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Organic solar cells based on a polymer donor (PM7) and a non-fullerene acceptor (Y5) with a very small
energetic difference between the local excited state and the charge transfer (CT) state are investigated.
We find that the small energetic difference (AEc7) leads to a low voltage loss (0.44 eV). However, the
short-circuit current density (Jsc) of the solar cell based on PM7:Y5 is very low, due to monomolecular
recombination of the CT state excitons, limiting the internal quantum efficiency of the device. To solve
the problem with the inefficient exciton dissociation, a polymer donor (PBDB-T) with a similar chemical
structure to PM7 is employed as a second donor component for constructing ternary solar cells. We find
that the frontier energy levels of the two donors are hybridized, allowing us to realize fine-tuning of the
effective energy of the CT state and AEct of the ternary blend, by varying the PBDB-T content. As
a result, a significantly improved CT state dissociation efficiency is achieved by adding a small amount of
PBDB-T in the active layer. Meanwhile, the low voltage loss property of PM7:Y5 is very well maintained in
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1. Introduction

The development of non-fullerene acceptor materials in the last
few years has increased the power conversion efficiency (PCE) of
the bulk-heterojunction (BHJ) organic solar cells up to 17—
18%."* Many of the highly efficient solar cells are realized based
on the ternary concept consisting of adding an additional donor
or acceptor into the binary BHJ active materials system:*” The
use of the third component can often lead to improved spectral
coverage for photon harvesting and a more desired phase
separation in the active layer for a more efficient charge carrier
collection. Today, high quantum efficiencies (QE) are observed
in organic solar cells based on different donor-acceptor
combinations, and the short-circuit current density (Js.) of the
most efficient organic solar cells has already exceeded 25 mA
cm 2.5 Thus, it has become increasingly more important to
increase the open-circuit voltage (V,) to further improve the
performance of organic solar cells.

Minimizing the voltage lost in the indispensable charge
transfer process in organic solar cells is crucial. Generally,
voltage losses (Vo) in organic solar cells can be divided into
three parts.""*® AEcr, AV,, and AV,,,. AEcr (also known as the
energetic driving force) is defined as the energetic difference
between the charge transfer (CT) state and the local excited state
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the ternary solar cell, due to the energy level hybridization of the donor materials.

of the donor or the acceptor material (S;). The typical value for
AEcr is in the range of 0.05 to 0.2 eV for the most efficient
organic solar cells. AV, and AV,, are the voltage loss terms
related to the radiative and non-radiative decay rate of CT states,
respectively.’>'>?° Because the CT state can be regarded as the
lowest energy of state in the blend photoactive layer,>*
increasing the energy of CT state (Ecr) for a reduced AEcr can
directly lead to a reduced Vs in the solar cell. Besides, the
higher Ecr can result in a reduced AV, due to the weakened
electronic coupling between the vibrational excited and ground
states."” Furthermore, the coupling between S1 and CT state is
stronger in the blend system with a higher Ecr and a smaller
AEct. This can lead to a further weakened CT to ground state
coupling.'**® As a result, the non-radiative decay rate of CT
states in the blend system with a smaller AEqr is slower, and
AV, of the solar cell with a smaller AEqy is lower.

However, the strong coupling between S1 and CT states in
the blend active layer with a too-small AEcr can lead to ineffi-
cient exciton dissociation, which limits QE and thus J,. of the
solar cell. This has been observed in solar cells based on several
different BHJ systems.**® The inefficient exciton dissociation
can be ascribed to a rapid back transfer of CT states to S1 states,
enabled by the small AEcr at the heterointerfaces.”” This
reduces the probability for the CT state to dissociate into free
charge carriers, since the energy of the free charge carrier state
(Exc) is generally higher than that of the CT state.* Therefore,
there is always a tradeoff between QE and Vj,ss which must be
balanced to construct efficient organic solar cells using the
blends with small AEqr. Currently, there is no solution for the
poorly performing solar cells with QE limited by a too-small

This journal is © The Royal Society of Chemistry 2021


http://crossmark.crossref.org/dialog/?doi=10.1039/d1ta00576f&domain=pdf&date_stamp=2021-09-11
http://orcid.org/0000-0002-3100-1570
http://orcid.org/0000-0003-0036-2362
https://doi.org/10.1039/d1ta00576f
https://pubs.rsc.org/en/journals/journal/TA
https://pubs.rsc.org/en/journals/journal/TA?issueid=TA009035

Published on 24 March 2021. Downloaded on 10/22/2025 8:51:18 AM.

Paper

AEcr, apart from designing new materials with different fron-
tier energy levels.

In this work, a ternary blend strategy is employed to solve the
high QE loss problem in the low Vs organic solar cells based on
low AEcr systems. First, we perform a detailed investigation on
the organic blend system based on poly[4,8-bis[5-(2-ethylhexyl)-4-
chloro-2-thienyl]benzo[1,2-b:4,5-b']dithiophene-2,6-diyl]-2,5-thio-
phenediyl[5,7-bis(2-ethylhexyl)-4,8-dioxo-4H,8H-benzo[1,2-c:4,5-¢'|
dithiophene-1,3-diyl}-2,5-thiophenediyl] (PM7) and (2,2'-((2Z,2'Z)-
((12,13-bis(2-ethylhexyl)-3,9-diundecyl-12,13-dihydro[1,2,5]thiadia-
zolo[3,4e]thieno[2”,3":4’,5'|thieno[2/,3:4,5] pyrrolo[3,2-g]thieno
[2/,3":4,5] thieno[3,2-b]indole-2,10-diyl)bis(methanylylidene))bis
(3-0x0-2,3-dihydro-1H-indene-2,1-diylidene))dimalononitrile)  (Y5)
with a very small AE.r (close to 0 eV), and we identify a very low Vjoss
(0.44 V) in the solar cell associated with the small AE.;. However,
the AEcr is too-small, providing an insufficient driving force for CT
states to dissociate. This limits QE and Js. of the solar cell. To
overcome this problem, poly[(2,6-(4,8-bis(5-(2-ethylhexyl)thiophen-
2-yl)}-benzo[1,2-b:4,5-b’]dithiophene))-alt-(5,5-(1',3'-di-2-thienyl-5',7'-
bis(2-ethylhexyl)benzo [1,2'-c:4',5'-c’|dithiophene-4,8-dione)
(PBDB-T) with a chemical structure similar to PM7 is introduced
as a third component for constructing ternary solar cells. We find
that the addition of PBDB-T can lead to a hybridization of the
frontier orbitals of the donor materials. As a result, fine-tuning of
the effective Ecr and AEcr of the ternary solar cell is achieved by
varying the PBDB-T content: a significantly improved CT state
dissociation efficiency, and thus an increased QE is realized by
adding a small amount of PBDB-T ((PBDB-T : PM7 donor ratio =
10 wt%)) in the photoactive layer. More importantly, we find that
the low Vjss property of the PM7:Y5 blend is well kept in the ternary
solar cell with a low PBDB-T content, due to the hybridization of the
energy levels of the donor materials.

2. Results and discussion

Fig. 1a shows the chemical structures of the active materials
used in this work. First, we focus on investigating the V.
(0.98 V, Table 1) of the solar cell based on PM7 : Y5 (ref. 29 and
30) (1 : 1.2, weight ratio), which is higher than any of the other
solar cells based on PM7 and the Y-series acceptors reported in
literature.*** To understand the reason for the high V., optical
transitions in the BHJ system is investigated. The absorption
properties of the blend and the pure acceptor material are
studied using sensitive external quantum efficiency (EQE) and
electroluminescence (EL) measurements, as shown in Fig. 1b.
From the onset of the EQE spectrum, we determine Ecr, using
a Gaussian fit derived based on the Marcus theory:">3%3*

EQE(E) =

(Ecr + A+ E)z) o

JE (
—= _ exp( -
VamikT 42kT
where E is photon energy, k is the Boltzmann constant, T is
temperature, 4 is the reorganization energy, and fis a pre-factor,
proportional to the density of the ground states formed at the
donor-acceptor interfaces and the absorption oscillator
strength of CT state (fosc)-

More specifically, to avoid an arbitrary fitting on the EQE
spectrum, a series of fittings are performed: radiative
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recombination limit of the voltage loss derived using the
detailed balance theory** is employed for determining the
minimum value for Ecy, while the upper limit for Eqr is
restricted by the assumption that the contribution of the weak
CT state absorption to the EQE of the solar cell is at most
10%.">* These boundary conditions allow us to identify a range
for the values of Eqr with real physical meaning, and the upper
and the lower boundary values are found to differ by only about
0.02-0.04 eV. For the analysis of the energetics and voltage
losses in the solar cells studied in this work, the mean value of
the range is used. More details regarding the fitting of the EQE
spectrum are provided in ESI (SI-2).}

The value of Ecr from the EQE spectrum for the solar cell
based on PM7:Y5 is found to be very close to the energy of the
optical bandgap (E;) of the active layer, which is equivalent to
the energy of the singlet excited state of the acceptor material
(Es1,a) (ESI-31).>” Therefore, AEcr is very small, approaching
Zero.

Furthermore, the radiative recombination limit for the
saturation current (Jo raq) is also calculated from the EQE spec-
trum using the detailed balance theory:""**

Jomd = quQE<E>¢BB<E>dE @)

where g is the elementary charge and ¢gp is the black body
spectrum at 300 K. The calculated values are listed in Table 1.
From J, raq, we further calculate Vi .4, the maximum V. of the
solar cell in which only radiative recombination exists.

Voc‘rud = ij 11’1( JSC ) (3)

JO,rad

We find that Vi r.q Of the solar cell based on PM7:Y5 is
1.10 V, thus AV, is very low, only 0.12 V (AVyy = Voerad — Voo)-
Therefore, recombination of charge carriers in the solar cell is
expected to be highly emissive. The low AV, of the solar cell and
the high emission efficiency of CT state recombination are also
confirmed by directly measuring the external quantum effi-
ciency of electroluminescence (EQEg; ) of the solar cell, which is
close to 1%, corresponding to a AV, value of 0.13 V
(AVm = kr ln< !

q EQEg,
agrees very well with that calculated from Vo raq. Consequently,
due to the small AEcr and low AV,,, the total voltage loss

>> 1238 The value of AV,, from EQEg

defined as Bsia _ Voc is also very low for the solar cell based on

PM7:Y5 (0.44 V), considerably lower than the generally reported
Viess for organic solar cells (0.5-0.6 V).3*4°

Jsc of the solar cell based on PM7:Y5 is rather low, because
IQE of the solar cell calculated using a transfer matrix model is
only about 30% (ESI-47).*"** For organic solar cells, a low IQE is
normally due to the bimolecular recombination loss of charge
carriers.**™*¢ However, fast bimolecular recombination in the
solar cell often leads to a low EQEg;, and a high AV,,, contra-
dictory to the experimental results discussed above. Therefore,
light intensity dependent current density-voltage (J-V) (Fig. 1c)
measurements are performed on the solar cell based on
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Fig.1 (a) Chemical structures of the active materials used in this work. (b) EQE and EL of the solar cell based on PM7 : Y5 (1 : 1.2 wt ratio). The tail
of the EQE spectrumis calculated from the measured EL using the reciprocal relation, and it is used to calculated Ect based on the Marcus theory.
Vocrad is also calculated by integrating the product of EQE and ¢gg, and AV, is equal to the difference between Vi aq and Voc. To avoid an
arbitrary fitting on the EQE spectrum, two boundary conditions are applied. Details are provided in ESI-2.7 (c) Dependence of J. of the solar cell
on illumination intensity. A slope of one is obtained indicating monomolecular recombination limiting Js of the solar cell.

PM7:Y5, and we find a linear dependence of ;. on the light
intensity, which suggests that the IQE and J. of the solar cell are
limited by inefficient charge carrier generation, a result of
monomolecular recombination losses.*”**

The monomolecular recombination loss in BH]J solar cells
can be associated with inefficient exciton dissociation in the
active layer. This is indeed observed for the PM7:Y5 blend
system in the PL quenching measurements. As shown in Fig. 2a,
the characteristic PL emission spectra of the neat PM7 and the
neat Y5 film are peaked at 680 and 920 nm, respectively. In the
blend active layer of PM7:Y5, the PM7 emission peak is found
completely quenched, but the Y5 emission peak is only slightly
reduced. This suggests that the singlet excitons generated in the
Y5 phase of the blend active layer do not dissociate into free
charge carriers. However, the atomic force microscopic image
reveals that there is no obvious phase separation in the active

layer (ESI-5T), and the efficient quenching of the PM7 PL
emission implies that the degree of phase separation in the
active layer is low. Therefore, the reason for the inefficient
dissociation of the singlet Y5 excited state (S;4) is ascribed to
the too-small AEqr providing an insufficient driving force for
the already formed CT state excitons to dissociate, which is very
common for the BHJ systems with small AEct.>*° In this case,
an electric field-dependent PL quenching of the excited state is
expected, because dissociation of the weakly bound CT excitons
is often facilitated by an electric field, resulting in less popu-
lated S, 5 states, and thus reduced S; o emission intensity.>>**
The field-dependent PL spectra are measured for the solar
cell based on PM7:Y5, as well as the photovoltaic device based
on pure Y5 (ESI-61). In Fig. 2b, the intensities of the emission
peak are plotted as a function of applied voltage. We find that
for the solar cell based on the blend active layer, the Y5

Table1l Performance parameters of the solar cells based on PM7:Y5, PM7:PBDB-T(10%):Y5, and PBDB-T:Y5. Details regarding the determination

of these parameters are provided in ESI-2 (see ESI)

.]sc Voc PCE ESl,A ECT AECT Vloss fo,rad Voc,rad AVnra AVnrb EQEEL
(mAem®) (V) (%) (V) (V) (V) (V) (mAcem?) (V) V) v) (%)
PM7:Y5 7.8 0.98 3.28 1.42 1.39 0.03 0.44 1.5 x 1078 1.10 0.12 0.13 0.751
PM7:PBDB- 12.0 0.95 5.27 1.42 1.39 0.03 0.47 1.3 x 1078 1.10 0.15 0.16 0.142
T(10%):Y5
PBDB-T:Y5 17.2 0.88 9.04 1.42 1.37 0.05 0.54 2.7 x 10718 1.08 0.21 0.22 0.015

“ AVy, calculated from Jo raq- b AV, calculated from measured EQEg;.
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Fig.2 (a) PL spectra of pure PM7, pure Y5, and the PM7:Y5 blend, measured with laser excitation at 460 nm. The emission peaks of pure PM7 and
pure Y5 are located at 680 and 920 nm, respectively, and the PL of the blend is dominated by the Y5 emission. (b) Emission intensity values of the
PL peaks of the solar cells based on pure PM7, pure Y5, and the PM7:Y5 blend plotted as a function of applied voltage. The intensity values are
normalized by the intensity value of the peak measured under short circuit conditions. Complete spectra are provided in ESI-6.F

emission peak at 920 nm is effectively quenched by the applied
voltage, whereas the degree of the electric field induced
quenching of the emission from the device based on pure Y5 is
significantly smaller. These field-dependent PL results suggest
that CT states are indeed formed in the solar cell based on
PM7:Y5, but they do not easily dissociate into free charge
carriers under a short-circuit condition.

The chemical structure of PBDB-T* is similar to PM7, but the
highest-occupied-molecular-orbital (HOMO) level of PBDB-T
(—5.3 eV) is slightly upper laying compared to that of PM7 (—5.4
eV).” Therefore, a higher AE¢y exists in the solar cell based on
the blend of PBDB-T:Y5, allowing for more efficient dissociation
of CT excitons and higher Js. (Table 1). However, Vj,s in the
solar cell is significantly higher, not only because of the higher
AEcr but also a higher AV;,,.

Therefore, to overcome the problem of inefficient CT disso-
ciation in the low Vg solar cell based on PM7:Y5, PBDB-T is
employed as a third component, acting as an additional donor
for constructing ternary solar cells. Note that the ternary solar
cells based on PBDB-T:PM7:Y5 are with a fixed donor : acceptor
weight ratio (1:1.2). The representative j-V characteristic
curves of the solar cells are provided in ESI-7,f and J,. are
plotted as a function of the PBDB-T content in Fig. 3a.
Surprisingly, we find that with the addition of a very small
amount of PBDB-T (PBDB-T : PM7 donor ratio = 10 wt%), J;. of
the solar cell is increased by 30%, from 7 to 10 mA cm ™2, which
is further doubled, when the donor ratio is increased to 20%.
The Ji. of the solar cell does not noticeably increase when the
donor ratio is increased to over 20%, and when the donor ratio
exceeds 40%, [, is reduced.

These results indicate that the IQE of the ternary solar cell is
increased significantly with the PBDB-T : PM7 donor ratio
exceeding 20%, which is remarkable as it suggests that adding
PBDB-T into the PM7:Y5 blend can lead to substantially more
efficient CT state dissociation. Indeed, from Fig. 3b, we find that
the PL peak of the blend at 920 nm, corresponding to Y5
emission, is much more efficiently quenched, and the

This journal is © The Royal Society of Chemistry 2021

dependence of the PL intensity on the applied electric field is
significantly reduced in the ternary solar cell with PBDB-T
(Fig. 3c).

There are two possible mechanisms for the increased
dissociation efficiency of the CT excitons in the ternary blend:*
(1) There is no interaction of the frontier orbitals of the different
donor materials, and most of the holes generated in Y5 are
transferred to PBDB-T to contribute to free charge carrier
generation. (2) There is a hybridization of the energy levels of
PBDB-T and PM7, leading to effectively reduced Ecr and
increased driving force for the whole system. This can result in
a decreased electronic coupling strength between S; , and CT
states, and thus reducing the probability for CT states to back
transfer to S; 4 state, and increasing the dissociation probability
of the CT states. Both mechanisms require a homogeneous
distribution of PBDB-T in the blend active layer.

When there is no interaction between the orbitals of the
donor materials in the ternary solar cells, the recombination
dynamics of the photogenerated charge carriers should be
primarily determined by the electronic property of the CT state
formed at the PBDB-T:Y5 interfaces, even when the blend is
with a low PBDB-T content since the PBDB-T:Y5 CT state is the
lowest energy of state in the blend system. Therefore, with
a small amount of PBDB-T in the ternary blend, V,. of the solar
cell should be similar to that of the binary solar cell based on
PBDB-T:Y5. In addition, the characteristics of the recombina-
tion current of the ternary solar cell should be the same as that
of the binary solar cell based on PBDB-T:Y5. Because in the
ternary solar cell, the electrically injected holes are expected to
rapidly relax to the HOMO of PBDB-T, and then find electrons at
the PBDB-T:Y5 interfaces to recombine. However, we observe
that V,. of the ternary solar cell almost linearly decreases with
the increasing PBDB-T content (Fig. 3a), and the recombination
current in the solar cell gradually increases with the PBDB-T
content (ESI-7T). These results indicate that the energy levels of
PBDB-T and PM7 are hybridized to form an effective CT state in
the ternary blend, which are also observed for other ternary
blends reported in literature.>

J. Mater. Chem. A, 2021, 9,19770-19777 | 19773


https://doi.org/10.1039/d1ta00576f

Published on 24 March 2021. Downloaded on 10/22/2025 8:51:18 AM.

Journal of Materials Chemistry A

(a)

20 T T T T T T 1.1

Current density /mA cm?

4 T T T T T T
0 20 40 60 80 100

PBDB-T:PM7 donor ratio /%

(c)

0.7

View Article Online

Paper

(b)

IRy

N J0A
Normalized PL /a.u.

T T T T
600 700 800 900 1000
Wavelength /nm

T T T T T T
3
(] 14 3
= YT L
.é. ‘!.Il
]
c
)
2
=
&
A,
L] &
~No (o)

8 oWt %
® Dy
E K
o
4

0.1 T T T T T T

-5 -4 -3 -2 -1

Applied voltage /V

Fig. 3 (a) Jsc and Vc of the solar cells based on PBDB-T:PM7:Y5, plotted as a function of the PBDB-T : PM7 donor ratio. (b) PL emission spectra
of the solar cell based on different PBDB-T : PM7 donor ratios. More efficient quenching of the Y5 emission is found in the solar cell with higher
PBDB-T content. (c) Emission intensities of the PL peaks of the solar cells based on different PBDB-T : PM7 donor ratios plotted as a function of
applied voltage. The intensity values are normalized by the intensity value of the peak measured under short circuit conditions. The dependence
of the PL quenching efficiency on the applied voltage reduces with the increasing PBDB-T content. Complete spectra are provided in ESI-6.}

To elucidate that the energy levels of the PBDB-T and PM7 in
the blend are hybridized, we further investigate the charge
generation process in the devices based on PBDB-T : PM7. We
find that the J,. and EQE of the device based on PBDB-T : PM7
(1 : 1 wt%) are considerably higher than that of the device based
on pure PBDB-T or pure PM7 (Fig. S11a and b, ESI{), but the
absorption spectra of the two materials are very similar
(Fig. S3bf). PL measurements, shown in Fig. Silc (ESI),t
suggest that the emissions from PBDB-T and PM?7 are signifi-
cantly quenched, in the blend of PBDB-T:PM7. This suggests
that the singlet excited states of PBDB-T and PM7 are hybrid-
ized, resulting in the formation of CT states at the interface
between the two polymers, facilitating the dissociation of the
excitons generated in the blend active layer. Sensitive electro-
luminescence and EQE measurements (Fig. S11d and e, ESI{)
reveal that the absorption and emission spectra of the blend
thin film are slightly red-shifted compared to those of the films
based on pure PBDB-T or PM7, also confirming that the energy
of the excited states, i.e., the energy levels of PBDB-T and PM7
are hybridized in the blend.

Therefore, we can also use the Marcus theory to evaluate the
CT state property in the ternary solar cells (SI-2). We find that
Ecr is indeed gradually reduced with the increasing PBDB-T
content (Fig. 4a), leading to a continuously tuned AEr (Fig. 4b).

19774 | J. Mater. Chem. A, 2021, 9, 19770-19777

The electronic coupling between the S; 4 and CT state is thus
reduced.

Inevitably, the V,. of the ternary solar cell reduces with
increasing PBDB-T content (Fig. 4c). However, due to the
hybridization of the energy levels of PBDB-T and PM7, the V.
does not directly reduce to that of the binary solar cell based on
PBDB-T:Y5. Therefore, the low Vs property of the solar cell
based on PM7:Y5 can be well kept in the ternary solar cell, while
QE of the solar cell is significantly increased, with the addition
of a small amount of PBDB-T. As shown in Fig. 4c, V. is about
0.47 V in the ternary solar cell with a PBDB-T : PM7 donor ratio
of 10%, which is slightly higher than that of the binary solar cell
based on PM7:Y5 (0.44 eV), but the J;. of the ternary solar cell is
higher by a factor of 1.30; and the Vj is increased to 0.50 V for
the ternary solar cell with a donor ratio of 20%, while the J. is
doubled. The gain of using the ternary blend strategy is
remarkably high.

The increased V) in the ternary solar cell is partially due to
the reduced effective Ecr, since Ecr is the electronic bandgap of
the blend active layer.> Meanwhile, the reduced Ecr can lead to
increased AV, due to a stronger vibrational coupling between
the excited and ground state.”” In addition, the electronic
coupling between the S, 4 and CT state is reduced due to the
reduced Ecr: although the reduction in the electronic coupling

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 (a) Ectand (b) AEc of the solar cells based on PBDB-T:PM7:Y5, plotted as a function of the PBDB-T : PM7 donor ratio. (c) Vo and Vg Of
the solar cells based on PBDB-T:PM7:Y5, plotted as a function of the PBDB-T : PM7 donor ratio. Note that the donor : acceptor ratio for the
ternary blends is also kept at 1 : 1.2 (weight ratio).

is needed to prevent the back transfer of the CT state to the S; , measurements (Fig. S8, ESI{) confirm that AV, in the ternary
state, the reduced coupling can also lead to a reduced the solar cell is indeed higher than that in the binary solar cell
effective dipole moment for the CT to ground state transition,” based on PM7:Y5, and it gradually increases with the PBDB-T
resulting in the increased non-radiative decay rate of CT state, content, as shown in Fig. 5a, and transient photovoltage decay
reduced EQEg;, and thus increased AV, in the solar cell. EQEg;, time plotted as a function of bias illumination intensity
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Fig. 5 (a) AV,, of the solar cells based on PBDB-T:PM7:Y5 with different PBDB-T : PM7 donor ratios. The AV,, values are calculated from the
measured Vo and Ve raq determined from the sensitive EQE spectra, and they are verified by EQEg measurements. (b) Transient photovoltage
decay lifetime measured with a pulsed LED and a bias illumination at different intensities for the solar cells with different PBDB-T : PM7 donor
ratios. The x-axis represents the photovoltage of the solar cell generated by the bias illumination. To compare the decay lifetime at the same
charge carrier concentration, the x-axis is corrected for the difference in Ect of the solar cells based on different PBDB-T contents. Photovoltage
vs. time plots for these solar cells are provided in ESI-9.F
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confirms that the increased AV, is a result of the increased
non-radiative decay rate of CT state (Fig. 5b).

3. Conclusion

To conclude, we investigated organic solar cells based on
PM?7:Y5, in which an extremely low Vi (0.44 V) was found, and
we showed that the low V},ss was a result of a small AE-; and
a low AV,,,. However, the QE of the solar cell was low, due to the
small AEcr, leading to inefficient dissociation of CT state exci-
tons. To solve this problem, a ternary blend strategy was
employed. We demonstrated that the use of PBDB-T with
slightly upper laying HOMO, compared to PM7, as a second
donor in the blend active layer could effectively lead to
a hybridization of the energy levels of PBDB-T and PM7. This
resulted in reduced Ecr and increased AEqr in the ternary
system, giving rise to a significantly improved CT state disso-
ciation efficiency in the active layer, and thus an increased J. of
the solar cell. More importantly, the low Vs property of the
PM?7:Y5 based blend was very well maintained: J,. of the ternary
solar cell with a PBDB-T : PM7 donor ratio of 20% was increased
by two folds, compared to that of the binary solar cell based on
PM?7, but V), was only increased by 0.06 eV. Thus, we propose
that the ternary blend strategy is highly effective for realizing
a balance between QE and V. in organic solar cells with
a small AEcr. To achieve a high degree of hybridization of the
energy levels of the active materials, and the tuning of AEcr of
the ternary blend, the second donor should have different
energy levels compared to the primary donor, and the chemical
structures of the donor materials should be similar to allow
a high degree of intermixing in the ternary blend. This is a newly
discovered advantage of the ternary blend strategy, which has
not yet been fully explored.

4. Experimental

Materials and devices

PEDOT:PSS (CLEVIOS P VP AL 4083) was purchased from Her-
aeus, PBDB-T, PM7, Y5 and PFN-Br were purchased from
Solarmer. The solar cells are based on a standard architecture of
ITO/PEDOT:PSS active layer/PFN-Br/Ag. The indium tin oxide
(ITO) substrates were sonicated with acetone, isopropanol, and
ethanol, and then rinsed with deionized water. PEDOT:PSS
interlayers were spin-coated on the clean ITO substrates at
a spin-coating speed of 5000 rpm for 60 s, and annealed on
a hotplate at 150 °C for 20 min. The thickness of the PEDOT:PSS
interlayers was about 30 nm. The organic photoactive layers
(100 nm) were spin-coated onto the PEDOT:PSS coated
substrate in a glovebox filled with nitrogen, at a speed of
2000 rpm for 30 s, from chloroform solutions with a total
concentration of the active materials of 8 mg mL™" (the
donor : acceptor weight ratio is kept to 1:1.2 for both the
binary and the ternary systems). The solutions were stirred at
40 °C for 4 hours, prior to use, and the active layers were
annealed at 110 °C for 10 min in the glove box. Then, the PFN-
Br interlayers (1 nm) were spin-coated on the active layers at
a spin-coating speed of 3000 rpm for 30 s. Construction of the
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solar cells was finalized by a thermal evaporation of 100 nm Ag
electrode in a vacuum chamber at a pressure of 1 x 10° Pa. The
photoactive area of the solar cells is about 4 mm?.

Characterizations

Details regarding characterization of the materials and devices
are provided in ESI (ESI-1).}
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