointed out by
Tsang et al., the ECT obtained from UPS is generally consistent
with the result of EA.29 Although UPS mostly measures
uniform surface instead of BHJ blends, it provides reliable
results of energy level alignment as long as there is no
significant interface dipole. In fact, according to the recent
theory proposed by Oehzelt et al.,41 the interface dipole should
be negligible if the Fermi level under equilibrium does not
locate in the distribution range of HOMOD (or LUMOA).
Panels a and b of Figure 4 show the UPS results of PM6 and
Y6, respectively. The EF and HOMO of PM6 are determined
at −4.77 and −5.50 eV, respectively, and those of Y6 are −4.79
and −5.66 eV, respectively. The results of UPS measurements
are summarized in Figure 4c. The differences between EF and
EHOMO (or ELUMO) exceed 0.5 eV, which is larger than the
DOS distribution of most state-of-the-art organic photovoltaic
materials.17 Therefore, the shift of the vacuum level, if not zero,
should be very small.42 From our measurements, the interface
energy shift is 0.02 eV. To generate an energetic diagram of the
BHJ interface, the optical bandgap of Y6 was measured from
the maximum of the derivative of EQEPV spectra (Eg = 1.41 eV,
shown in Figure S5). Given the small EB of Y6,

36 the value of
CTS energy (ECT

UPS), approximated by |HOMOD − LUMOA|,
is therefore determined to be 1.27 eV, which agrees with
ECT

EA.
The measurement of VOC-T was also carried out. The

cryogenic condition suppresses carrier recombination, and the
value of eVOC at 0 K is principally equal to ECT.

43 As shown in
Figure 4d, by extrapolating the VOC-T curve, the PM6:Y6
(1:1.2) device shows an eVOC (0 K) value of only 1.12 ± 0.01
eV, which is much smaller than the results of ECT measured by
all the available methods. Obviously, such a discrepancy is too
large to be attributed to solely temperature-dependent energy-
level shift or reorganization energy.14 The underlying
mechanism of the large discrepancy between eVOC (0 K) and
ECT (300 K) is barely discussed in the literature, even for
fullerene-based OSCs. In our view, this phenomenon is related
to the energetic disorder of molecular materials. When
temperature decreases, the suppression of recombination
increases the measured photovoltage. Meanwhile, as revealed
by the low-temperature study of carrier transport,14,44 the
reduced carrier migration and recombination allows the
photogenerated charges to take enough time, up to 10−4 s,

Figure 5. (a) Energetic diagram showing ECT
EA, ECT

UPS, and eVoc
0K. (b) Breakdown of photovoltage loss.
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to relax deep into the DOS tail of HOMOD or LUMOA in the
fashion of hopping, lowering the measured values of eVOC (0
K). Therefore, the extrapolated eVOC (0 K) should correspond
to the CTS tail, which is determined by the DOS distribution
of HOMOD and LUMOA (depicted in Figure 5a), instead of
the peak of CTS. With this being clarified, it is not a surprise to
find the value of eVOC (0 K), in fact, locates in the tail of CT
generated by EA measurement (Figure 3c). It is worth noting
that the consistency between EA onset and eVOC (0 K) has also
been discovered in various types of fullerene-based OSCs by
Tsang et al.29 As a result, the correlation between EA and VOC
-T can be established.
So far, we have obtained the ECT of PM6:Y6 using four

different techniques. Among them, ECT
Marcus (or ECT

Marcus + λ)
shows the highest value. According to the results in Figure 1b,
the value of ECT

Marcus (1.41 eV) is very likely overestimated
mainly because the fluorescence of Y6 was taken as the
emission of CTS. EA and UPS render an ECT around 1.27 eV.
The result of VOC-T is also consistent with EA and UPS if
energetic disorder is considered. Specifically, the result of UPS
depends on the method of defining the onset and cutoff
energy. When the values were taken from the linear plot of the
spectra, the ECT value is consistent with that extracted by EA.
However, if the values are taken from the logarithmic plot
(shown in Figure S6),45 the ECT

UPS‑Log value (1.15 eV) is
consistent with the EA onset and VOC (0 K), because the tail of
DOS is included. The difference and correlation of the ECT
values obtained from different techniques are summarized in
Figure 5a.
Herein, to discuss the driving force of charge generation (ES1

− ECT), we adopt the optical bandgap (Eg = 1.41 eV) of the
blend from the maximum of the EQE derivative (see Figure
S5) and the measured ECT

EA value which stands for the optical
gap of CTS. The results are plotted in Figure 5b. Without
considering the effect of energetic disorder, the value of ES1 −
ECT is determined to be 0.14 eV for the PM6:Y6 (1:1.2), which
means that a non-neglibigle driving force is still required for
charge generation in PM6:Y6. In a recent report, a driving
force around 0.16 eV was recognized to be optimal for the
charge transfer rate in Y6-based BHJ cells.46 Therefore, we
speculate the outstanding performance of PM6:Y6 cells is a
result of this low but just right driving force. Also, given the
calculation applying Marcus theory, the dipolar nature (Figure
2b) and the small reorganization energy are responsible for the
reduced demand of driving force,14,20 while the debate on a
comprehensive explanation will continue in the coming years.
Without considering the DOS distribution of CTS, the total

recombination loss (eΔV = ECT − eVOC) of our PM6:Y6 blend
is determined to be 0.43 eV (Figure 5b). To confirm this
result, the total recombination loss was evaluated independ-
ently by measuring transient photovoltage (TPV) at open-
circuit conditions. The obtained carrier lifetime is correlated
with photocarrier concentration (n, p) through G = n/τ, where
G is the generation rate of photocarriers. With carrier
concentration being calculated, the recombination loss was
determined by kBT ln(np/NVNC), where NV and NC are the
effective density of states of HOMO and LUMO, respectively.
As seen in Figure S7, the PM6:Y6 (1:1.2) device gives a
measured lifetime of 1.65 μs under AM 1.5G illumination,
which corresponds to a carrier concentration of 2.61 × 1016

cm−3. Therefore, by assuming Nv = Nc = 1 × 1020 cm−3,13 we
obtain a recombination loss of 0.43 eV, which agrees well with
the values of ECT

EA/UPS − eVOC. Such a total recombination

loss is also consistent with some recent reports. For example,
the eΔVnr value of 0.23 eV was reported by measuring the EL
quantum efficiency,21,47 and the loss due to radiative
recombination (eΔVr) was determined to be 0.20 V.16

In summary, inspired by the significance and challenge of
resolving CT signals from NFA-based OSCs with low driving
force, EA was applied to study the state-of-the-art PM6:Y6
BHJ system. Different from the widely adopted EQEPV-EL
method, the measurement of EA not only proves the charge
transfer characteristics of Y6 but also directly resolves the
absorption feature CTS. With a weight ratio of PM6:Y6 =
1:1.2, EA reveals an ECT of 1.27 eV, which is consistent with
the results of UPS and VOC-T if considering the effect of
energetic disorder. In comparison, EQEPV-EL seems to
overestimate the ECT value because of the uncertainty of
both EQEPV and EL measurements. With the ECT value of 1.27
eV, the driving force of charge generation is determined as 0.14
eV. The derived value of total recombination loss (eΔV = 0.43
eV) was further independently confirmed by the measurement
of TPV.
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