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Although much progress has been made in the field of organic photovoltaics (OPVs), the design of active
layer materials is generally based on a trial-and-error approach. It is still a challenge to rationally design
active layer materials to further improve OPV performance. Herein, guided by a semi-empirical model
that we have proposed, two new small-molecule acceptors, named F-2F and FO-2F, were designed and
synthesized based on the acceptor F-H. F-2F, having a difluoro-substituted end group, showed
absorption red-shifted relative to that of F-H, but still far from the range required in the semi-empirical
model. Thus, we performed subtle molecular optimization by inserting an oxygen atom into the
backbone of F-2F to design FO-2F, which exhibited much greater red-shifted absorption, close to the
preferred absorption range of the semi-empirical model. When blended with the donor polymer PM6, an
OPV device based on FO-2F achieved an impressive PCE of 15.05% with a V. of 0.878 V, a Js. of 22.26
mA cm~2 and a notable FF of 0.77. Both the V. and Js values were within the predicted range of the
model. These results showed the FO-2F molecule to be a new example of an acceptor yielding a PCE
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Introduction

Organic photovoltaics (OPVs) have attracted great attention as
forming one of the most promising classes of renewable energy
platforms owing to their advantages of low cost, light weight,
flexibility and roll-to-roll manufacturing capability.’ In the
past few years, ever better power conversion efficiencies (PCEs)
of OPVs have been frequently reported, and have reached
exciting values of 16-18%.*"® These remarkable results are
mainly attributed to the design of new and better active layer
materials, together with improved understanding of the OPV
mechanism and device optimization."””*" Notably, with their
easily tunable absorption and energy levels, nonfullerene
acceptors (NFAs), especially small molecules with the acceptor-
donor-acceptor (A-D-A) architecture, have played a critical role
to boost the performance of OPVs.?”*! In fact, the star NFA Y6
could also be arguably regarded as an A-D-A-type molecule,
based on careful comparisons of its electron cloud distribution
with those of other typical A-D-A molecules such as ITIC, 5T,
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greater than 15%, an achievement previously restricted nearly entirely to the Y6 series.

and F-H.**** To date, except for only a very few cases,*** the
OPV devices with efficiency values of over 15% are all based on
Y6 and its derivatives.*”'*11133%41 Although PCEs of 16-18%
have been achieved for Y6-based devices, there is still much
room for improving OPV performance according to many
theoretical predictions."»**»** In addition, in the view of the vast
diversity of chemical structures of organic materials, there is no
doubt that more molecules yielding performances better than
those of Y6 derivatives could be designed through rational
design'14,35,38,44,45

Previously, we presented a semi-empirical model to predict
the PCEs of two terminal tandem OPVs and have used it as an
effective guideline for the screening of active layer materials and
design of tandem devices." In fact, the semi-empirical model
can also be used to design active layer materials for single-
junction devices (see details in ESIf). As shown in Fig. 1a,
a high efficiency of 20% could be reached for a single-junction
device if all of the parameters, including fill factor (FF), open-
circuit voltage (V,), short-circuit current density (Js.), and
voltage loss (Ejess), could be optimized simultaneously. For
example, with an Ej.¢ of 0.55 eV, an average value for state-of-
the-art OPVs,*”*® PCEs of 16-18% can be achieved with an
active layer absorption onset (Aonser) Of about 860-930 nm,
average EQE of 70-80% and FF of 80%. Note the desired optimal
parameters include a V,. of 0.89-0.78 V and J. of 22.13-28.20
mA cm 2. Clearly, absorption onset should be the first param-
eter considered when designing the molecule, in particular

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 (a) Predicted PCEs vs. E\oss and active layer absorption onset (Aonset). With an assumed average EQE of 80% and FF of 0.80 for single-
junction OPVs based on semi-empirical analysis (see ref. 14 and ESIT for more details). (b) The chemical structures of F-2H, F-2F and FO-2F.

since other parameters such as Ej.s, EQE and FF are directly
related to device fabrication and optimization. Furthermore, as
shown in Fig. 1a, there exists a trade-off between Ej,ss and
absorption onset, which can affect V,. and Js. Although the
detailed mechanism behind Ej,, remains unclear, much
progress has been made in this regard and has shown that the
energy offset between donor and acceptor materials plays
a critical role for Ej,s.*® Therefore, controlling the energy levels
of the donor and acceptor in the active layers should be
considered simultaneously. Of course, controlling the
morphology is as important as controlling the absorption and
energy levels, but is still a great challenge for the OPV
community.””*®* While the device results of the Y6 series are
quite consistent with the above model analysis, it is worth
noting that there is still much room for achieving better mate-
rial design according to comparisons of the parameters of Y6
with the optimal ones obtained based on the semi-empirical
analysis.

In one of our previous works, we designed an acceptor,
named FDICTF (F-H),* displaying a PCE of 10.06%, a V,. of
0.94V, aJ, 0of 15.81 mA cm™ 2 and an FF of 0.66. The Agpset Of F-H
was shown to be ~760 nm, which is the main limit for its
performance according to the above semi-empirical analysis. In
fact, using the semi-empirical model, its derivative F-M was
designed and successfully used as the front cell material in the
fabrication of a high-performance tandem solar cell with a PCE
of 17.3%." From the perspective of single-junction devices, F-H
displays a high V,,. and FF, but its A,sec of 760 nm is far from the
preferred absorption range of 860-930 nm. For the state-of-the-
art NFA-based OPVs, the donor and acceptor absorb light at the
short- and long-wavelength regions, respectively. Thus, the
absorption onset of the active layer is determined by the
acceptor—and F-H hence has the potential to be used as
a “leading compound” to design better acceptors for high-
efficiency single-junction devices if its absorption can be red-
shifted to the preferred range, while keeping a balanced V.
and maintaining or improving the FF.

Bearing these issues in mind, we designed two A-D-A-type
molecules, denoted as F-2F and FO-2F, from F-H based on the
guidelines of the above semi-empirical model (Fig. 1b). By
introducing a difluoro-substituted end group to obtain F-

This journal is © The Royal Society of Chemistry 2020

2F*¢?%% and further inserting an oxygen atom into the backbone
of F-2F to obtain FO-2F,**° the Ay,se: Was shifted from 760 to
776 and 845 nm successively, with this 845 nm value being very
close to the preferred values for high-performance single-
junction devices. Note one principle in our design was that we
aimed to make minimum changes to the structure, particularly
to the molecular backbone, as the initial compound F-H had
already demonstrated a promising device performance with
a high Vv, and decent FF, albeit relatively low j;. owing to the
inefficient absorption range with an Agpger Of 760 nm.*
Following this principle would make it more likely that the new
molecules have morphologies similar to that of F-H and thus
maintain the high fill factor and low E,.. Indeed, as expected,
with device optimization, the FO-2F-based OPV achieved an
impressive PCE of 15.05% with a V. of 0.878 V, a Js. of 22.26 mA
cm ™2 and a notable FF of 0.77, when combined with the suitable
donor material PM6. These results demonstrated that high-
performance active layer materials can be designed based on
the guidelines of the semi-empirical model.

Results and discussion
Syntheses and thermal properties

The synthetic routes to F-2F and FO-2F are shown in Scheme
S1.f The detailed procedures and characterizations are
summarized in ESL.} The chemical structures of F-2F and FO-2F
were characterized and confirmed from the results of "H/**C
nuclear magnetic resonance (NMR) spectroscopy and high-
resolution mass spectrometry (HRMS) analyses. These two
molecules exhibited good levels of solubility in common
organic solvents, such as dichloromethane, chloroform and
chlorobenzene. According to acquired thermogravimetric
analysis (TGA) curves, shown in Fig. S2, F-2F and FO-2F
showed good thermal stability with high decomposition
temperatures (Tq) of 327 and 329 °C, respectively.

Optical absorption and electrochemical properties

The ultraviolet-visible (UV-vis) absorptions of F-H, F-2F and FO-
2F in chloroform solution and thin film are shown in Fig. 2a and
S3, and some detailed data are summarized in Table 1. As
shown in Fig. S3, F-2F in a chloroform solution exhibited an
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Fig.2 (a) Normalized absorption spectra of the as-cast films of F-H and F-2F, and the TA film of FO-2F. (b) Energy level diagram of the solar cell.
(c) Current density—voltage (J-V) and (d) EQE curves of the optimized devices.

absorption peak (Anax) at 678 nm, clearly red-shifted compared
with that of F-H (Ayax = 665 nm). The solution of FO-2F, having
further an O inserted in the bridge unit, showed a more red-
shifted absorption, with a Ayn.x of 696 nm. Compared with
their solution absorptions, the absorptions of the as-cast solid
films of F-2F and FO-2F were substantially red-shifted, by 25 and
32 nm, with their absorption onsets (Aonser) shifted to 776 and
813 nm, respectively. Though the A, values of these two
materials were still not close to the preferred values indicated in
the semi-empirical model, the FO-2F film showed a further red-
shifted absorption, by 56 nm, after thermal annealing (TA), with
its Aonset Shifted to 845 nm. Note that this A,nser Was quite close
to the preferred values required for high-performance single-
junction cells as indicated in the model analysis above
(Fig. 1a). The significant redshift after annealing was ascribed to
the strong and ordered molecular packing of FO-2F as discussed
below. Interestingly, the F-2F film unexpectedly showed no clear

Table 1 Optical and electrochemical data for F-H, F-2F and FO-2F

redshift after TA treatment. The absorption spectra of PM6:F-2F
and PM6:FO-2F blend films are shown in Fig. S4.F

The energy levels of F-2F and FO-2F were investigated by
taking electrochemical cyclic voltammetry measurements
(Fig. S51). As shown in Table 1, the HOMO/LUMO levels for F-2F
and FO-2F were determined to be —5.78/—3.89 and —5.72/
—3.94 eV, respectively. Compared with those of F-H (—5.43/
—3.71 €V), the energy levels of F-2F and FO-2F were found to be
all downshifted, with and the bandgap having become narrower
as expected.”®*®* These results were consistent with the calcu-
lated HOMO/LUMO energy levels of F-2F (—5.65/—3.45 eV) and
FO-2F (—5.55/—3.48 eV), respectively.

Meanwhile, theoretical calculations were performed using
density functional theory (DFT) at the B3LYP/6-31G* level to
study their optimal geometric configurations. The results of
these calculations showed both F-2F and FO-2F adopting
conformations, including planar backbones, quite similar to

Comp. 2598, [nm] 2 [nm] HOMO [eV] LUMO [eV] Jonset [nM] EP™ [eV]
F-H® 665 689 —5.43% —3.71° 760 1.63
F-2F 678 703 —5.78 —3.89 776 1.60
FO-2F 696 728 (784)° —5.72 —3.94 845 1.47

“ The optical bandgap estimated from the absorption onset. > Data were obtained from ref. 35. ¢ Absorption data with TA at 130 °C for 10 min.
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those of F-H (Fig. S6t), following our design principle
mentioned above of minimizing structural changes and main-
taining similar morphologies for these molecules in the solid
state.

Photovoltaic properties

To evaluate the photovoltaic properties of F-2F and FO-2F, OPV
devices using them as active layers were fabricated with an
inverted structure of indium tin oxide (ITO)/ZnO/PFN-Br/active
layer/MoO,/Ag (Fig. 2b). PM6 was selected as the donor due to
its absorption being complementary to, and its energy levels
matching, those of the two acceptors. The detailed results for
device optimization are provided in ESI (Tables S1 and S2);t the
optimal weight ratio of donor to acceptor was 1 : 1. The opti-
mized photovoltaic parameters of F-2F and FO-2F together with
that for F-H as comparison are summarized in Table 2, and the
corresponding J-V characteristics are shown in Fig. 2c. As
shown in Table 2, the optimized F-2F-based device showed
a PCE of 12.93% with a V. of 0.941 V and J,. of 18.54 mA cm 2.
A significantly higher PCE of 15.05%, with a V,,. of 0.878 V, high
Jsc of 22.26 mA cm ™2 and notable FF of 77.0%, was achieved for
the FO-2F-based device. These results showed the performances
of F-2F and especially FO-2F, along with those of the Y6 series,
to be among the best in this field.

The considerably better performance displayed by FO-2F
than by F-H and F-2F deserves some discussion. As described
above, the main limit for F-H has been indicated to be its
absorption. By introducing F into the end group and inserting O
into the backbone, the absorption was red-shifted significantly,
with Aonser changing from 760 to 776 and 845 nm successively,
and correspondingly J;. becoming much enhanced (from 15.81
for F-H to 18.54 for F-2F and 22.26 mA cm ™~ for FO-2F). The V.
values measured for these three compounds were 0.940, 0.941
and 0.878 V, respectively. The relatively poor V,. for FO-2F,
compared to that for F-H, was made up for by its relatively
good Js. It is worth noting that the FFs resulting from these
three compounds were found to be similar, albeit with modestly
higher values for F-2F and especially FO-2F, attributed to the
similarities in their structures and morphologies (discussed
below). Taken together, the final designed compound FO-2F
demonstrated values of the parameters Aonset, FF, Vo, Jsc OVer-
all close to those of the desired optimal materials discussed
above.

The improved and high performances of F-2F and especially
FO-2F, relative to that of F-H, were also indicated by their

Table 2 Photovoltaic parameters of F-2F-, FO-2F- and F-H-based
optimized devices under AM 1.5G (100 mW cm™2) illumination

Device Vo [V] Jse[mAcem™®] FF% PCE% Eloss (€V)
F-2F 0.941  18.54 741 12.93 (12.75)*  0.66
FO-2F  0.878  22.26 77.0  15.05 (14.69)*  0.59
F-H® 0.940  15.81 66.0  10.06 (9.81) 0.69

“ The average PCEs provided in parentheses were obtained from 10
devices. ? Data were obtained from ref. 35.

This journal is © The Royal Society of Chemistry 2020
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external quantum efficiency (EQE) levels, shown in Fig. 2d. The
high J,. of the FO-2F-based device was attributed to its efficient
photo-electron response up to the region of ~850 nm,
comparing to only 760 nm for F-H and 776 nm for F-2F. Thus,
relative to that of the F-H device, the integrated J,. values of the
F-2F and FO-2F devices determined from the EQE curves were
improved to 18.06 and 21.61 mA cm ™, respectively, values in
good agreement with the J,. values from the j-V measurements,
and the deviations were within 5%.

The charge generation and charge recombination behavior
in the optimal PM6:F-2F- and PM6:FO-2F-based devices were
also investigated. Curves of photocurrent (/) versus effective
applied voltage (Ves) were acquired, and are shown in Fig. 3a.
The charge dissociation probability could be estimated with the
value of Jyn/fsar.® Under short-circuit conditions, the Jpn/Jsat
values for the F-2F- and FO-2F-based devices were determined to
be 97% and 96%, respectively. Under maximal power output
conditions, the values of J,,//sac were both 87% for the F-2F- and
FO-2F-based devices. These values are higher than those for the
F-H-based device® (91% under short-circuit conditions and
74% under maximal power output conditions). The results
demonstrated more effective exciton dissociation and charge
collection for the F-2F- and FO-2F-based devices. In order to
further study the charge recombination properties in the
devices, the light-intensity (P) dependence of J,. was also
measured® (Fig. 3b). The « values for the devices based on F-2F
and FO-2F were determined to be 0.984 and 0.991, respectively,
higher than that of the F-H-based devices (0.957).°” According to
the power-law equation Js. « P* the a values close to 1 indicated
that bimolecular recombination was effectively suppressed in
the F-2F- and FO-2F-based devices, supporting the high FF
values of these materials. In order to gain an increased under-
standing of the recombination processes, the dependence of V,
on light intensity was also examined. A slope close to kT/q
(where k is the Boltzmann constant, T is the temperature in
Kelvin, and g is the elementary charge) is generally indicative of
a negligible amount of trap-assisted recombination. As shown
in Fig. S7,7 the PM6:F-2F- and PM6:FO-2F-based devices showed
slopes of 1.42 kT/q and 1.37 kT/q, respectively. These results
thus indicated lower amounts of trap-assisted recombination
losses for the PM6:FO-2F-based device.

The charge mobilities of the PM6:F-2F and PM6:FO-2F blend
films were measured by following the space-charge-limited
current (SCLC) method (Fig. S8t). The PM6:F-2F and PM6:FO-
2F photoactive layers exhibited hole/electron mobility values
of 2.86 x 107 %/1.48 x 10" and 5.30 x 10 */2.43 x 10™* cm?
V™' 577, respectively, values higher than those of the F-H-based
device (3.37 x 107°/2.40 x 10> cm® V' s~ ).’ The higher hole
and electron mobilities of PM6:FO-2F were consistent with the
increased FF of the PM6:FO-2F-based devices.

Morphology characterization

The morphologies of the PM6:F-2F and PM6:FO-2F blend films
were studied by carrying out tapping-mode atomic force
microscopy (AFM) and transmission electron microscopy (TEM)
analyses. In the AFM images (Fig. 4), the PM6:F-2F and PM6:FO-
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2F films were observed to display a finely dispersed phase
separation with low root-mean-square surface roughness values
of 2.21 and 1.94 nm, lower than that of the F-H-based film (3.40
nm).”” Furthermore, in the TEM images, both of these blend
films displayed obvious fiber-like interpenetrating network
nanostructures, similar to those displayed by the F-H based
film, with such nanostructures benefiting exciton dissociation
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and charge transport. A line cut of a grazing-incidence wide-
angle X-ray scattering (GIWAXS) pattern of a FO-2F film not
subjected to TA showed a weak differentiation peak (Fig. S9t).
This peak became stronger after TA, implying a more ordered
packing of the molecules in the FO-2F film after TA. F-2F and
FO-2F neat films after TA showed m-m stacking diffraction
peaks (010) at 1.81 and 1.90 A™', corresponding to -7
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Fig. 4 (a and b) AFM and (c and d) TEM images of (a and c) the PM6:F-2F blend film and (b and d) PM6:FO-2F blend film. Each scale bar
corresponds to 200 nm. (e and f) GIWAXS patterns of (e) the PM6:F-2F blend and (f) PM6:FO-2F blend. (g) In-plane and out-of-plane line cuts of

the corresponding GIWAXS patterns.

9730 | J Mater. Chem. A, 2020, 8, 9726-9732

This journal is © The Royal Society of Chemistry 2020


https://doi.org/10.1039/d0ta03087b

Published on 24 April 2020. Downloaded by Nankai University on 8/21/2020 8:52:03 AM.

Paper

distances of 3.47 and 3.30 A, respectively. This result indicated
an enhanced molecular packing for F-2F and FO-2F in their
solid films compared with that of F-H, for which a - distance
of 3.53 A has been reported.’’” For the PM6:F-2F and PM6:FO-2F
blend films (Fig. 4e and f), clear face-on diffraction peaks were
observed at, respectively, 1.82 and 1.89 A" in the out-of-plane
(OOP) direction, corresponding to similar m-7 stacking
distances of 3.46 and 3.32 A, respectively. As shown in Table
S3,t the crystal coherence lengths (CCLs) in the (010) region for
the F-2F- and FO-2F-based blend films were calculated from the
Scherrer equation (CCL = 2mk/fwhm)®® to be 31.5 and 49.5 A,
respectively, greater than that of the F-H-based film (16.2 A).*®
The strong m-m stacking of F-2F and FO-2F along with the
increased CCL were beneficial for charge transport, consistent
with the high electron mobilities and improved photovoltaic
performances of these two new designed acceptors compared
with that of F-H. Clearly, modification of the starting compound
F-H to produce the new F-2F and FO-2F acceptors maintained or
even improved the originally high-quality packing and
morphology. These results indicated that minimum changes to
the chemical structure should be considered for designing
higher-performance molecules from already well-performing
molecules under the guide of our semi-empirical model.

Conclusions

In summary, we have designed and synthesized two new small-
molecule acceptors, F-2F and FO-2F, under the guidelines of
a semi-empirical model. Both F-2F and FO-2F showed absorp-
tion red-shifted compared with that of the initial F-H molecule,
with the absorption onset (Aonser) red-shifted to 776 and 845 nm,
respectively. This Aynser Of FO-2F was very similar to the optimal
values suggested by the semi-empirical model, with this simi-
larity endowing this molecule with a much improved and high
Jse Of 22.26 mA cm > when combined with the donor PMé.
Together with the corresponding optimal V. of 0.878 V and FF
of 0.77, the FO-2F-based devices demonstrated a PCE of 15.05%,
a performance level only second to those of the Y6 series
molecules. These results indicated that higher-performance
molecules could be designed and achieved starting from
already well-performing molecules by using our semi-empirical
model as a guide, provided that the structures of the chosen
starting molecules are largely maintained.
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