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All-small organic solar cells (ASM OSCs) inherit the advantages of the distinct merits of small molecules, such as well-defined
structures and less batch-to-batch variation. In comparison with the rapid development of polymer-based OSCs, more efforts are
needed to devote to improving the performance of ASM OSCs to close the performance gap between ASM and polymer-based
OSCs. Herein, a well-known p-dopant named fluoro-7,7,8,8-tetracyano-p-quinodimethane (FTCNQ) was introduced to a high-
efficiency system of HD-1:BTP-eC9, and a high power conversion efficiency (PCE) of 17.15% was achieved due to the
improved electrical properties as well as better morphology of the active layer, supported by the observed higher fill factor (FF)
of 79.45% and suppressed non-radiative recombination loss. Furthermore, combining with the further morphology optimization
from solvent additive of 1-iodonaphthalene (IN) in the blend film, the HD-1:BTP-eC9-based device with the synergistic effects
of both FTCNQ and IN demonstrates a remarkable PCE of 17.73% (certified as 17.49%), representing the best result of binary
ASM OSCs to date.
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1 Introduction

Solution-processed organic solar cells (OSCs), with multiple
features such as light weight, flexibility, and semitranspar-
ency, show great promise for applications in flexible portable
devices [1–4]. Thanks to the innovations of novel materials
and device engineering, power conversion efficiencies
(PCEs) greater than 19% have been achieved for polymer-

based OSCs, composed of polymer donors and non-fullerene
small-molecule acceptors (NFAs) [5–13]. Apart from poly-
mer-based OSCs, there is a rising trend of developing all-
small-molecule (ASM) OSCs due to the distinct merits of
small molecules relative to polymer counterparts, such as
well-defined structures, facile purification, and pre-eminent
batch-to-batch replicability [14–19]. Fortunately, ASM
OSCs have advanced greatly in recent years by considerably
designing small molecule donors (SMDs), such as some
typical oligothiophene, benzodithiophene (BDT) and por-
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phyrin-based acceptor-donor-acceptor (A-D-A) SMDs [20–
22]. These donors not only achieved PCEs over 10% [23,24]
in fullerene-based devices but also offered 15%–17% effi-
ciencies when matching with Y6-family acceptors (Figure
S1, Supporting Information online), such as Y6 [25], BO-4Cl
[26], L8-BO [27], and BTP-eC9 [21], making the ASM
OSCs a very competing candidate for future commercial
application. But such performance is still significantly be-
hind that of polymer-based OSCs.
To further improve the PCE of ASM OSCs, great efforts

are necessary to design better chemical structures of SMDs
as well as control their corresponding active layer mor-
phology [28,29]. Thus far, BDT-based SMDs dominate the
majority of the high-performing ASM OSCs, which can be
ascribed to their easily-modified chemical structures, effec-
tive conjugated backbones, and excellent charge transport
abilities [15,21,27]. Recently, we reported a new series of A-
D-A type SMDs with a thiazole conjugated side group on the
central BDT unit [30]. By fine-tuning the alkylthio side-
chains on the thiazole unit, a small-molecular donor HD-1
with 5-((2-hexyldecyl)thio)thiazole conjugated side-chains
demonstrated suitable energy level and molecular stackings,
contributing to a high PCE of 17.19% in ASMOSCs [30,31].
In this contribution, based on the blending film of HD-1:

BTP-eC9, a well-known p-dopant named fluoro-7,7,8,8-tet-
racyano-p-quinodimethane (FTCNQ) was introduced into
the active layer to tune its electrical and morphological
properties. As a result, the ASM OSC based on FTCNQ-
treated blend film yields a PCE of 17.15% with an obviously
higher fill factor (FF) of 79.45% and suppressed non-radia-
tive recombination loss along with an increased open-circuit
voltage (VOC) of 0.843 V. Simultaneously, the application of
1-iodonaphthalene (IN) in the active layer could regulate the
morphology and enables an ordered bi-continues inter-
penetrating network. Impressively, the synergistic effects of
FTCNQ and IN on the active layer lead to an outstanding
PCE of 17.73% with a certified value 17.49% for the HD-1:
BTP-eC9-based device, representing the best result for bin-
ary ASM OSCs reported so far.

2 Results and discussion

2.1 Electro-optical properties of the molecules

Figure 1a shows the chemical structures of small molecules
HD-1, BTP-eC9, and FTCNQ, respectively [31]. As ob-
served in Figure 1b, the main absorption profiles of HD-1
and BTP-eC9 are found at 450–700 and 600–950 nm, re-
spectively, which shows a broad and complementary ab-
sorption for their blend films. The energy levels of HD-1,
BTP-eC9 [32], and FTCNQ calculated from their cyclic
voltammetry curves (Figure S2) are diagrammed in Figure
1c. The highest occupied molecular orbital (HOMO) and

lowest unoccupied molecular orbital (LUMO) energy levels
of HD-1 are calculated to be −5.31 and −3.46 eV, respec-
tively. The HOMO and LUMO energy offsets between HD-1
and BTP-eC9 are both over 0.30 eV, which can guarantee
strong drive force for the exciton separation [33].

2.2 Device performance

ASM-OSCs based on HD-1:BTP-eC9 were fabricated by
adopting a conventional architecture of indium tin oxide
(ITO)/poly(3,4-ethylenedioxythiophene):poly(4-styr-
enesulfonate) (PEDOT:PSS)/active layer/PDINO/Ag, and
the detailed procedures were described in the Supporting
Information online. After fine-tuning the donor-to-acceptor
ratios and the temperatures of thermal annealing (Tables S1
and S2, Supporting Information online), the HD-1:BTP-eC9
based control device without any additive yielded a pro-
mising PCE of 16.62% with a VOC of 0.834 V, short-circuit
current density (JSC) of 25.95 mA cm−2, and FF of 76.81%.
The p-doping strategy has been proven to be an effective
method to optimize the electrical properties and device
performance in many optoelectronic devices [34–37]. Thus,
a well-known p-dopant compound FTCNQ was introduced
into the active layer, which surprisingly promoted the PCE
up to 17.15% along with a high FF of 79.45% (Table S3).
Meanwhile, the application of traditional solvent additive IN
can also improve the device performance to over 17% with
slightly enhanced VOC, JSC, and FF, simultaneously. Based on
these, FTCNQ and IN were employed together to boost the
device performance, which leads to a record PCE of 17.73%
with a higher JSC of 26.20 mA cm−2 and an outstanding FF
greater than 80%, ultimately (Table S4). In addition, com-
pared with the HD-1:BTP-eC9 based control device without
any additive, the device with FTCNQ & IN exhibits a rela-
tively lower series resistance (RS) and a higher shunt re-
sistance (RSH), indicating a better ohmic contact and thus
leading to a higher FF and PCE (Table S5) [38]. Further-
more, such a device offered a certified PCE of 17.49%
subject to the calibration procedures of the National Photo-
voltaic Industry Metrology and Testing Center (NPVM) of
China (see the certified report in the Supporting Information
online), which represents the highest PCE of the current
binary ASM-OSCs (Figure 1d and Table S6). The corre-
sponding current density-voltage (J-V) plots are displayed in
Figure 1e and the detailed device parameters are presented in
Table 1. Besides, as shown in Figure 1f and Figure S3, the
distributions of PCE, VOC, JSC, and FF for different condi-
tions confirm the reliability of the excellent device perfor-
mance. Meanwhile, the HD-1:BTP-eC9/FTCNQ&IN
devices exhibited better storage stability in the glove box at
25 °C than that of HD-1:BTP-eC9 without any additive
(Figure S4). More importantly, the ASM-OSC based on HD-
1:BTP-eC9 show much less dependence with active layer
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thickness and still exhibits a satisfactory PCE of 15.70% up
to 320 nm (Figure S5 and Table S7).
The external quantum efficiency (EQE) spectra of the

devices were recorded to verify their different JSC, and the
calculated integrated JSC,CAL values agree well with the cur-
rent densities from J-V curves within 2% deviation range. As
shown in Figure 1g, all devices displayed similar and broad
photon-electrical response ranges extended to ~950 nm,
which can be mainly ascribed to the contribution of BTP-
eC9. Though an efficient photo-electron conversion process

already occurred in the device without any additive as sup-
ported by its high EQE values of over 80%, the enhanced
absorbance strength of the blend films processed with IN or
FTCNQ&IN contributed to the higher EQE values and thus
higher JSC,CAL values of the corresponding devices (Figure
S6).

2.3 Evidence for p-doping in active layer

Apparently, the FTCNQ-processed devices demonstrate

Figure 1 (a) Chemical structures of HD-1, BTP-eC9, and FTCNQ, respectively; (b) normalized absorption spectra of HD-1 and BTP-eC9 thin films;
(c) energy level diagrams of HD-1, BTP-eC9, and FTCNQ; (d) the state of the art ASM-OSCs with PCEs over 15% in literatures (the ball symbols represent
literature PCEs and the red star symbol represents the corresponding certified PCE in this work); (e) J-V curves; (f) PCE distributions and (g) EQE curves of
the devices with/without different additives (w/o, FTCNQ, IN, and FTCNQ & IN, respectively) (color online).

Table 1 Photovoltaic parameters and charge mobilities of optimized HD-1:BTP-eC9-based devices with/without different additives

Additive VOC
(V)

FF
(%)

JSC
(mA cm−2)

JSC, CAL
a)

(mA cm−2)
PCE b)

(%)
μh/μe

(10−4 cm2 V−1 s−1)

w/o 0.834 76.81 25.95 25.58 16.62
(16.51±0.09) 3.92/6.73

FTCNQ 0.843 79.45 25.60 25.30 17.15
(17.04±0.06) 8.73/9.95

IN 0.838 77.50 26.28 25.78 17.07
(16.90±0.12) 5.33/7.74

FTCNQ&IN 0.844 80.19 26.20 26.09 17.73
(17.60±0.09) 9.87/11.1

FTCNQ&IN c) 0.840 79.18 26.29 − 17.49 −

a) Current density calculated from EQE curves; b) average values with standard deviations obtained from 15 devices; c) certified by NPVM, Fujian, China
(see the certified report in the Supporting Information online).
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improved photovoltaic performances with the simulta-
neously improved VOC and FF while still maintaining almost
the same value for JSC. Note that FTCNQ with a low-lying
LUMO energy level (−4.80 eV) is well-known as an elec-
tron acceptor with a strong electron affinity, and its deriva-
tives have been successfully applied as p-dopants to enhance
the performance of many optoelectronic devices [39,40]. To
confirm that, the ultraviolet photoelectron spectroscopy
(UPS) experiment (Figure S7a, b) was conducted and the
results were shown in Figure 2a and Figure S7c. Compared
with HD-1 pure film, the film with FTCNQ shows a clearly
increased work function (WF) of 4.64 eV, indicating the
corresponding Fermi level (EF) down shifted. However, al-
most no WF difference is found in the BTP-eC9 films
without and with FTCNQ (Figure S7c). Besides, the suc-
cessfully doping of HD-1 by FTCNQ was also verified by
measuring the electrical conductivity of thin films [41,42].
The measured average electrical conductivities are 5.68 ×
10−6 and 8.94 × 10−6 S cm−1 for HD-1 films without and with
FTCNQ, respectively, while the electrical conductivity va-
lues almost unchanged for BTP-eC9 films with and without
FTCNQ (Figure S7d). Therefore, it can be concluded that
FTCNQ serves as an effective p-dopant for the HD-1 com-
ponent in the HD-1:BTP-eC9 blend films [43,44].

2.4 Energy loss analysis

Note the absorption pattern and range are almost completely
the same with FTCNQ and IN in the solid films (Figure S6).
Thus, to understand the difference in VOC values of all these
devices, particularly the clear increased VOC with FTCNQ
doping, their energy losses (Elosss) were investigated in de-
tail. The total Eloss can be divided into three parts according
to the detailed balance theory [45]:

( ) ( ) ( )
E E qV

E qV qV qV qV qV

E E E

=

= + +

= + + (1)

loss g OC

g OC
SQ

OC
SQ

OC
rad

OC
rad

OC

1 2 3

where Eg of these devices were determined at the intersection
of absorption and photoluminescence (PL) [46], and q is the
element charge. The first-term ( E E qV=1 g OC

SQ) represents
the unavoidable radiative loss originating from absorption
above the Eg. Here the VOC

SQ is the theoretical maximum
voltage based on the Shockley-Queisser (SQ) limit [47]. The
second-term ( E qV qV=2 OC

SQ
OC
rad) can be regarded as ra-

diative recombination loss caused by sub-gap states ab-
sorption below the Eg. VOC

rad is the open circuit voltage when
there is only radiative recombination, which could be cal-
culated from the highly sensitive EQE spectrum using the
detailed balance theory. The final part of energy loss
( E qV qV=3 OC

rad
OC) comes from the non-radiative re-

combination, which also can be calculated from the EL
quantum efficiency (EQEEL) via:

E kT= ln(EQE ) (2)3 EL

The further detailed calculations are provided in the Sup-
porting Information online.
The detailed energy losses are summarized in Figure 2c

and Table S8. Note, based on the absorption and PL spectra
as shown in Figure S8 and Table S8, the Eg of all blend films
with/without different additives are measured the same as
1.385 eV. As a result, the Eloss of devices under such four
different conditions are calculated to be 0.551, 0.542, 0.547,
and 0.540 eV, respectively. Here, the ΔE1, which is only
determined by the Eg, is equal to 0.261 eV for all devices.
Meanwhile, the incorporation of FTCNQ and IN did not
cause any additional absorption of sub-gap states in FTPS-
EQE measurement (Figure S9a), which indicates the radia-
tive recombination loss (ΔE2) of optimized devices with
doping/additive very close to the control device (~0.07 eV)
[48,49]. Thus, the non-radiative recombination loss ΔE3 is
the main reason for their difference in the VOC of all the
devices (Figure 2c). As displayed in Figure S9b, the
FTCNQ-treated device exhibited a significantly increased
EQEEL compared with the control device, indicating a re-
duced ΔE3 of 0.213 eV (Table S8). Note that molecular
doping is widely accepted as an effective way to reduce the
trap density [50], and low trap density within bulk-hetero-
junction (BHJ) OSCs could reduce the non-radiative re-
combination ratio and then decrease the energy loss of OSCs
[51–53]. Therefore, the reduced ΔE3 of the FTCNQ-treated
device should be originated from the p-doping of FTCNQ.
Meanwhile, the introduction of IN also slightly reduced the
ΔE3 to 0.221 eV, which might be caused by the improved
morphology as discussed below. Consequently, the device
treated with both FTCNQ and IN achieved the smallest ΔE3
of 0.211 eV by the synergistic improvements of electrical
properties and morphology, leading to its enhanced VOC.

2.5 Charge dynamics

The function of the photocurrent density (Jph) versus the
effective voltage (Veff) was measured to investigate the be-
haviors of exciton dissociation and charge extraction in the
OSCs according to the reported method (Figure S10a) [54].
The device treated with FTCNQ showed a slightly lower
exciton dissociation efficiencies (Pdiss) value compared with
the other three devices, which may be the reason for its
slightly reduced JSC. But the devices treated with FTCNQ, IN
or both FTCNQ and IN exhibited higher charge extraction
efficiencies (Pcoll) than the control device, which implied a
more efficient charge extraction process, supporting their
higher FFs. The light-intensity (Plight)-dependent JSC and VOC
measurements were further carried out to identify the charge
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recombination mechanism. It has been demonstrated that the
bimolecular recombination and trap-assisted recombination
can be evaluated using the power-law relations of JSC vs.
Plight

α and VOC vs. nkT/qln(Plight), respectively [54,55]. As
result, the corresponding α factors of all devices were mea-
sured and were close to unit (Figure S10b), revealing their
similar and negligible bimolecular recombination. In com-
parison to the control device with the n of 1.22 derived from
the relationship between VOC and Plight (Figure S10c), all the
other devices showed lower n values, which were 1.18, 1.20,
and 1.16 for devices with FTCNQ, IN, and FTCNQ&IN,
respectively, suggesting their suppressed trap-assisted re-
combination.
Transient photovoltage (TPV) and transient photocurrent

(TPC) measurements were conducted to evaluate the impact
of doping/additive treatments on the charge carrier lifetime
and charge extraction time of the devices (Figure 2d, e) [56].
In comparison with the control device, the introduction of
FTCNQ and IN both prolonged the charge carrier lifetime
and shortened the charge extraction time. The devices pro-
cessed with FTCNQ&IN together showed the longest charge
carrier lifetime of 115 μs and the shortest charge extraction
time 0.31 μs. Apparently, the synergistic effect of FTCNQ
and IN is much more beneficial for improving the charge
transport and charger extraction, favoring its higher JSC and
FF, simultaneously.
Besides, the hole (μh) and electron (μe) mobilities of HD-1:

BTP-eC9 films upon doping with FTCNQ, which can be
estimated by the space charge limited current (SCLC)
method (Figure S11), became clearly higher than those of
undoped pristine blend films (Figure 2f and Table 1). As

shown in Table 1, doping from FTCNQ clearly increased the
μh by 123%, from 3.92 × 10−4 cm2 V−1 s−1 in a pristine film to
8.73 × 10−4 cm2 V−1 s−1 in the FTCNQ-doped film, while an
increase of μe by 48%, from 6.73 × 10−4 cm2 V−1 s−1 in a
pristine film to 9.95 × 10−4 cm2 V−1 s−1 in the FTCNQ-doped
film. These observed improved charge mobilities should be
mainly caused by the p-doping of FTCNQ [57]. Also, the μh
and μe of the blend film treated with IN were slightly im-
proved to 5.33 × 10−4 and 7.74 × 10−4 cm2 V−1 s−1, respec-
tively, compared with those of pristine blend films due to the
improved morphology as discussed below. When combined
with the doping of FTCNQ and morphology tuning of IN
together, the μh and μe are further enhanced to 9.87× 10

−4 and
1.11 × 10−3 cm2 V−1 s−1, respectively. Besides, as compared
to the blend films without doping/additive, more balanced
charge mobilities were observed for the blend films upon
FTCNQ-doping, which can well explain their significantly
improved FFs [58].
Femtosecond transient absorption (TA) spectroscopy was

employed to investigate the charge transfer dynamics [59–
62] in the HD-1:BTP-eC9 blend films, and the corresponding
TA spectra are shown in Figure 3a–d and Figure S12. The
excitation wavelength at 824 nm was selected to only excite
the BTP-eC9, and the TA spectra of HD-1:BTP-eC9 blend
films without any additives (w/o) and treated with FTCNQ&
IN are shown in Figure 3a, b. The clear bleach peaks at 846
and 921 nm appeared in HD-1:BTP-eC9 film, corresponding
to the ground state bleach (GSB) and stimulated emission
(SE) of BTP-eC9 after photoexcitation. With the decay of
BTP-eC9 bleach peaks at 800–900 nm, a few clear GSB
peaks of HD-1 at 582 and 637 nm appeared in the transient

Figure 2 (a) WF and EF results from UPS measurement and (b) electrical conductivity distribution (20 devices) of HD-1 films with/without 2.0 wt%
FTCNQ; (c) energy loss, (d) transient photovoltage, (e) transient photocurrent measurements, and (f) charge mobility of HD-1:BTP-eC9 blend films under
different conditions (w/o, FTCNQ, IN, and FTCNQ&IN, respectively) (color online).

2375Feng et al. Sci China Chem August (2023) Vol.66 No.8



absorption spectrum, confirming the observation of hole
transfer from BTP-eC9 to HD-1. The hole transfer kinetics of
the four blends were extracted in Figure 3e. After fitting the
hole transfer kinetics, the hole transfer times of HD-1:BTP-
eC9 blend films treated without any additive, with FTCNQ,
IN, and FTCNQ&IN are 0.93 1.11, 1.26, and 0.58 ps, re-
spectively. Thus, the hole transfer of the blend films of HD-
1:BTP-eC9 treated with FTCNQ&IN is the fastest, which
agreed well with enhanced FF and JSC, thus the PCE.
However, the electron transfer dynamics are almost the same
for all the HD-1:BTP-eC9 blend films (w/o, FTCNQ, IN, and
FTCNQ&IN) (Figure 3c, d). As shown in Figure 3f, the
electron transfer times of the blend films of HD-1:BTP-eC9
treated without any additive, with FTCNQ, IN, and
FTCNQ&IN are 0.65, 0.61, 0.61, and 0.63 ps, respectively.
Therefore, the blend films with different treatments mainly
influence the hole transfer dynamics while exhibiting neg-
ligible impacts on the electron transfer dynamics.

2.6 Morphology investigation

The surface and phase separation morphologies of HD-1:
BTP-eC9 blend films were characterized by atomic force
microscopy (AFM) and transmission electron microscopy
(TEM), respectively. As demonstrated in Figure 4a–d, all
blend films were smooth with a small root-mean-square
(RMS) roughness of ~0.6 nm. While the addition of FTCNQ
effectively tuned the oversize aggregation of the HD-1:BTP-
eC9 blends. These features were observed in the transmis-
sion electron microscope (TEM) images as well (Figure
S13a–d). Compared with the control blend film, the film with
FTCNQ displayed smaller agglomerates. Meanwhile, a more

continuous interpenetrating network morphology can be
achieved in the IN-treated blend film. Afterwards, a well-
developed nanoscale bi-continuous interpenetrating network
with fibrous structure was realized in the blend film with
both FTCNQ and IN. These results indicated that both
FTCNQ and IN play a beneficial role in regulating the
morphologies, thus in favor of the charge dynamics and
better device performance.
To investigate the effect of FTCNQ and IN on the mole-

cular orientation and crystallinity, the two-dimensional
grazing incidence wide-angle X-ray scattering (2D GI-
WAXS) measurement was performed. Figure S14 shows the
2D patterns and corresponding out-of-plane (OOP) and in-
plane (IP) one-dimensional (1D) profiles for the HD-1 films
with and without FTCNQ. The detailed parameters of cor-
responding 2D GIWAXS are summarized in Table S9. The
2D patterns for the pure HD-1 film shows (010) diffraction
peaks in both in-plane (IP) and out-of-plane (OOP) direc-
tions, suggesting the coexistence of face-on and edge-on
orientations. The π-π stacking distances calculated from the
peak locations in extracted 1D profiles is estimated as
3.57 Å. The addition of FTCNQ into the HD-1 film has little
impact on the molecular packing orientations but enables a
tighter π-π stacking with a slightly smaller distance of
3.55 Å. In addition, the crystal coherence lengths (CCL)
estimated by the Scherrer equation of HD-1 film with
FTCNQ doping becomes slightly larger than the pure HD-1
film in both IP and OOP directions. However, the BTP-eC9
film with FTCNQ doping shows largely unchanged π-π
stacking distance and even smaller CCL in both IP and OOP
directions compared with BTP-eC9 pure film (Figure S15
and Table S10). These results reveal the fact that the FTCNQ

Figure 3 Femtosecond transient absorption spectra of HD-1:BTP-eC9 blend films (a, c) treated without any additives (w/o) and (b, d) treated with
FTCNQ&IN; (e) hole, and (f) electron transfer dynamics of HD-1:BTP-eC9 blend films with different treatments (color online).
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could improve the crystallinity of HD-1.
Figure 4e–i shows the 2D GIWAXS patterns and the cor-

responding 1D line cutting profiles of the HD-1:BTP-eC9
blend films, and the detailed parameters are summarized in
Table S11. In the blend film without any additives, a face-on
dominated molecular orientation is observed as evidenced by
its lamellar scattering peaks (h00) in the IP direction and π-π
stacking peak (010) in the OOP direction. After introducing
FTCNQ into the blend film, an annular (100) scattering
pattern attributed to the lamellar packing of HD-1 is ob-
served in the low q range of 0.27 Å−1, largely maintaining the
molecular stacking orientation of the HD-1 pure film, which
may result in higher phase purity and lower bulk defects [63].
As contrast, the introduction of IN hardly changes the face-
on dominated molecular orientation behaviors but improve
the crystallinity with a shorter lamellar stacking distance and
a larger CCL in OOP direction. The improvements in mo-
lecular packing and crystallinity resulting from FTCNQ and
IN can be well inherited when adopting both into the blend
film. For example, the molecular stacking orientation in the
HD-1 pure film is maintained to some extent in the blend
films with FTCNQ&IN. Besides, the CCLs of the lamellar
scattering peaks (100) in both IP and OOP direction and π-π
stacking (010) diffraction peak in OOP direction for the
blend films with FTCNQ&IN are all increased compared to
the control device, implying orderly molecular aggregation
with higher crystallinity, which are beneficial for charge
transport.

3 Conclusions

In summary, the addition of a well-known p-dopant com-
pound FTCNQ into the high-efficiency ASMOSCs system of
HD-1:BTP-eC9 not only contributed to the enhanced elec-
tronic properties (such as improved and balanced hole and
electron mobilities) but also could regulate the morphological
characters of the active layer. Consequently, the FTCNQ-
treated device offered a maximum of PCE 17.15% with im-
proved FF and reduced non-radiative recombination loss.
Meanwhile, the solvent additive of IN optimized the
morphologies, resulting in a similar PCE of over 17%. To-
gether, the synergistic effect of FTCNQ and IN could boost
the photovoltaic parameters of VOC, JSC, and FF simulta-
neously, enabling a maximum PCE of 17.73% with a certified
value of 17.49%. To our knowledge, this outstanding result is
the best for binary ASM OSCs reported so far, and compar-
able to the BTP-eC9 based binary polymer solar cells [64–
66]. These results indicate that it is highly possible, by
adopting a p-doping strategy, to simultaneously improve the
three determining parameters of VOC, JSC, and FF for an even
higher device performance of the same active material, which
is a very entangled and challenging issue in the field of OSC.
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