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Abstract: Halogenation of terminal of acceptors has
been shown to give dramatic improvements in power
conversion efficiencies (PCEs) of organic solar cells
(OSCs). Similar significant results could be expected
from the halogenation of the central units of state-of-
the-art Y-series acceptors. Herein, a pair of acceptors,
termed CH6 and CH4, featuring a conjugation-extended
phenazine central unit with and without fluorination,
have been synthesized. The fluorinated CH6 has
enhanced molecular interactions and crystallinity, supe-
rior fibrillar network morphology and improved charge
generation and transport in blend films, thus affording a
higher PCE of 18.33% for CH6-based binary OSCs
compared to 16.49% for the non-fluorinated CH4. The
new central site offers further opportunities for struc-
tural optimization of Y-series molecules to afford
better-performed OSCs and reveals the effectiveness of
fluorination on central units.

Introduction

Organic solar cells (OSCs) with successively increased
power conversion efficiencies (PCEs) have been regarded as
one of the most attractive technologies to generate renew-
able energies due to their intrinsic merits including low

cost,[1] solution processing,[2] tunable transparency[3] and
flexibility.[4] Recently, PCEs of over 18% and 19% for
binary and ternary OSCs, respectively, have been afforded,[5]

mainly resulting from extensive explorations of novel non-
fullerene acceptors (NFAs) with acceptor-donor-acceptor
(A-D-A) architectures.[6] Among them, OSCs based on the
state-of-the-art Y-series NFAs could not only undergo a
highly efficient charge generation with a very small driving
force and greatly decreased energy loss (Eloss) even below
0.50 eV, but also have a suitable morphology in the blend
films.[7] Although various chemical modifications have been
performed on Y-series NFAs so far,[5a,8] morphology opti-
mization via precise molecular structure designing to
balance the trade-off between open circuit voltage (VOC)
and short circuit current density (JSC),

[9] at the same time,
improve the fill factors (FFs) is still confronting great
challenges.[5a,8d,10]

Halogenations have been extensively employed to mod-
ify light-harvesting molecules and thus given rise to signifi-
cant performance improvement of OSCs.[11] The underlying
reasons of introducing halogens to improve device perform-
ance could be taken into consideration from two aspects.
Firstly, at single-molecular level, with the relatively high
electronegativity but small steric hindrance, halogenation
could (1) tune the energy levels and absorption of light-
harvesting materials easily;[11a] (2) strengthen donor-acceptor
(D-A) feature of molecules, thus contributing to an enlarged
molar extinction coefficients and efficient intramolecular
charge transfer (ICT).[6] On the other hand, at molecular
packing level, halogenation could (1) strengthen intermolec-
ular π–π stacking by increasing the planarity of molecules or/
and enhancing intermolecular non-covalent bond
interactions;[8d,12] (2) regulate molecular packing modes and
crystallization, thus controlling/optimizing molecular aggre-
gation behaviors.[8d,11a] All the above factors could combine
together to render a better film morphology generally, being
in favor of efficient exciton dissociations, enhanced charge
transfer/transport, suppressed recombination and thus im-
proved photovoltaic performances of OSCs.

As regard to NFAs like ITIC[13] or F analogs,[14] the main
intermolecular packing mode is “end unit to end unit”,[7a]

which can be observed from their corresponding single
crystals. Therefore, it is understandable that halogenation
engineering is mostly performed on end units to enable
more suitable film morphologies, improved photodynamic
processes and enlarged PCEs of OSCs. However, in sharp
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contrast to the major packing mode of “end unit to end
unit” in ITIC or F analogs, it is worth noting that central
units (for example, benzothiadiazole in Y6)[15] have also
been involved in molecular packings significantly and led to
an effective 3D intermolecular packing network for state-of-
the-art Y-series NFAs.[5a,7a,8c,9b] This unique 3D intermolecu-
lar packing network could not only boost efficient charge
separation/transport, but also suppress charge
recombination.[11b,16] That is why the champion PCE of over
19% has be achieved with a much smaller Eloss, which in
turn highlights the dominant role of central unit in such
highly efficient OSC’s molecular packing.[5a,7a] In light of the
great success achieved by halogenations on end units,
further improvement of OSCs could also be expected, if
performing suitable halogenation on the central units of the
already highly performed Y-series NFAs could be achieved.
Nevertheless, it is really interesting to note that the
halogenations of Y-series NFAs has been still focused on
end units[7b,11a] or side chains[17] extensively. This largely
unexplored halogenations on central units might partially be
caused by the absence of reactive sites on benzothiadiazole
central unit in current Y6 analogs, but more importantly, the
huge challenges of constructing other new central hetero-
cyclic units.

Bearing these thoughts in mind, we believe that it is
quite meaningful to construct some other new central
heterocyclic units with halogenations on them and further
reveal their largely unexplored but crucial role in tuning
molecular packing, optimizing film morphology to improve
the overall performance of OSCs. Therefore, two NFAs
(CH4 and CH6) with A-D-A feature have been constructed
with the same backbones, both featured with π extension in
the central unit constructed by phenazine conversion from
benzothiadiazole with respect to Y6,[7b] where CH6 has the
fluorination on the newly constructed central unit, compared
with CH4 without the fluorination (Figure 1a). The newly
emerging phenazine central units in CH4 and CH6 are
constructed conveniently through an efficient in situ
phenazine conversion from benzothiadiazole, thus affording
a universal method to further construct some other exotic
central heterocyclic units.[7a] With respect to that of CH4,
CH6 with extra fluorinations on central unit demonstrates
down-shifted energy levels, stronger molecular π–π interac-
tion, increased crystallinity and thus superior fibrillar net-
work morphology. As a result, benefiting from the enhanced
charge generation/transport and lower energy disorder, a
much higher PCE of 18.33% with a VOC of 0.875 V, JSC of
26.62 mAcm� 2 and an excellent fill factor (FF) of 78.4% can
be achieved for CH6-based binary OSCs, compared to that
of a PCE of 16.49%, a VOC of 0.888 V, a JSC of
26.11 mAcm� 2 and a relatively low FF of 71.1% for CH4-
based binary OSCs. Moreover, an excellent PCE of 16.52%
with a VOC of 0.873 V, JSC of 25.43 mAcm

� 2 and FF of
74.4% can be also achieved by CH6-based OSCs with 1 cm2

active area, qualifying as one of the best 1 cm2 OSCs thus
far.[8a,18] Our work has afforded a method to construct novel
central units with more chemical active sites and reveals the
crucial role of central unit fluorination in boosting PCEs of
OSCs, especially for the state-of-the-art Y-series NFAs.

Results and Discussion

The extra fluorinations on central unit should have an effect
on the frontier molecular orbitals of NFAs, thus density
functional theory (DFT) calculation was firstly resorted to
unveil the variation of energy levels, orbital distributions,
etc. As shown in Figure 1b, after fluorination on central unit
of phenazine, an obvious dipole moment of 2.38 Debye can
be afforded for the central unit comparing to that of 0
Debye without fluorination, which is due to the huge
electronegativity of fluorine atoms. Meanwhile, due to the
large electronegativity of fluorine atoms, an increased
electrostatic surface potential of 2,3-difluorophenazine and
the both down-shifted highest occupied molecular orbitals
(HOMOs) and lowest unoccupied molecular orbitals (LU-
MOs) energy levels for CH6 can been observed, comparing
to that of CH4.[19] As a result, the HOMO and LUMO
energy levels of CH6 downshift by 70 and 50 meV,
respectively, with respect to that of CH4 (Figure S1). Note
that the relatively larger change of HOMO is caused by the
fluorination on central unit, while relatively smaller impact
was observed on the LUMOs. This is also consistent with
the clear A-D-A feature of CH4 and CH6, which can be
indicated by the characteristic peak-valley-peak plots for
their frontier orbital charge density differences (ΔQ) on
molecular backbone in the longest direction (Figure 1c and
Figure S2).[6] As it has been proposed before, such an A-D-
A feature of NFAs could endow NFAs with enhanced
molecular packing, better exciton separation and charge
transport, smaller energy losses, and thus greatly improved
performance for OSCs compared with other types of
molecules.[6]

The synthetic routes to CH4 and CH6 were displayed in
Figure 1d and Scheme S1. The detailed procedures and
characterizations were described in Supporting Information.
Taking the donor construction of CH4 as an example
(Figure 1d), the challenging but indispensable conversion of
phenazine from benzothiadiazole was generally achieved by
an in situ method through two unstable intermediates 1a
and 1b,[7a] which provides a novel route to further construct
some other exotic central heterocyclic units. In details, a
feasible reductive reaction was conducted firstly to generate
intermediate 1a, which could undergo a subsequent oxida-
tion reaction to yield intermediate 1b due to the highly
electron-rich feature of 1a. At last, a condensation between
1b and commercially available benzene-1,2-diamine could
afford the donor of CH4 with an excellent overall yield of
81%.

In order to evaluate the experimental energy levels of
CH4 and CH6, the cyclic voltammetry (CV) has been
conducted (Figure S3 and S4). As shown in Figure 1e, both
HOMO and LUMO energy levels of CH6 downshift due to
the large electronegativity of fluorine atoms, being � 5.68
and � 3.85 eV respectively, comparing to that of � 5.64 and
� 3.83 eV for CH4. Note that the relative alignment of
frontier molecular orbital energy levels obtained from CVs
are consistent well with that predicted by DFT calculations
(Figure S1). The maximum absorption peaks of CH6 in
dilute chloroform solution and neat film locate at 742 and
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806 nm, respectively, blue-shifting by 10 and 5 nm with
respect to that of 752 nm in solution and 811 nm in solid film
for CH4 (Figure 1f). This should be attributed to the
electron-withdrawing fluorine atoms on central unit of CH6,
which downshifts the HOMO energy level significantly and
gives rise to a larger energy band gap of 1.83 eV than that of
1.81 eV for CH4 derived from CVs. More interestingly, an
obviously larger redshift (Δλ) of 64 nm has been observed
when varying from solution to film for CH6 with respect to
that of 59 nm for CH4, indicating the stronger intermolecu-
lar π–π stacking caused by fluorination on central unit.[20] In

addition, the relatively sharp absorption edge for CH6 in
low energy region can be indicated by the enlarged slope
(� 0.014 for CH6 and � 0.012 for CH4), suggesting a lower
energy disorder in blend films which will be further
discussed below.[21] Moreover, both CH4 and CH6 exhibit an
excellent thermal stability with a decomposition temperature
over 330 °C, measured by the thermal gravimetric analysis
(TGA) (Figure S5). The corresponding detailed physico-
chemical data was summarized in Table S1.

To further evaluate the influence of fluorination on
central unit on device performance, OSCs with a conven-

Figure 1. a) Molecular structures of CH4 and CH6. b) electrostatic surface potential (ESP) maps of central units for CH4 and CH6. c) Theoretical
density distribution ΔQ (ΔQ=Ψ2

LUMO� Ψ
2

HOMO) along the longest axis (backbone) of CH6. d) Synthesized route to the key central unit of CH4.
e) Energy level diagram of PM6, CH4 and CH6 derived from CVs. f) Normalized absorption spectra.
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tional architecture of ITO Glass/PEDOT:PSS/BHJ layer/
PNDIT-F3N/Ag have been fabricated. Among them, poly-
meric donor PM6[22] (Figure S6) with matched energy levels
and complementary absorption (Figure 1e and 1f) was
selected to blend with CH4 and CH6. A champion PCE of
18.33% was afforded by CH6 based OSCs along with a VOC
of 0.875 V, JSC of 26.62 mAcm

� 2 and FF of 78.4% (Figure 2a
and Table 1), much better than that of 16.49% for its CH4
counterpart which has a slightly larger VOC of 0.888 V but
inferior JSC of 26.11 mAcm

� 2 and FF of 71.1%. Figure 2b
displays the PCE distribution histogram of 15 independently
measured OSCs (detailed device parameters in Table S2 and
S3), exhibiting the evidently higher average PCEs for CH6

based OSCs. Note that the approximate 20% improvement
in PCE has been achieved by CH6 based OSCs compared
with that of CH4, which should mainly be contributed to its
significantly improved JSC and FF. Although the blue-shifted
absorption of CH6 renders a slight narrower range of
external quantum efficiencies (EQEs) spectra (Figure 2c),
the overall higher EQE values, especially in low energy
region, still render a larger integrated current density of
25.87 mAcm� 2 for CH6 based OSCs compared to that of
25.45 mAcm� 2 for CH4 based one. The �0.5 mAcm� 2

enlarged integrated JSC for CH6 based OSCs comparing to
that of CH4 is in good agreement with the JSC derived from
J–V curves in Figure 2a. The enlarged EQE values of CH6

Figure 2. a) J–V curves of the devices based on PM6:CH4 and PM6:CH6. b) Histogram of the PCEs of OSCs, fitted with Gaussian distributions
(solid lines). c) EQE curves of the devices based on PM6:CH4 and PM6:CH6. d) VOC× JSC vs FF of CH6 based and CH4 based 15 independently
measured OSCs. e) Jph versus Veff curves. f) Photoluminescence spectra of neat and blend films.
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should be ascribed to the more efficient charge generation/
collection discussed below. As will be also discussed below
in details, the simple fluorination on central unit of CH6 has
caused more ordered molecular packing, leading to lower
energy disorder and an increased charge mobility, all of
which should account for the greatly improved FF for CH6
based OSCs. In addition, the slightly inferior VOC of CH6
based OSCs is consisted with its downshifted LUMO energy
level comparing to that of CH4 (Figure 1e). As presented
intuitively in Figure 2d, a remarkable improvement of VOC×
JSC for CH6 based OSCs indicates that a more balanced
trade-off between VOC and JSC has been achieved.

Given the great importance of large-area processing in
industrial applications, OSCs with 1 cm2 active area were
also fabricated based on CH6. By using the same fabricating
condition with small devices, an excellent PCE of 16.52%
with a VOC of 0.873 V, JSC of 25.43 mAcm

� 2 and FF of
74.4% can be achieved, qualifying as one of the best 1 cm2

OSCs thus far.[8a,18] The corresponding J–V and EQE curves
were presented in Figure S7.

As we have discussed above, fluorinations on central
unit could result in a much better device performance, which
should be determined by the related superior light dynamic
processes in OSCs. Therefore, the charge generation, trans-
port and recombination behaviors in both CH4 and CH6
based devices were also characterized. As displayed in
Figure 2e, CH6 based OSC could afford an excellent exciton
dissociation efficiency (Pdiss) of 97.86% and charge collec-
tion efficiency (Pcoll) of 89.16%, both of which are better
than that of 96.96% for Pdiss and 85.05% for Pcoll in the CH4
control devices.[23] This partially accounts for the enlarged
EQE values for CH6 based OSCs mentioned above. The
improved Pdiss in CH6 based OSCs may be determined by
the downshifted HOMO energy level of CH6, which gives
rise to a larger driving force in theory for exciton
dissociation.[24] This is also consistent with the higher photo-
luminescence quenching yield (ηPLQ) of 94% for PM6:CH6
blends compared with that of 88% for PM6:CH4 (Fig-
ure 2f). Whereas the greatly enlarged Pcoll should be
attributed to the higher and more balanced μe/μh ratio for
PM6:CH6 blends (Figure S8 and Table S4).[25] Based on the
space-charge limited current (SCLC) model, CH6 based
device shows both higher hole/electron mobilities of 2.58×
10� 4/4.19×10� 4 cm2 V� 1 s� 1 than those of 1.50×10� 4/3.05×
10� 4 cm2 V� 1 s� 1 for CH4, further affording a more balanced
μe/μh ratio of 1.62 for PM6:CH6 blend with respect to that of
2.03 for PM6:CH4 blend (Figure S8 and Table S4). In

addition, from the dependence of JSC and VOC on light
intensity in Figure S9, the S/(kT/q) (1.14 for CH4 and 1.13
for CH6) and α (0.982 for CH4 and 0.987 for CH6) are quite
similar and near to unit, indicating the charge recombination
in blend films was suppressed significantly.[23,26] The detailed
photodynamic parameters were summarized in Table S4.

In light of the dominant role of film morphologies in
achieving favorable photodynamic in OSCs, Grazing inci-
dent wide-angle X-ray scattering (GIWAXS) measurements
were performed to unveil the molecular packing behaviors
and orientations (Figure 3a and b).[27] Given that central
units in Y-series NFAs have been verified to participate in
molecular packing extensively,[7a,15a] thereby it can be
expected that fluorinations on central unit of CH6 could
also make a difference in molecular packings. As illustrated
in Table S5, both CH4 and CH6 neat and blend films
displayed a strong (010) diffraction peak in out-of-plane
(OOP) direction and a (100) diffraction peak in in-plane
(IP) direction, suggesting both the preferable face-on
molecular stacking orientation. Note that the (010) diffrac-
tion peak in OOP direction for PM6:CH6 blend locates at
1.73 Å� 1 with a smaller π–π packing distance of 3.63 Å than
that of 3.76 Å (corresponding to a diffraction peak of
1.67 Å� 1) for PM6:CH4 blend, suggesting fluorinations on
central units could enhance molecular π–π stacking and
further facilitate intermolecular charge transfers. The en-
larged crystal coherence length (CCL) of 24.5 Å for (010)
diffraction peak in OOP direction and 78.5 Å for (100)
diffraction peak in IP direction can be achieved by PM6:
CH6 blend, with respect to that of 19.1 and 60.8 Å for PM6:
CH4 blend, respectively. The more ordered molecular
packing or better crystallinity for CH6 should be caused by
fluorinations on central unit and also in good accordance
with the larger slope afforded by the UV/Vis spectrum
(Figure 1f) and increased root-mean square (RMS) rough-
ness of 0.93 nm (0.81 nm for CH4 blends) observed from
atomic force microscopy (AFM) images in Figure 3c.[28] In
addition, a clear fibrillar network morphology of PM6:CH6
blend can be observed, which may contribute to the more
efficient charge generation/transport and thus improved JSC
and FF for CH6 based OSCs as we have discussed above,[29]

demonstrating the vital role of fluorinations on central unit
in morphology optimization. Furthermore, the slightly
reduced miscibility between CH6 and PM6 donor than that
of CH4 evaluated by their Flory-Huggins interaction param-
eter χ (0.27 and 0.22 for CH6 and CH4 based systems,
respectively, see Figure S10 and Table S6 for the details)

Table 1: Summary of device parameters for optimized OSCs.[a]

Active layer VOC

[V]
JSC
[mAcm� 2]

Calc. JSC
[b]

[mAcm� 2]
FF
[%]

PCE
[%]

PM6:CH4 0.888
(0.888�0.003)

26.11
(25.87�0.16)

25.45 71.1
(69.9�0.7)

16.49
(16.06�0.17)

PM6:CH6 0.875
(0.878�0.001)

26.62
(26.56�0.09)

25.87 78.4
(77.6�0.3)

18.33
(18.12�0.08)

[a] Statistical and optimal results are listed in parentheses and outside of parentheses, respectively. The average parameters were calculated from
15 independent devices. [b] Current densities calculated from EQE curves.
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also indicates the improved crystallinity for CH6 caused by
fluorinations on central units.[30]

In order to investigate the influence of central unit
fluorination on Eloss of OSCs, the detailed energy loss
analysis of CH4 and CH6 based OSCs were carried out. As
presented in Figure 4a, the total Eloss can be determined by
the following equation: Eloss=Eg� qVOC (Eg represents the
optical band gap and q is the elementary charge) and
divided into three parts: ΔECT, qΔVr and qΔVnr.[31] Among
them, ΔECT is the energetic difference between the singlet
excited and charge-transfer (CT) states, which is essential
for the efficient exciton separation. qΔVr and qΔVnr
represented the inevitable radiative and non-radiative
recombination energy losses, respectively. The detailed data
of ΔECT, qΔVr and qΔVnr were measured and summarized in
Table S7 and the details of measured method were described
in Supporting Information.

By analyzing the cross-point of normalized PL and UV/
Vis spectra of neat films,[32] Eg can be estimated as 1.40 and
1.41 eV for CH4 and CH6, respectively (Figure S11). In
combination with VOCs of OSCs, the corresponding total
Elosses can be determined to be 0.51 eV for PM6:CH4 based
OSCs and 0.53 eV for PM6:CH6 based one (Figure 4b). The
similar Elosses of CH4 and CH6 based OSCs make them
ranking among the smallest Eloss systems,

[5,7, 8a] especially in
high-efficiency PCE systems,[5a,7a] indicating great potentials
for further structural or device optimization to improve the
PCEs of resulting OSCs.

As it is well known, EQE spectra in low energy region
are determined by the absorption of CT states, thus the ECTs
of CH4 and CH6 based OSCs can be estimated to be 1.36

and 1.35 eV, respectively, by fitting the corresponding highly
sensitive EQEs (sEQE) and electroluminescence (EL)
spectra (Figure 4c and d).[31] The corresponding ΔECT can be
afforded through the equation: ΔECT=Eg� ECT, being 0.04
and 0.06 eV for CH4 and CH6, respectively. Note that the
larger ΔECT of CH6 based OSC could usually afford a larger
driving force for exciton separation in theory,[31a] which is
consisting with its higher charge generation efficiency
analyzed above. Nevertheless, based on the recently devel-
oped three-state model,[33] a smaller ΔECT may contribute to
a potential hybridization between local exciton (LE) and CT
states and thus resulting in a relatively lower non-radiative
recombination rate for CT state through a possible mecha-
nism of intensity borrowing or the energy transfer from CT
to LE states.[34] As a result, qΔVnr for CH4 based OSCs is
slightly lower than that of CH6 based one (0.21 vs 0.23 eV
for CH4 and CH6, respectively), as indicated by the lower
EQEEL values of 0.87×10

� 4 for CH6 with respect to that of
2.33×10� 4 for CH4 based devices (Figure S12). Furthermore,
the slightly suppressed qΔVr (0.25 eV) for CH6 comparing
to CH4 (0.26 eV) based devices should be ascribed to the
lower energetic disorder for PM6:CH6 blend,[21,35] which can
be indicated by the decreased Urbach energy (EU) values of
21.2 meV for PM6:CH6, comparing to that of 22.3 meV for
PM6:CH4 (Figure S13). Note that the lower EU for PM6:
CH6 blend than that of PM6:CH4 is also in accordance with
its sharper absorption edge (Figure 1f), enlarged CCL and
enhanced crystallization. Generally, although the total Eloss
of OSCs based on CH6 with central unit fluorinations
enlarged slightly with respect to that of OSCs based on
CH4, a better trade-off between tangle JSC and VOC can be

Figure 3. a) 2D GIWAXS patterns and b) corresponding 1D line-cuts of optimized CH4 and CH6 based neat and blend films. c) AFM height and
phase images CH4 and CH6 based blend films.
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still achieved due to the superior film morphology for CH6.
As a result, a much higher PCE for CH6 based OSCs was
afforded along with a greatly improved FF, highlighting the
great potential of central unit halogenations to further boost
device performances.

Furthermore, considering possible fitting error of CT
state in high-efficiency NFA-based OPV system without
obvious CT-state features, we also categorized Eloss into
three contributions (Eloss=ΔE1+ΔE2+ΔE3) based on the
SQ limit theory which does not directly depend on CT-state
energy.[32,36] Among them, ΔE1 and ΔE2 are the radiative
recombination energy losses above and below the band gap
of the active layer,[32] respectively. ΔE3 represents the non-
radiative recombination energy losses, which is relevant to
qΔVnr mentioned above.[31b] The detailed data of ΔE1, ΔE2

and ΔE3 were measured and summarized in Table 2 and the
details of measured method were described in Supporting
Information. Based on Table 2, we can find that ΔE1
(0.26 eV) and ΔE2 (0.04 eV) are the same for both the CH4
and CH6 based solar cells. As a result, the slightly lower Eloss
for OSC based on PM6:CH4 than that of PM6:CH6 based
one should be mainly due to the reduced non-radiative
recombination energy losses (ΔE3). which is consistent with
the discussed results concluded by fitting CT state above.

Conclusion

Two A-D-A type NFAs termed CH4 and CH6 have been
constructed with the same backbones, but fluorination only

Figure 4. a) A schematic diagram of Eloss related parameters. b) Detailed Eloss of CH4 and CH6 based devices. c) and d) Sensitive external quantum
efficiency (sEQE) spectra and the fitting results for the relevant devices.

Table 2: Total energy loss values and different contributions in solar cells based on the SQ limit theory.

Active layer Voc

[V]
Eg

[a]

[eV]
VSQOC

[b]

[V]
V radOC

[b]

[V]
ΔE1

[c]

[eV]
ΔE2

[d]

[eV]
ΔE3

[e]

[eV]
Eloss

[f ]

[eV]

PM6:CH4 0.89 1.40 1.14 1.10 0.26 0.04 0.21 0.51
PM6:CH6 0.88 1.41 1.15 1.11 0.26 0.04 0.23 0.53

[a] Eg is estimated by the cross-point of normalized absorption and emission spectra of neat film. [b] VSQOC is the upper limit for the Voc of the solar
cell derived in the Shockley–Quessier theory. VradOC is the radiative recombination limit for the Voc of the solar cell, which can be determined by the

equation:[32] VSQOC ¼
kT

q ln
JSQSC

JSQ
0

þ 1
� �

ffi
kT

q ln
q�

R
þ∞

Eg
;AM1:5G Eð ÞdE

q�

R
þ∞

Eg
;BB Eð ÞdE

� �

and V radOC ¼ΔE3/q+Voc; [c] DE1 ¼ Eg � qVSQOC; [d] DE2 ¼ qVSQOC � qV radOC; [e]

DE3 ¼ kTln
1

EQEEL

� �
;[31b] EQEEL values for CH6 and CH4 based devices is 0.87×10� 4 and 2.33×10� 4, respectively. [f ] Eloss=ΔE1+ΔE2+ΔE3.

[32]
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of the central unit of CH6, affords a platform with multiple
chemical modification sites for further structural optimiza-
tion on the state-of-the-art Y-series NFAs to construct
better-performed OSCs. A systematic investigation revealed
the dominant role of fluorination of the central units (not
only of end groups) in I) tuning molecular energy levels
effectively; II) forming superior fibrillar network film mor-
phologies through enhancing intermolecular π–π interaction,
increasing molecular packing order and crystallinity; III) fa-
acilitating efficient charge generation/transport in blend
films with a lower energy disorder; and IV) addressing the
trade-off among tangle JSC and VOC, and also improving FF
to achieve high-performance OSCs. As a result, a PCE of
18.33% was achieved by CH6 based binary OSCs compared
to that of 16.49% for CH4 without central-unit fluorination.
Moreover, a high PCE of 16.52% can be further afforded by
CH6 based OSCs with 1 cm2 active area, demonstrating the
great prospects in large-area devices for industrial applica-
tion. Our work highlights the effectiveness of halogenation
of central units, especially for the state-of-the-art Y-series
NFAs, to boost PCEs of OSCs and will stimulate the further
explorations for novel heterocyclic central units with halo-
gen substitution.
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Central Unit Fluorination of Non-Fullerene
Acceptors Enables Highly Efficient Organic
Solar Cells with Over 18% Efficiency

A series of CH molecules with newly
modification site on central unit of Y-
series electron acceptors has been de-
signed and synthesized to afford better-
performed organic solar cells (OSCs).
Further fluorination on the largely unex-
plored central unit enabled significantly
improved photovoltaic performance with
over 18% efficiency for CH6-based bina-
ry OSCs..
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