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Precise synthesis and photovoltaic
properties of giant molecule acceptors

Hongmei Zhuo1,2,6, Xiaojun Li 1,2,6 , Jinyuan Zhang1,6, Can Zhu1,2, Haozhe He1,2,
Kan Ding3, Jing Li4, Lei Meng 1,2, Harald Ade 3 & Yongfang Li 1,2,5

Series of giant molecule acceptors DY, TY and QY with two, three and four
small molecule acceptor subunits are synthesized by a stepwise synthetic
method and used for systematically investigating the influence of subunit
numbers on the structure-property relationship from small molecule acceptor
YDT to giant molecule acceptors and to polymerized small molecule acceptor
PY-IT. Among these acceptors-based devices, the TY-based film shows proper
donor/acceptor phase separation, higher charge transfer state yield and
longer charge transfer state lifetime. Combining with the highest electron
mobility, more efficient exciton dissociation and lower charge carrier recom-
bination properties, the TY-based device exhibits the highest power conver-
sion efficiency of 16.32%. These results indicate that the subunit number in
these acceptors has significant influence on their photovoltaic properties. This
stepwise synthetic method of giant molecule acceptors will be beneficial to
diversify their structures and promote their applications in high-efficiency and
stable organic solar cells.

Organic solar cells (OSCs) have attracted remarkable interests due to
their advantages in manufacturing flexible and wearable photovoltaic
devices through low-cost solution processing methods1–3. Among the
OSCs, all-polymer solar cells (all-PSCs) with a p-type conjugated poly-
mer as donor and an n-type conjugated polymer as acceptor, are
promising for the fabrication of flexible devices due to their good
flexibility and morphology stability4,5. However, the early polymer
acceptors used in all-PSCs exhibited weak absorbance in the near-
infrared region and unsuitable molecular packing6,7, which limited the
further development of all-PSCs. To address these issues and increase
the power conversion efficiency (PCE) of all-PSCs, Zhang and Li et al.8

proposed the concept of polymerizing small molecule acceptor
(PSMA) to construct the emerging generation polymer acceptors with
the narrow bandgap small molecule acceptors (SMAs) as the key
building blocks9,10. The PSMAs possess the advantages of its SMA

building blocks with low bandgap, strong absorption in the near-
infrared region, suitable molecular packing and smaller exciton bind-
ing energy than the SMA building block, which prompt the PCE of the
all-PSCs to over 17% recently11–14. In addition, from SMAs to PSMAs, the
intrinsically higher glass transition temperature (Tg) and lower diffu-
sion property of the PSMAs with large molecular weight significantly
increase the morphology stability of the PSMAs-based OSCs15.

Although remarkable achievements have been made by PSMAs in
the development of all-PSCs, the photovoltaic performance of PSMAs
is largely dependent on theirmolecularweightwithbatchvariation16–18.
To circumvent the batch variance of PSMAs and achieve lower diffu-
sion properties simultaneously, innovative materials with precisely
defined structure and highmolecular weight close to polymer need to
be developed, while this will be challenging for their synthesis. For-
tunately, the structural characteristics of PSMAsprovide thepossibility
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to solve this problem. Firstly, the currently reported high performance
PSMAs exhibit relatively low molecular weight (Mn < 10000)17,19, and
too large molecular weight may lead to severe entanglement of poly-
mer chains, thus resulting in unsuitable phase morphology in the
active layer. Secondly, the SMA building blocks have relatively large
molecular structures, so the connection of several SMA units can
conveniently obtain molecules with molecular weights of several
thousands. Therefore, by linking multiple SMA subunits through the
bridge units, the acceptors with well-defined structures andmolecular
weights close to that of high performance PSMAs can be prepared.
Such kind of acceptors can be defined as giant molecule acceptors
(GMAs)20, which is composed of SMA subunits connected by con-
jugated linking unit, and the GMAs possess the advantages of PSMAs
with higher stability and SMAs with fixed molecular weight20,21.

Recently, several simple GMAs with two SMA subunits have been
constructed22–24, and the complex GMAs containing more than two
SMA subunits, such as OY3 and OY4, were isolated from polymeriza-
tion reaction25. Therefore, the lack of practical synthetic methods and
low structural diversity of the complex GMAs are the key points to be
solved for the development of GMAs. Meanwhile, there is still lack of
systematic research on the influence of the structure and number of
SMA subunits on the photovoltaic performance of the GMAs.

Here, basedon the SMA subunit of YDT in the representative PSMA
PY-IT, a series of GMAs including DY (with two YDT subunits), TY (with
three YDT subunits) and QY (with four YDT subunits, which possesses
the molecular weight close to that of the PY-IT) were designed for
systematically investigating the influence of the number of the SMA
subunits on the physicochemical and photovoltaic properties of the
GMAs. Meanwhile, a key link is provided by these GMAs through gra-
dually increasing their molecular weight to in-depth understand the
performance differences from SMAs to PSMAs. For the synthesis of the
target GMAs, retrosynthetic analysis was used to select suitable syn-
thons for the synthesis route. Through trials, we finally found the syn-
thetic method of successive module superposition, and the GMAs (DY,
TY and QY) with YDT as the SMA subunit and thiophene as linking unit
were precisely synthesized, based on the boron trifluoride etherate-
catalyzed Knoevenagel condensation and the classic Stille cross-
coupling reaction. Besides, the corresponding SMA YDT and PSMA
PY-IT were also synthesized for convenient comparison (Fig. 1). From
YDT toDY, TY,QY and to PY-IT, the increasedmolecularweight of these
materials enables the gradually red-shifted UV-vis absorption spectra,
narrowed electrical bandgaps, decreased molecular diffusion and
increased delocalization of excitons within their molecular chains.
Interestingly, the TY-based device exhibits more efficient exciton dis-
sociation, higher charge transportation, and lower carrier recombina-
tion properties than the other devices based on these acceptors.
Besides, the TY and QY-based blend films also exhibit a higher CT state
yield and longer CT state lifetime due to their proper phase size to
balance the CT and charge recombination, comparing to the slower
charge transfer in the PY-IT based blend film for its oversized phase
domain and the rapid decay of CT state to ground state in the YDT
based blend film owing to its small phase separation. Finally, the TY-
based device demonstrated the highest PCE of 16.32%, followed by the
PCEs of 15.47%, 14.88%, 14.97% and 7.47% for the QY, DY, PY-IT and YDT
-based devices respectively. These results indicate that the number of
SMA subunits in GMAs have significant influence on their photovoltaic
performances anddevice stability, and the structuralmodel built by the
GMAs based on gradually increasing their molecular weight is of great
significance for the in-depth understanding the structure-performance
relationship from SMAs to PSMAs.

Results
Synthesis and characterization
Due to the lack of synthetic methods for the GMAs containing more
than two SMA units, we tried to synthesize the GMAs using a

retrosynthetic strategy, and the GMA TY with three SMA subunits was
selected as an example. As shown in Supplementary Fig. 1, we designed
three disconnection methods for TY. Among them, the symmetrical
strategies 1 and 2 seem to be the simplest paths but we failed to obtain
the target molecules by the symmetrical strategies (Supplementary
Fig. 2a, b), as described in Supporting Information. Then, we tried the
asymmetric disconnection strategy 3 (Supplementary Fig. 3) and we
succeeded (Fig. 1). The simplified structures of GMAs with three SMA
subunits (fragments I, II and III) and the two linking units (π1 and π2)
are shown in Fig. 1a. Notably, the step-wisely and uniquely defined
reaction sites (highlighted by the different shapes of A units) in these
SMA subunits during the synthesis of the GMA, are different from the
synthesis of OY3 and TYT which were separated from the products
mixture of their polymerization reaction25,26. Our synthetic method
here is a stepwise precise synthesis method, which ensures a con-
trollable procedure to synthesize this kind of GMAs. In addition, this
method enables the three fragments I, II, III and the two π-spacer
linking units of the GMA to be modified independently, so that it is
convenient to modify the molecular structure of the GMAs.

To investigate the structure-performance relationship from SMA
to GMAs and to PSMA, the same SMA subunit YDT and thiophene π-
spacer that make up PY-IT were chosen to construct the GMAs DY, TY
and QY. Therefore, the above-mentioned fragments I, II and III are
unified as YDT, and the π-spacers are unified as thiophene π-spacers.
The specific synthetic routes of these materials are shown in Fig. 1b, in
which the SMA subunit YDT and the corresponding PSMA PY-IT were
prepared simultaneously during the synthesis of GMAs. The boron
trifluoride etherate-catalyzed Knoevenagel condensation and the
classic Stille cross-coupling reaction are the mainstays throughout
these synthetic routes. YDT was synthesized directly by Knoevenagel
condensation of BTCHO with the end groups IC and IC-Br, accom-
panying with the production of the double IC-Br end groups sub-
stitutedm1 and the asymmetric IC and IC-Br substitutedm2 in one-pot
reaction. Subsequently, the PSMA PY-IT can be obtained by coupling
m1with 2,5‐bis(trimethylstannyl)thiophene. For the synthesis of GMAs
DY, TY andQY, the asymmetricmonobromatedm3was synthesizedby
Knoevenagel condensation of BTCHO and end group IC-Br. Then
coupling m3 with the asymmetric moleculem2 and 2,5‐bis(trimethyl-
stannyl)thiophene yields the binuclear mono-aldehyde compound
m4. Subsequently, m5 was obtained through Knoevenagel condensa-
tion betweenm4 and end group IC-Br in high yields. It is important to
emphasize that the Knoevenagel condensation employed here should
be catalyzed by boron trifluoride etherate27. Compared with the tra-
ditional base-catalyzed (like pyridine) conditions, this reaction condi-
tion can effectively prevent the reversible reaction during the terminal
substitution and avoid the generation of by-products (Supplementary
Fig. 4). Meanwhile, this method can effectively improve the reaction
efficiency with shortened reaction time and increased yield. Finally,
coupling m5 with 2,5‐bis(trimethylstannyl)thiophene and m2, the
target products GMAs DY, TY and QY were obtained in one-pot.

The detailed synthesis processes of the GMAs are described in
Supporting Information. The chemical structures mentioned above
were confirmed by 1H and 13C NMR spectra (Supplementary Figs. 5–20)
and matrix-assisted laser desorption ionization time of flight mass
spectrometry (MALDI-TOF MS) (Supplementary Figs. 21–28). The gra-
dually increased molecular weight of SMA YDT and GMAs DY, TY and
QY are 1827.07, 3734.13, 5642.19 and 7550.25, respectively. The num-
ber average molecular weight (Mn) of PY-IT is 8210 Daltons with a
polydispersity index (PDI) of 2.08, according to the high-temperature
gel permeation chromatography (GPC) result (Supplementary Fig. 29).
This is consistent with the molecular weight of most of the reported
high-performance PSMAs based on the A-DA’D-A structured SMAs28,29.
All the materials exhibit good solubility in chloroform, ensuring the
processability of corresponding photovoltaic devices in chloroform.
Furthermore, the thermal stability of these materials was investigated
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by thermogravimetric analysis (TGA), as shown in Supplementary
Fig. 30. The 5%weight-loss temperature for YDT, DY, TY, QY and PY-IT
are 321 °C, 327 °C, 328 °C, 335 °C and 355 °C respectively under nitro-
gen atmosphere, the gradually increased thermal decomposition
temperature of these acceptors indicates that the largermolecular size
contributes to better thermal stability of these materials.

UV-vis absorption spectra of these acceptors in chloroform
solutions and solid films were measured and the results were

exhibited in Fig. 2a, b. The detailed parameters were summarized in
Table 1. The absorption peak wavelength (λmax) of these materials in
solutions are 720 nm for YDT, 735 nm, 746 nm and 762 nm for DY,
TY and QY respectively, 796 nm for PY-IT, which are gradually red-
shifted with the increased molecular size from SMA to GMAs and
further to PSMA. Besides, the temperature-dependent UV-vis
absorption spectra of these acceptors were also measured in the
temperature range from 60 °C to 20 °C in chloroform to investigate

Fig. 1 | Materials design and synthesis of giant molecule acceptors. a The sim-
plified diagram of the GMAs with three SMA subunits. b The synthetic routes of
YDT, DY, TY, QY and PY-IT. (The blue, orange and cyan color-filled parts represent
the independent subunit and the yellow and green color-filled parts represent the

π-spacer linking units. The red circles represent the reaction sites. The Roman
numerals i-vi represent the synthetic steps with the reaction conditions described
in the bottom of the figure.).
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their aggregation properties in solutions (Supplementary Fig. 31).
All these acceptors show similar spectral change behavior with their
increased and red-shiftedmaximumabsorption peaks from 60 °C to
20 °C, which indicates the similar molecular interactions and
aggregation behavior of these acceptors in chloroform solutions.
From solution to film, the absorption of these molecules shows
different degrees of redshift. In details, the film λmax is 785 nm,
781 nm, 793 nm, 795 nm, and 808 nm for YDT, DY, TY, QY and PY-IT
respectively. Among them, the λmax of SMA YDT shows the largest
redshift of 65 nm from solution to film, comparing to those of
medium redshift for GMAs (46 nm, 47 nm and 33 nm for DY, TY and
QY respectively) and minimum redshift for PY-IT (12 nm). The gra-
dually decreased absorption redshift from SMA to PSMA indicates
their gradually weakened molecular aggregation characteristics,
which is mainly due to the restricted molecular accumulation for
the increased molecular size. Except for the λmax mentioned above,

there are other three absorption peaks at ~710 nm, ~640 nm and
~510 nm. The main peak and the shoulder peak at ~710 nm of the
corresponding acceptors should be ascribed to the electronic
transition of S0→S1 with partial charge transfer (CT) character and
its first vibronic (0–1) side band, respectively25. The shoulder peak at
~640 nm is a separate, weakly allowed electronic transition instead
of a vibronic side band30. Furthermore, the pronounced absorption
band at ~510 nm for the three GMAs and PY-IT is assigned to the π-π*
transition peak, which is attributed to the well-delocalized lowest
unoccupied molecular orbitals (LUMOs) that extends from the SMA
subunit to the thiophene π-spacer for the γ-linking site on IC end
group19,31. In addition, the film extinction coefficients (εmax) were
measured to be 1.02, 1.21, 1.42, 1.36 and 1.44 × 105 cm−1 for YDT, DY,
TY, QY and PY-IT, respectively (Table 1). The molecular εmax gra-
dually increases with the increased molecular size and remains at
high level after the molecular backbone contains more than three

Table 1 | Summary of optical properties and electronic energy levels, exciton lifetime τ, annihilation rate constant γ, annihi-
lation radius R, exciton diffusion coefficient D and exciton diffusion length LD of YDT, DY, TY QY and PY-IT

Acceptor λmax
sol (nm) λmax

film (nm) εmax
film (105cm−1) HOMO (eV) LUMO (eV) τ (ns) γ (10−8cm3s−1) R (nm) D (10−3cm2s−1) LD (nm)

YDT 720 785 1.02 −5.66 −3.73 1.05 ±0.08 0.88 ±0.01 2.36 1.48 ± 0.02 12.5 ± 0.5

DY 735 781 1.21 −5.66 −3.74 1.71 ± 0.09 1.1 ± 0.01 2.05 2.14 ± 0.02 19.1 ± 0.6

TY 746 793 1.42 −5.64 −3.75 2.70 ±0.15 1.5 ± 0.03 2.08 2.87 ± 0.06 27.8 ± 1.1

QY 762 795 1.36 −5.64 −3.76 2.71 ± 0.10 1.7 ± 0.03 1.69 4.00 ±0.07 32.9 ± 0.9

PY-IT 796 808 1.44 −5.63 −3.77 2.23 ± 0.08 2.1 ± 0.05 1.62 5.40 ±0.12 34.5 ± 1.2

Fig. 2 | Materials characterization of acceptors. Normalized UV-vis absorption
spectra of the acceptors of YDT, DY, TY, QY and PY-IT in (a) solutions and (b) neat
films respectively. c Energy alignment of the materials in OSCs; d steady-state

photoluminescence spectraof the acceptors. e–i Photoluminescence decays of the
acceptor films of YDT, DY, TY, QY and PY-IT for a range of excitation fluences.
Source data are provided as a Source Data file.
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SMA subunits (GMA TY). The higher εmax may enhance the light
harvest of the corresponding film, contributing to higher Jsc
in OSCs.

The highest occupied molecular orbital (HOMO) and the LUMO
energy levels (EHOMO/ELUMO) of thesematerials were estimated from the
onset oxidation/reduction potentials (φox/φred) in the electrochemical
cyclic voltammograms (Supplementary Fig. 32)32. The corresponding
energy level diagrams and the detailed parameters are shown in Fig. 2c
and Table 1. The EHOMO/ ELUMO values for YDT, DY, TY, QY and PY-IT are
calculated to be −5.66/−3.73 eV, −5.66/−3.74 eV, −5.64/−3.75 eV, −5.64/
−3.76 eV and −5.63/−3.77 eV, respectively. The gradually down-shifted
ELUMO and the slightly up-shifted EHOMO correspond to the narrowed
energy bandgap from YDT to DY, TY, QY and to PY-IT.

In the OSCs, the active layer absorbs photons to produce excitons
(bounded electron-hole pairs). The exciton dissociation occurs at the
D/A interface in the active layer, thus the exciton diffusion property is
crucial for the photovoltaic donor and acceptormaterials, because the
excitons generated in the donor or acceptor domains need to reach
the D/A interface before decaying to ground state. To explore how the
number of SMA subunits influences the exciton diffusion properties of
the acceptors, time-resolved photoluminescence experiments (TRPL)
were carried out for the acceptors, and singlet-singlet annihilation
(SSA) method was used to measure exciton diffusion parameters33,34.
The five acceptor films display similar PL spectra profiles as shown in
Fig. 2d, while their PL decay dynamics are different. Figure 2e–i exhibit
that the PL decay rate of the acceptors substantially raises as the pump
fluence is increased from 0.8 uJ/cm2 to 16 uJ/cm2, which is a clear sign
of singlet-singlet annihilation. Moreover, it is obvious that under the
same excitationfluence, the PL decay rate accelerates as the number of
acceptor subunits increases. The excitons in PY-IT show the fastest
decay rate, indicating strong exciton annihilation in the film35. The PL
decay with SSA is described by the rate equation36:

dnðtÞ
dt

= � kn tð Þ � 1
2
γn2ðtÞ ð1Þ

where nðtÞ is the total initial exciton population, k is the intrinsic decay
rate constant free of annihilation and γ the annihilation rate constant.
In order to determine k, we measured the PL decays using solutions at
very low concentration where PL decay is fluence-independent
(Supplementary Fig. 33). The exciton decays at various excitation
densities were fitted by using Eq. (1) to obtain the annihilation rate
constant γ, details were provided in method section. An apparent
trend is observed that as the SMA subunits increase fromYDT to PY-IT,
the annihilation rate constant increases, resulting in fast depletion of
the excitons. Then the rate constant γ is used to determine the exciton
diffusion coefficient D using37:

D =
γ

8πR
ð2Þ

Where R is the annihilation radius from the d100 spacing in
GIWAXS data. The one-dimensional exciton diffusion length can be
calculated by:

LD =
ffiffiffiffiffiffi

Dτ
p

ð3Þ

τ is the intrinsic exciton lifetime extracted from dilute acceptor sam-
ples and the results are listed in Table 1. The LD values of YDT, DY, TY,
QY and PY-IT are 12.5 nm, 19.1 nm, 27.8 nm, 32.9 nm and 34.5 nm,
respectively, indicating that the LD values increase with the increased
SMA subunits of the acceptors. Although the larger molecule size may
increase the intermolecular distance and leads to larger static disorder
of the corresponding acceptor38, the exciton diffusion coefficient is
extremely resilient to static disorder and the exciton delocalization

along π-conjugation chains somehow “redistributes” the total exci-
tonic interactions among short- and long-range intermolecular
contributions in a way that is favorable to interchain energy transfer39.
Thus, these lead to the acceptors with elongated π-extending
conjugation chains possess larger LD. The enlarged LD values for the
GMAs and the PSMA will benefit the excitons dissociation so that to
increase the short circuit current of the corresponding OSCs.

Photovoltaic Properties
TheOSCs with YDT, DY, TY, QY or PY-IT as acceptor and PM6 as donor
were fabricated with a conventional device structure of ITO/PED-
OT:PSS/PM6:acceptor /PDINN/Ag to investigate the photovoltaic per-
formances of these acceptors. PM6 was chosen as the donor for its
matched energy levels and complementary absorption with these
GMAs and PY-IT acceptor. Photovoltaic performance of the OSCs were
optimized by using 1% 1-chloronaphthalene (1-CN) as solvent additive
in chloroformsolutions25,31. The detaileddevice fabrication procedures
were described in Supplementary information. Figure 3a shows the
current density-voltage (J-V) curves of the corresponding optimized
devices, and the photovoltaic parameterswere summarized in Table 2.
Voc of the devices based on YDT, DY, TY, QY to PY-IT are 0.986 V,
0.959 V, 0.953 V, 0.937 V and 0.927 V, respectively. The slightly
decreased Voc could result from the downshifted ELUMO of the accep-
tors and the varied ΔEloss of the corresponding devices. The ΔEloss of
YDT, DY, TY, QY and PY-IT-based devices will be discussed later in the
following. The device based on the GMA of TY shows the champion
PCE of 16.32%with the best FF of 73.36% and higher Jsc of 23.35mA/cm2

compared to the other devices. In addition, although the PY-IT-based
device exhibits similar Jsc to that of the TY-based OSC, its lower FF and
Voc lead to the lower PCE. The poorest performance of the YDT-based
device may be due mainly to the mismatched energy levels and the
small excitons diffusion length mentioned above, which seriously
affects the exciton dissociation and charge transport40. Figure 3b fur-
ther exhibits the variation trend of the photovoltaic parameters of
these OSCs based on the acceptors for a clear comparison. With the
increased SMA subunits from YDT to PY-IT, the corresponding devices
show gradually decreased Voc, first raised and then descended FF, as
well as the Jsc increases first and then changes slightly. The combina-
tion of these parameters leads to the first increased and then
decreased PCE values from YDT to PY-IT-based devices.

To further investigate the internal mechanism of the varied Voc
values for these devices, the ΔEloss measurements were conducted for
the corresponding devices. The detailed description of the experi-
ments are shown in the methods part. According to the energy loss
measurement, the ΔE1 values are 0.265~0.267 eV for these five
acceptors-based devices. The ΔE2 values are 0.078 eV for the YDT-
based device, 0.062 eV for the DY-based device, 0.058 eV for the TY-
based device and 0.022 eV for the QY-based device. The ΔE3 is non-
radiative recombination loss and contributes to the largest part of the
total energy loss in these devices. The values of EQEEL for this system
determine the ΔE3 which were summarized in Supplementary Table 1,
and the corresponding curves were exhibited in Supplementary
Fig. 34. For the acceptors with determined structure, the EQEEL of
these acceptors-based devices gradually decreases with the increased
molecular size, leading to the increased non-radiative recombination
loss of 0.150, 0.190, 0.202 and 0.253 eV for YDT, DY, TY and QY-based
devices, respectively. The enlarged ΔE3 in the corresponding devices
may be due to the increased energetic disorder (Supplementary
Fig. 35), which may originate from the increased molecular size and
lack of halogen substitution in the terminal. Thus, the above energy
loss components result in the gradually increased ΔEloss from0.494 eV
for the YDT-based device, to 0.519 eV for the DY-based device, to
0.526 eV for the TY-based device and to 0.540 eV for the QY-based
device. Compared to the SMA and GMAs, PY-IT with uncertain struc-
ture and wide molecular weight distribution exhibits an unusual
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change in energy loss of its device. This results in a similar ΔEloss of
0.536 eV for PY-IT-based device compared to that of the QY-based
device (0.540 eV) although PY-IT may possess larger molecular size,
which is probably due to the different interface morphology char-
acteristics between PSMA and GMA-based blends41. Therefore, the
varied ΔEloss of these acceptors-based devices and the progressively
down-shifted ELUMO from YDT to DY, TY, QY and PY-IT cooperatively
result in the slightly decreased Voc from the YDT-based device to the
DY, TY, QY and PY-IT based devices.

Figure 3c shows the external quantum efficiency (EQE) curves of
the OSCs based on these acceptors. The OSCs based on SMA YDT,
GMAsDY, TY andQY, and PSMAPY-IT exhibit a similar photo-response
range from450 to 900nm.The integrated current densities (Jcal) of the
devices based on the corresponding acceptors are 13.30mA/cm2 for
the SMA YDT, 21.37, 22.52 and 22.74mA/cm2 for the GMAs of DY, TY
and QY respectively, 22.94mA/cm2 for the PSMA PY-IT. These Jcal
values of the corresponding devices matched well with their Jsc values
obtained from the J-V curves, indicating the reliability of the photo-
voltaic performancemeasurements. The difference in the Jcal is mainly
reflected in the photo-response of the acceptor part (from 670 to
870nm) in the EQE curves, which indicates that the number of SMA

subunits has a significant effect on the photo-response properties of
the corresponding OSCs.

Exciton dissociation, charge transport and recombination
properties
The differences in photovoltaic performances of the OSCs based on
these acceptors were further investigated by exploring their internal
exciton dissociation, charge transport and recombination character-
istics. The exciton dissociation of these blend filmswas investigated by
their photoluminescence (PL) quenching efficiency. As shown in Sup-
plementary Fig. 36, when excited at a wavelength of 700 nm, the PL
peaks of the corresponding blend films with PM6 as the donor are
quenched by 82% for YDT, 90% for DY, 94% for TY, 92% forQY and 94%
for PY-IT, respectively, suggesting more effective hole transfer from
theGMAs andPY-IT toPM6 than that fromYDT toPM6. In addition, the
curves of photocurrent density (Jph) versus effective voltage (Veff) for
these OSCs (Supplementary Fig. 37) were investigated to further gain
insights into the corresponding exciton dissociation and charge col-
lection behavior42,43. The exciton dissociation and collection prob-
ability can be estimated from Jph/Jsat. The calculated Jph/Jsat value is
0.953 for the TY-based device, which is the highest value among the

Table 2 | Photovoltaic parameters of the optimized OSCs based on PM6:acceptors under the illumination of AM 1.5G
(100mWcm−2)

Active layer Voc (V) FF (%) Jsc (mA cm−2) Jcal.a) (mA cm−2) PCEb) (%)

PM6:YDT 0.986 (0.985 ± 0.002) 56.44 (56.38 ±0.25) 13.43 (13.40 ±0.06) 13.30 7.47 (7.44 ±0.05)

PM6:DY 0.959 (0.957 ± 0.002) 70.50 (70.27 ± 0.15) 22.01 (21.94 ±0.11) 21.37 14.88 (14.75 ± 0.12)

PM6:TY 0.953 (0.954 ±0.002) 73.36 (73.30 ±0.17) 23.35 (23.09 ±0.18) 22.52 16.32 (16.15 ± 0.21)

PM6:QY 0.937 (0.937 ± 0.002) 71.15 (70.32 ± 0.48) 23.20 (23.03 ±0.20) 22.74 15.47 (15.17 ± 0.31)

PM6:PY-IT 0.927 (0.927 ± 0.002) 69.02 (68.93 ±0.66) 23.40 (23.35 ± 0.15) 22.94 14.97 (14.92 ± 0.19)
aThe values were obtained from the integration of EQE curves.
bThe averaged device parameters from more than 10 devices.

Fig. 3 | Device performanceof these acceptors. a J-V characteristics of the optimal
OSCs based on PM6:acceptors under the illumination of AM1.5 G, 100mWcm−2.
b The trend of the values for Voc, FF, Jsc and PCE various from YDT to PY-IT. c The
optimal EQE curves of the corresponding OSCs based on PM6:acceptors. The
comparations between the five acceptors-based devices in d exciton dissociation

and charge collection behaviors; e charge carrier transportation properties and
f charge carrier recombination behaviors as obtained from Jph vs Veff curves, Photo-
CELIV curves and the dependences of Voc on light intensity, respectively. Source
data are provided as a Source Data file.
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three GMAs-based devices (0.940 and 0.949 for the DY and QY-based
devices). Meanwhile, this also surpasses that value of 0.942 for the PY-
IT-based device and 0.800 for the YDT-based device (see Fig. 3d).
These results indicate the exciton dissociation and charge collection
probability of the TY-based device outperforms those of the devices
based on the other twoGMAs (DY andQY) and the PSMAPY-IT and the
SMA subunit YDT.

Furthermore, the charge transport properties of these acceptors
were explored by the space charge limited current (SCLC) method for
both neat and blend films. The corresponding fitting curves were
exhibited in Supplementary Fig. 38a–c, and the calculated data are
summarized in Supplementary Table 2. The electron mobilities of the
acceptors neat films are 8.6 × 10−4, 13.9 × 10−4, 17.1 × 10−4, 15.8 × 10−4 and
14.4 × 10−4 cm2 V−1s−1 for YDT, DY, TY, QY and PY-IT, respectively. Among
these acceptors, TY with three SMA subunits exhibits the best electron
mobility. This may be mainly attributed to the fact that the increased
molecular conjugation length will be beneficial to the charge transport,
but too large molecular size may hinder the orderly packing of mole-
cules in the film, thereby affecting the charge transport ability of the
materials. Therefore, under the comprehensive factors, the electron
mobility of these acceptors with increasedmolecular size shows a trend
of first increasing, reaching a top value for TY and then decreasing.
Subsequently, the charge carrier generation and transport behaviors of
these acceptors-based devices under working conditions were further
investigated via the photoinduced charge extraction by linearly
increasing voltage (photo-CELIV)44. Supplementary Fig. 39a exhibits the
photo-CELIV curves of these acceptors-based devices, from which the
extracted charge carrier mobility μceliv can be calculated and the cor-
responding values are 5.50 × 10−4, 10.74 × 10−4, 30.87 × 10−4, 21.09 × 10−4,
and 19.21 × 10−4 cm2 V−1s−1 for the YDT-, DY-, TY-, QY- and PY-IT-based
devices respectively (Fig. 3e), which shows the same trend as that
measured by SCLC method. Overall, the TY-based device showed the
higher charge mobilities, followed by that of the QY and DY-based
devices,which all outperform thoseof thePY-IT andYDT-baseddevices.
The trend of the charge mobilities of these acceptors shows a high
degree of similarity with the variation of FF for the devices based on
these acceptors, therefore, the chargemobility may be one of the main
factors affecting the FF of the corresponding OSCs.

The charge carrier recombination behaviors of the OSCs were
investigated by exploring the dependence of Jsc and Voc on the illu-
mination light intensity (Plight)45,46. Supplementary Fig. 39b show the
plots of logJsc versus logPlight for these acceptors-based devices.
Combining with the typical relationship of Jsc∝Plightα, the values of α
can be obtained from the slope of logJsc vs logPlight. Meanwhile, the
value of α closer to 1 means the less bimolecular recombination. The
TY-based device exhibits the highest α value of 0.989, and then the α
value of the QY-based device is 0.984, both are higher than that of
0.977 for the DY-based device. Besides, the α values of the PY-IT and
YDT-based devices are 0.982 and 0.956, which is also lower than those
of the TY and QY-based devices. Furthermore, the dependence of Voc
on lnPlight of these devices were also investigated, and the results are
shown in Supplementary Fig. 39c. The slope of Voc vs. lnPlight is 1.90,
1.62, 1.29, 1.37 and 1.51 kT/q for the YDT, DY, TY, QY and PY-IT-based
devices, respectively (Fig. 3f). Notably, the closer to 1 kT/q the slope is,
the less trap-assisted charge recombination in the corresponding
devices47. Thus, the TY-based OSC with the smaller slope of 1.29 kT/q
indicates less trap-assisted charge recombination,while theYDT-based
devicewith the large slope of 1.90 kT/q possessed serious trap-assisted
charge recombination.

To better understand the effects of the number of SMAunits of the
acceptors on the charge transfer process, femtosecond transient
absorption spectroscopy (fsTA) measurement was carried out on the
PM6:acceptor blend films. Figure 4a and Supplementary Fig. 40a dis-
play fsTA spectra of PM6:YDT blend film at selected time delays. Pump
wavelength was set to 820nm to selectively excite the acceptor in the
blend. Immediately after excitation, a strong excited state absorption
(ESA) showedupat 900nmand a series of negative ground state bleach
(GSB) peaks were observed at 820nm, 710nm, resulting from the
generation of YDT exciton. Another GSB that matches the PM6
absorption was simultaneously observed at 636nm, which is due to the
ultrafast hole transfer from photoexcited YDT to PM6, generating
charge transfer (CT) state. Transient absorption spectra was also col-
lected for the PM6:GMAs and PM6:PY-IT blend films and similar spectra
profiles were also obtained except for the gradually red-shifted GSB
peak of the acceptor around 820nm (Fig. 4b–e and Supplementary
Fig. 40b–e). Then wemonitored the kinetic traces of the GSB of PM6 at

Fig. 4 | Femtosecond transient absorption kinetics. 2D transient absorption spectra of a PM6:YDT, b PM6:DY, c PM6:TY, d PM6:QY and e PM6:PY-IT.f Kinetic traces of
PM6 GSB probing at 636nm for the PM6:acceptor blend films. Source data are provided as a Source Data file.
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637 nm for all the blends to extract their hole transfer dynamics. As
shown in Fig. 4f, the PM6GSB of the PM6:YDT blend film directly decay
to ground state after the initial CT, indicating a strong charge recom-
bination in the active layers, which leads to lower Jsc and FF in the
devices. While the DY, TY, QY and PY-IT-based blend films exhibited a
two-step CT process as the PM6 GSBs continued to grow and reach a
maximum after the initial rise, indicating a diffusion-mediated CT pro-
cess coming after the ultrafast CT at the D/A interface. The CT process
tends to be slower fromDY to PY-IT. Another trend is easily noticed that
the charge recombination also becomes slower with the increase of the
SMA units from YDT to PY-IT according to the decay rate of this signal.
These findings suggest that CT properties are affected by the size of the
acceptor molecules. YDT blend lacks diffusion-mediated CT and dis-
plays rapid charge recombination which might be ascribed to the over-
mixing of the donor and acceptor and undersized D/A phase domains.
On the contrary, the slow CT and charge recombination in PM6:PY-IT
could be attributed to the large D/A phase domains, which is also
observed in PiFM experiment as discussed in the next morphology
characterization section. The PM6:TY and PM6:QY blend films reached
abalancebetween relatively fastCTand slowcharge recombinationdue
to proper phase sizes. Therefore, the PM6:TY and PM6:QY blend films
obtained a higher CT state yield and longer CT state lifetime, which
agreed well with their better device performances.

Morphology Characterization
Grazing-incidence wide-angle X-ray scattering (GIWAXS) measure-
ments were conducted to explore the molecular stacking and

morphology features of the neat and blend films of these acceptors.
Figure 5a–e and g show the 2D GIWAXS patterns and the corre-
sponding line-cut curves for the neat acceptor films, from which a
dominant face-onorientation is inferred in thesefilms. The locations of
the π-π stacking (010) scattering peaks in the out-of-plane (OOP)
direction were gradually shifted to lower q values from YDT, DY, TY to
QY, indicating that the increased molecular size may result in the
increased π-π stacking distances. As a mixture with wide molecular
weight distribution, the PSMA PY-IT shows the deviated π-π stacking
behavior from those of GMAs and SMA with exact molecular struc-
tures. The crystalline coherence lengths (CCLs) of π-π stacking were
obtainedutilizing the Scherrer equation48 and the detailed information
was summarized in Supplementary Table 3. The three GMAs exhibit
the similar CCLs of 20.9Å, higher than those of 17.7 Å for PY-IT and
16.2 Å for YDT. These results indicate that an increasing number of
SMA subunits will first promote the orderly packing of molecules with
increased CCL of π-π stacking. However, with further increase in
molecular size, a too large structure may hinder molecular accumu-
lation, thereby reducing the molecular order. It is worth mentioning
that TY film shows highest normalized integrated intensity of the π-π
stacking (Fig. 5g). Combined with the result of CCL, TY neat film
exhibits the most ordered molecular packing among the GMAs neat
films and its corresponding PSMA PY-IT and SMA subunit YDT neat
films. This can explain the highest electronmobility in the neat TY film
measured by SCLC method. Meanwhile, the 2D GIWAXS patterns and
1D line-cut curves of the corresponding blend films are depicted in
Supplementary Fig. 41a–f. The five blend films present predominant

Fig. 5 | Results of GIWAXS measurements. 2D GIWAXS patterns of a YDT neat
film,bDY neat film, c TY neat film,dQY neat film and e PY-IT neat film. fMolecular
packing parameters of the neat films fromGIWAXS fitting. gThe corresponding in-

plane and out-of-plane line-cut curves. Source data are provided as a Source
Data file.
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face-on orientation and their trend of π-π stacking distances is in line
with thoseanalyzed inneatfilms. Specifically, theπ-π stackingdistance
is increased with the enlarged molecular size from YDT to DY, TY and
QY, except for that of the polymer PY-IT. The integrated intensities of
theπ-π stacking of these blend films can be observed in the 1D line-cut
curves (Supplementary Fig. 41f), from which the intensity of TY-based
blend film outperforms other acceptor-based blend films. These
results suggest that the TY-based blend film possesses higher volume
fraction of ordered molecular packing, which contributes to
the improved charge transport and the better device performance of
the TY-based OSCs.

To further investigate the detailed donor/acceptor phase segre-
gationmorphology features of the blend films from SMA to GMAs and
to PSMAwith the gradually increased SMAsubunits, the photoinduced
force microscopy (PiFM) measurement was carried out to distinguish
the donor and acceptor at nanometer scale and provide a desired
contrast for chemical imaging with high spatial resolution for these
blend films49,50. Owing to the similar chemical structure of these
acceptors, their Fourier transform infrared (FTIR) absorption spectra
are also similar, and they share the same characteristic peak of the
acceptor components. The measured Fourier transform infrared
(FTIR) absorption spectra of the donor PM6 and the acceptor YDTneat
films are exhibited in Supplementary Fig. 42. The IR absorption
wavenumber of 1640 cm−1 and 1540 cm−1 were chosen as the char-
acteristic peaks of PM6 and YDT components respectively to distin-
guish the donor and acceptor phases in the blend films. The PiFM
images of the donor and acceptor materials in the blend films were
obtained from the atomic forcemicroscopy (AFM) technologywith the
characteristic IR absorption signals acquired from the optically driven
dipoles on the film surface. Figure 6a, b show the PiFM images of the
donor (red color) and acceptor (green color) components measured
from the YDT, DY, TY, QY and PY-IT-based blend films, respectively.
The combined images of the donor and acceptor for the above-
mentioned blend films are displayed in Fig. 6c. As the number of SMA
subunits increases from YDT to DY, TY, QY and to PY-IT, the phase
region of the acceptor in these blend films gradually expands (Fig. 6b),
accompanied with a synchronously increased phase region of the
donor (Fig. 6a). These correspond to the good miscibility between

PM6 and YDTwith a relatively undersized phase domain, and the large
phase separation between PM6 and PY-IT is estimated to own a large
domain size of 30–50nm. The D/A phase domains of the three GMAs
DY, TY and QY-based blend films are in between those of YDT and PY-
IT-based blend films. Notably, both too-small and too-large domains in
the corresponding blend films are harmful to balance their charge
transfer and recombination. Specifically, the undersized D/A phase
domain in the YDT-based blend film leads to its rapid charge recom-
bination, while the oversized D/A phase domain in the PY-IT-based
blend film leads to its slow CT. The proper D/A phase separation in TY
and QY-based blend films enables their relative balance between fast
CT and slow charge recombination, contributing to a higher CT state
yield and longer CT state lifetime, which will help to improve the
photovoltaic performance of the TY- and QY-based OSCs.

Stability measurement
The combination of high efficiency and excellent stability is the key to
the commercialization of OSCs. The photostability of these acceptors
were investigated roughly through UV-vis absorption measurement
for the samples with one-sun-equivalent illumination in N2 filled glove
box. As shown in Supplementary Fig. 43, after 360h illumination, all
these acceptors exhibit preferable photostability without obvious
absorption fluctuation.

Among the various intrinsic and extrinsic factors to influence the
stability of OSCs, the metastable blend morphology of the active layer
can strongly influence the stability of OSCs as the elevated tempera-
ture under illumination provides thermal energy and accelerates the
diffusion of the acceptors. Herein, the diffusion capacity of these
acceptors from YDT, to DY, to TY, to QY and to PY-IT needs to be
investigated to better understand the stability of the corresponding
acceptors-based OSCs. The Tg of these materials was explored by the
UV-vis absorption spectra of these acceptors in film at different
annealing temperature (Supplementary Fig. 44)51, which progressively
increases with the gradually enlarged molecular size from 82 °C for
YDT, to 132 °C for DY, to 190 °C for TY, to 210 °C for QY and to 239 °C
for PY-IT. According to theArrhenius diffusionbehaviour, thediffusion
coefficients (D85) of these acceptors at85 °Ccanbe estimatedbasedon
their Tg values52. The calculated D85 values are 8.8 × 10−17 cm2 s−1 for

Fig. 6 | PiFM images of the blend films. The PiFM images of the PM6:acceptors
blend films at the characteristic IR wavenumbers of 1640 cm−1 for the a donor PM6
and of 1540 cm−1 for the b acceptors YDT, DY, TY, QY and PY-IT. c the combined

images of the corresponding a and b for PM6:YDT, PM6:DY, PM6:TY, PM6:QY and
PM6:PY-IT blend films.
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PM6:YDT, 4.8 × 10−20 cm2 s−1 for PM6:D, 8.1 × 10−24 cm2 s−1 for PM6:TY,
4.0 × 10−25 cm2 s−1 for PM6:QY and 5.2 × 10−27 cm2 s−1 for PM6:PY-IT,
respectively. Therefore, the larger molecular size enables the less
molecular diffusion of acceptors into the donor polymer, which will
help to improve the thermal stability of the corresponding active
layers.

Furthermore, the thermal stability of these acceptors-based active
layers was investigated by continuous annealing at 90 °C for different
times, as shown in Supplementary Fig. 45. The suppressed diffusion of
TY, QY and PY-IT contributes to the excellent thermal stability of their
active layers for maintaining over 96% of their initial PCEs after con-
tinuous thermal annealing of active layers for 12 h, while the easier
diffusion of DY and YDT leads to more fast decay of PCEs of the cor-
responding devices to drop below 95% and 90% respectively under the
same condition. Considering the balance between the PCE and the
stability of these devices, the GMA TY was chosen as the representor
among the three GMAs DY, TY and QY to compare with the SMA YDT
and PSMA PY-IT in their long-term devices’ storage stability (Supple-
mentary Fig. 46). This trend of storage stability of the OSCs based on
YDT, TY and PY-IT is in line well with that of their thermal stability,
whichmeans that the largermolecular size of acceptormolecule helps
to improve its morphology stability in the OSCs.

Discussion
On the basis of SMA subunit of the representative PSMA PY-IT, a
series of GMAs DY, TY and QY were synthesized by retrosynthetic
method, with the boron trifluoride etherate-catalyzed Knoevenagel
condensation and the classic Stille cross-coupling reaction. The SMA
subunit YDT and the PSMA PY-IT were also synthesized for compar-
ison. From SMA to GMA and then to PSMA, the main difference in
structure is the gradually increased number of SMA subunits,
accompanied with the more extended conjugated system, larger
electron delocalization structure and gradually increased inter-
molecular distance. All these features synergistically contribute to
their varied photoelectric properties and photovoltaic perfor-
mances. It was found that the gradually increasedmolecular size and
the extended conjugation from YDT to PY-IT leads to the gradually
increased thermal stability, redshifted UV-vis absorption spectra and
prolonged exciton diffusion length, which benefit to the improve-
ment of the photovoltaic performance of the acceptors. While the
ELUMO is down-shifted gradually from YDT to DY, TY, QY and PY-IT,
accompanied with varied ΔEloss of the devices, which results in the
slightly decreased Voc of the corresponding devices. The proper D/A
phase separation in TY andQY-based blend films also help to balance
the CT and the charge recombination, which allows the TY- and QY-
based blend films to show a relatively high CT state yield and long CT
state lifetime. Interestingly, the GMA TY with three SMA subunits
possesses the highest electron mobility which is two times of that of
the SMA YDT andmore than 10% higher than that of the PSMA PY-IT.
Finally, theOSCbased on theGMATY exhibits the best PCE of 16.32%,
with the best FF of 73.36% and higher Jsc of 23.35mA/cm2, in com-
parison with the PCEs of 7.47%, 14.88%, 15.47% and 14.97% for the
OSCs based on YDT, DY, QY and PY-IT respectively. These results
suggest that the number of SMA subunits in the GMAs has a sig-
nificantly important impact on the photovoltaic performances of
these acceptors. It is worth noting that the larger molecular size of
acceptors enables their less molecular diffusion coefficients, which
helps to promote the thermal stability of the corresponding devices.
In addition, from YDT to DY, TY, QY and to PY-IT, with the same
structural subunit, the comparison of their physicochemical and
photovoltaic properties provides an important reference for in-
depth understanding of the structure-performance relationship from
SMAs to PSMAs. Furthermore, the stepwise precise synthesis
employed in this work can promote the diversification of GMAs and
facilitates their application in highly efficient and stable OSCs.

Methods
Materials and synthesis
Polymer PM6 and the dialdehyde precursor were purchased from
Solarmer Materials Inc. Other chemical reagents and solvents were
also purchased from Innochem, J&K, Alfa Aesar, and TCI Chemical Co
and used without further purification. The toluene agents for poly-
merizing were distilled from sodium and benzophenone under nitro-
gen before using. All reactions were performed under a nitrogen
atmosphere.

The synthetic routes of these acceptors YDT, DY, TY, QY andPY-IT
are shown in Fig. 1. The detailed synthetic procedures and character-
izations of the chemical structures of the monomers and the polymer
acceptors are described in the Supplementary method section. The
NMR spectra and the MALDI-TOF-MS results of these compounds are
shown in Supplementary Figs. 5–20 and 21–28.

Molecular structure and property characterization
1H and 13C NMR spectra were recorded on Avance 400MHz NMR
spectrometer and NEO 700MHz NMR spectrometer. Chemical shifts
are reported inparts permillion (ppm,δ). 1HNMRand 13CNMR spectra
were referenced to tetramethylsilane (TMS) (0 ppm) for CDCl3. Mass
spectra were collected on a Shimadzu spectrometer. Thermogravi-
metric analysis is conducted under N2 atmosphere with 10 °C/min
heating from 50 °C to 500 °C by Shimadzu DTG 60. UV-Vis absorption
spectra of our materials were recorded on the Hitachi U-3010 UV-vis
spectrophotometer. Gel permeation chromatography (GPC) mea-
surements was performed on Agilent PL-GPC 220 instrument with
high-temperature chromatograph, using 1,2,4-trichlorobenzene as the
eluent at 160 °C.

UV-vis absorption spectra were recorded on the Hitachi U-3010
UV-vis spectrophotometer. For solution absorption, these materials
were dissolved in chloroform. For the film measurements, the corre-
sponding chloroform solutions were spin-coated on quartz plates.

Electrochemical cyclic voltammetry measurements were carried
out in a conventional three-electrode cell, using a glass carbon elec-
trode as the working electrode, a platinum wire as the counter elec-
trode, and an Ag/AgCl electrode as the reference electrode. The
photovoltaic materials were uniformly coated on the working elec-
trode to form a thin film and the electrodes were placed in tetra-
butylammonium hexafluorophosphate (Bu4NPF6) (0.1mol L−1)
acetonitrile solution for testing, using a CHI660 Voltammetry Work-
station. The energy levels were calculated using the following formula:

EHOMO=ELUMO = � eðϕox=ϕred + 4:8� ϕFc=Fc+ ÞðeVÞ ð4Þ

the redox potentials ofϕFc/Fc+ vsAg/AgCl wasmeasured to be0.44V in
our measurement system.

Time-resolved photoluminescence spectroscopy
The TRPL spectra were recorded using the combination of a spectro-
meter (Princeton 200is) and a streak camera (C10910, Hamamatsu
Photonics). Excitation light was generated using a fundamental pulse
from Ti:sappaire regenerative amplifier (Astrella, Coherent) and then
send to an optical parametric amplifier (OPerA-Solo, Coherent) for the
pump beam with 700nm wavelength. The software provided by
Hamamatsu (HPD-TA, Hamamatsu Photonics) was used to collect and
process the PL spectra.

Determination of exciton diffusion length using singlet-singlet
annihilation method
The PL decay with SSA is described by Eq. (1) with instantaneous
generation rate:

dnðtÞ
dt

= �kn tð Þ � 1
2
γn2ðtÞ ð1Þ
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For time-independent annihilation, the solution to Eq. (1) is:

n tð Þ= n 0ð Þ expð�ktÞ
1 + γ

2k ½1� expð�ktÞ� ð5Þ

Wheren(t) is the singlet excitondensity as a function of time after
excitation, k is the monomolecular decay rate constant which is the
reciprocal of PL lifetime τ, extracted from dilute acceptor samples,
n(0) is the initial exciton density, derived from the excitation fluence,
extinction coefficient and laser spot size. Fitting the PL decays of the
acceptor films at different excitation fluence using Eq. 5 could obtain
the time-independent bimolecular annihilation rate constant γ. This
constant is then used to determine the exciton diffusion coefficient D
and exciton diffusion length LD.

Fabrication and characterization of OSCs
The structure of all OSCs adopt the conventional device structure,
namely ITO/PEDOT:PSS/active layer/PDINN/Ag structure. The pre-
patterned ITO glasses substrate (sheet resistance = 15 Ω sq−1) are
sonicated sequentially with deionized water twice (with detergent
and without), acetone and isopropanol in an ultrasonic bath. Before
use, these glasses are dried in a vacuum oven and treated by UV-
ozone (Jelight Company, USA) for 30mins to improve its work
function and clearance. Immediately, the PEDOT:PSS aqueous solu-
tion (Baytron P 4083, from HCStarck) is filtered by a 0.45mm filter
and pre-coated onto these pre-cleaned ITO glasses at 5000 rpm for
30 seconds. Then heat the ITO, then dried at 150 °C for 20mins in air.
The PEDOT: PSS coated ITO substrates were transferred to a N2-filled
glove box for further processing. The device was optimized accord-
ing to the previous reported study with D:A weight ratio of 1:1,
solution concentration of 14mg/ml in chloroform with 1%
1-chloronaphthalene as additive. Then the solution was stirred for
2 hours for intensive mixing. The blend solutions were spin-coated
on the PEDOT:PSS layer at 3000 rpm for 30 seconds, then annealed
at 90 °C for 10minutes. After cooling to room temperature, the
PDINN methanol solution with a concentration of 1.0mgmL−1 was
deposited on these active layers at 5000 rpm for 30 seconds. Then, a
Ag layer (~100 nm) was deposited in thermal evaporator under
vacuum of 5 × 10−5 Pa through a shadow mask. The active area of the
OSCs was 6.0mm2 (3mm× 2mm), which was defined by Optical
microscope (Olympus BX51). In order to accurately measure the
photocurrent, mask with an area of 4.16mm2 (0.26mm×0.16mm)
was used to define the effective area of the OSCs. The devices with or
without mask showed consistent photovoltaic performance values
with relative errors within 0.3%. The current density–voltage (J-V)
characteristics of OSC aremeasured in a N2-filled glove box equipped
with a Keithley 2450 Source Measure Unit, using Oriel Sol3A Class
AAA Solar Simulator (model, Newport 94023 A) with 450W xenon
lamp and air quality (AM) 1.5 filter as the light source. The light
intensity is calibrated to 100mWcm−2 by Newport Oriel 91150 V
reference cell. The external quantum efficiency (EQE) value is mea-
sured by the solar cell spectral responsemeasurement systemQE-R3-
011 (Taiwan Enli Technology Co., Ltd.). Standard single-crystal silicon
photovoltaic cells are used to calibrate the light intensity of each
wavelength.

Energy loss measurements
Fourier-transform photocurrent spectroscopy external quantum effi-
ciency (FTPS-EQE) was measured by using an integrated system
(PECT600, Enlitech). External electroluminescence quantum effi-
ciency (EQEEL) measurements were performed by applying external
voltage/current sources through the devices (REPS, Enlitech). The total
ΔEloss is determined by the optical gap Eg and Voc (ΔEloss = Eg � qVoc),
which can be divided into three parts according to the Shockley-

Queisser (SQ) limit53:

ΔEloss =ΔE1 +ΔE2 +ΔE3
ð6Þ

The ΔE1 is the unavoidable radiative recombination losses above
the bandgap and is decided only by the Egpv of the absorber and
temperature:

ΔE1 = Eg � qVSQ
oc ð7Þ

Voc
SQ is the maximum Voc in the SQ limit. The ΔE2 stands for the

radiative recombination losses below the bandgap and is ascribed to
non-step function like absorption or EQE of the real-world devices:

ΔE2 =qV
SQ
oc � qVrad

oc ð8Þ

V rad
oc is the Vocwhereonly radiative recombination occurs. TheΔE3

is non-radiative recombination loss:

ΔE3 =�kBT lnðEQEELÞ ð9Þ

EQEEL is the radiative quantum efficiency of the device when
charge carriers are injected into the device in the dark.

Charge property characterization
The dependence of the photocurrent density (Jph) on the effective
voltage (Veff) was also tested to analyze exciton dissociation and
charge collection. Jph was obtained from Jph = JL − JD (JL and JD are the
current densities under illumination and dark conditions), and Veff was
calculated from Veff =V0 − V (V0 is the voltage when JL = JD and V is the
applied voltage). Under short-circuit conditions, the exciton dissocia-
tion and collection probability = Jph/Jsat, where Jsat represents the
saturation photocurrent density.

The electron and hole mobility were measured by using the
method of space-charge limited current (SCLC), ITO/PEDOT:PSS/
active layer/MoO3/Ag device structure is used to test hole mobility,
and ITO/ZnO/active layer/PDINN/Al is used to test electron mobility.
The hole and electronmobilities are calculated according to the space
charge limited current (SCLC) method with the equation:

J =9μεrε0V
2=8d3 ð10Þ

where J is the current density, µ is the hole or electronmobility,V is the
internal voltage in the device, εr is the relative dielectric constant of
active layer material, ε0 is the permittivity of empty space, and d is the
thickness of the active layer.

The Jsc and Voc under different light intensity. In organic solar cell
devices, the relationship between Jsc and Plight can be expressed by the
formula Jsc∝ (Plight) α, where α is the power exponent. When the value
ofα in the formula approaches 1, the bimolecular recombination in the
device can be ignored. The Voc and ln(Plight) can be fitted to a straight
line, and the slope of the fitted line should be kT/q (where k is Boltz-
mann’s constant, T is the Kelvin temperature, and q is the elementary
charge)

Photogenerated charge extraction by linearly increasing voltage
(photo-CELIV) mobilities data was obtained by the all-in-one char-
acterization platform, Paios (Fluxim AG, Switzerland). In the photo-
CELIV measurement, the delay time is set to 0 s, the light intensity is
100%, the light-pulse length is 100 µs, finally the sweep ramp rate rises
from 20V/ms to 100 V/ms. The devices are the same as stated above.

Transient absorption spectroscopy
Femtosecond transient absorption spectrometer was composed of a
regenerative-amplified Ti: sapphire laser system (Coherent) and Helios
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pump-probe system (Ultrafast Systems). The regenerative-amplified Ti:
sapphire laser system (Legend Elite-1K-HE, center wavelength of
800nm, pulse duration of 25 fs, pulse energy of 4 mJ, repetition rate of
1 kHz) was seeded with a mode-locked Ti: sapphire laser system (Vitara)
and pumped with a Nd: YLF laser (Evolution 30). The output 800nm
fundamental of the amplifier was split into two beam pulses. The main
part of the fundamental beam went through the optical parametric
amplifiers (TOPAS-C), whose output light was set as the pump light with
wavelength of 820nmand chopped by amechanical chopper operating
at frequency of 500Hz. A small part of the fundamental beam was
introduced into the TA spectrometer in order to generate the probe
light. After passing through a motorized optical delay line, the funda-
mental beam was focused on a sapphire crystal or YAG crystal, which
was used to generate the white-light continuum (WLC) probe pulses
with wavelength of 430 to 820nmor 800 to 1600 nm, respectively. The
optical path difference between the pump light and the probe light,
which is controlled by the motorized optical delay-line, was used to
monitor the transient states at different pump-probe delay. A reference
beam was split from the WLC in order to correct the pulse-to-pulse
fluctuation of the WLC. The pump was spatially and temporally over-
lapped with the probe beam on the sample. Excitation energy of the
pump pulse was set to 2μJ/cm2 to avoid singlet-singlet annihilation.
The film samples for TA measurements were prepared by spin-coating
the corresponding materials on thin quartz plates. The film samples
were thermally annealed the same way as the actual device.

Morphological characterization
Grazing-incidence wide-angle X-ray scattering (GIWAXS) measurements
were conducted at Advanced Light Source (ALS), Lawrence Berkeley
National Laboratory, Berkeley, CA at the beamline 7.3.354. Data was
acquired at the critical angle (0.16°) of the film with a hard X-ray energy
of 10 keV. X-ray irradiation time was 30–60 s, dependent on the
saturation level of the detector. The scattered intensity was detected
with a Pilatus detector. 1D profile was obtained with the intensity dis-
tribution analyzed along in-plane and out-of-plane direction. Crystal
coherence lengths (CCL) are estimated based on the Scherrer equation
(L = 2πK/FWHM), where K is the shape factor (here we use 0.9), and
FWHM is the full width at half maximum of diffraction peaks.

Photo-induced force microscope (PiFM)
The microscope used is a VistaScope from Molecular Vista, Inc.,
operated in dynamic mode using commercial gold-coated silicon
cantilevers (NCHAu) from Nanosensors. The excitation laser is a Laser
Tune IR Source from Block Engineering.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The data that support the findings of this study are presented in
Supplementary Information and Source Data file. The source data for
Figs. 2–5, Supplementary Figs. 37, 39 generated in this study are pro-
vided with this paper. Source data are provided with this paper.
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