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Control H- and J-aggregation of non-fullerene acceptor and research their different

influence on photovoltaic performance.
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Abstract

Studies of morphology of organic solar cells (OSC) in bulk heterojunction (BHJ)
structures are usually focussed on nanoscale morphology. However, morphology at
molecular level, such as aggregation type, may also have a profound influence on the
performance of OSCs. It is found that H- and J-aggregation coexist in BTIC-CF;-m
and can be easily controlled by different additives. This provides a chance to study
and gain a deeper insight into the role of the two aggregation types by directly
comparing their effect on various photovoltaic performance parameters. Two common
additives, 1-chloronaphthalene (CN) and 1,8-diiodooctane (DIO), support the
formation of H- and J-aggregation, respectively and have different effects on the
photovoltaic performance of OSCs. H-aggregation favors a higher open circuit
voltage (V,.), while J-aggregation favors a higher short circuit current (J.). Both of
these aggregation types can improve the fill factor (FF). On the whole, both the
improvement of H- and J-aggregation can enhance the power conversion efficiency
(PCE) and the H-aggregation of BTIC-CF;-m is more efficient in the system of
PBDB-TF:BTIC-CF5-m. Then, H- and J-aggregation are further tuned by solvent
vapor annealing (SVA), and consequently the PCE is enhanced to 16.36% from its
pristine value of 13.37%. It demonstrates that the morphology optimization,
especially precise control of the H- and J-aggregations, is the key factor to further

improving premium organic solar conversion systems.
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Introduction

With the continuing optimization of the chemical structures of donor and
acceptor materials and device technology, the power conversion efficiency (PCE) of
nonfullerene organic solar cells (NFOSC) has gradually increased.!® Excellent light
absorption performance and easily adjustable energy levels and band gaps of
nonfullerene acceptors allow full utilization of solar energy and match better with

donors, and as a result, many NFOSCs with outstanding PCEs have been produced.>*

7-10

In addition to the chemical structures of donors and acceptors and the nanoscale
morphology of the active layer, the molecular aggregation type in the active layer is
also important in the performance of OSCs,!!-1# although relative studies, especially
in-depth research efforts are rare. H- and J-aggregation are two common modes of
stacking of conjugated molecules,!>-!° and are formed through the n—n interactions
between the conjugated units.?® Adjacent conjugated units stack face-to-face to form
H-aggregation, and head-to-tail to form J-aggregation.! 2! H- and J-aggregation
depend on the angle between the conjugated plane and the aggregation direction. If
the angle is above the theoretical value of 54.7°, H-aggregation is usually observed,
while in J-aggregates an angle below 54.7° is normal.??-?* Due to the n— interactions
between adjacent conjugated units, the corresponding lowest excited level becomes a
doublet.?® For H-aggregation, the higher peak corresponds to allowed transitions of

H-aggregation, while the lower one corresponds to allowed transitions of
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J-aggregation.?>-2¢ Therefore, the H-aggregation has a higher lowest excited level and
the corresponding absorption spectrum is blue-shifted, while J-aggregation has a
lower lowest excited level and the corresponding absorption spectrum is red-shifted.!>
From this point, it can be speculated that aggregation behavior will affect the
performance of OSCs and the influence of the same aggregation type in materials
with different roles, donor or acceptor, will be different. For example, aggregation
behavior in donor affect the driving force to dissociate excitons, which is decided by
the energy gap between the LUMO energy levels of donor and acceptor. 27 While in
acceptor, it can be inferred that the open circuit voltage (V,.), which is determined by
the energy gap between the LUMO energy level of acceptor and the HOMO energy
level of donor, may be influenced by aggregation behavior. However, the mode and

extent of the influence of aggregation type on V,.need to be explored.

In this work, the H- and J-aggregation behavior of acceptor molecules and the
resulting influence on the photovoltaic performance were investigated. It was found
that H- and J-aggregations coexist in BTIC-CF; and they can be easily controlled by
different additives. This offers us an opportunity to study systematically and gain a
deep insight into the roles of the two aggregation types by directly comparing their
effect on various photovoltaic performance parameters. It is found that two common
additives, 1-chloronaphthalene (CN) and 1,8-diiodooctane (DIO), are conducive to the
formation of H- and J-aggregation, respectively. The aggregation types of the
acceptor influence not only Ji. but also V,.. H-aggregation favors higher V,. due to its

higher lowest excited energy level, while J-aggregation favors higher J;., because of
5
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the extended absorption range and a lower energy needed for excitation. Both of the
two aggregation types could improve the fill factor (FF) as a result of the improved
crystallinity. Consequently, both CN and DIO enhance the PCE. However, with DIO
as additive, devices had a slightly lower PCE due to the substantial reduction of V.,
resulting from the J-aggregation. Solvent vapor annealing (SVA) was used to futher
improve H- and J-aggregation of BTIC-CF;-m in the blend film
PBDB-TF:BTIC-CF;-m processed by CN. As a result, the PCE was further enhanced
from 13.37% in the pristine active layer to 16.36%. From this work, it is clear that
tuning H- and J-aggregation is an effective method for targeted regulation of V,. and
Jye. This allows us to have a deeper understanding of OSCs and offers us a new

targeted way to improve the performance of OSCs.

Results and Discussion

The chemical structures of BTIC-CF3;-m and PBDB-TF are shown in Figure 1a
and 1b. The synthesis of BTIC-CF3-m has been reported previously.?® It is a blend of
BTIC-CF5-y and BTIC-CF;-6, whose chemical structures are shown in Figure S1.
The mixing ratios of BTIC-CF;-y and BTIC-CF;-6 have an influence on the
performance of the devices as shown in Figure S2 and Table S1. Here, BTIC-CF;-m

with 65% BTIC-CF5-y was used due to the champion PCE.
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Figure 1. Chemical structures of (a) BTIC-CF;-m and (b) PBDB-TF; Absorbance of
(c) neat BTIC-CF5;-m films without additive and with 1% CN or 1% DIO, (d) neat
BTIC-CF5;-m films with different content of CN, (e) neat BTIC-CF3;-m films with

different content of DIO and (f) blend films of PBDB-TF:BTIC-CF3;-m without
additive and with 1% CN or 1% DIO.

It is found that the two frequently-used additives, CN and DIO, have profound
effects on the UV-Vis absorption of BTIC-CF;-m film and their effects are quite

different. The UV-Vis absorption spectra of neat BTIC-CF5-m films with and without
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additives were measured and the corresponding profiles are shown in Figure 1c, in
which the profiles were normalized against the peaks at ~840 nm. It can be observed
that the absorption profile of pristine film shows a triplet, at 660, 728 and 836 nm,
which indicated that H- and J-aggregation are coexisting. These three peaks represent
H-aggregation, monomer and J-aggregation, respectively.?> The structures of the
H-aggregated and J-aggregated states could also be observed from the single-crystal
structure of BTIC-CF3-y, which is the main component of the BTIC-CF;-m blend, as
shown in Figure 3a and Figure S3. When the film is processed by CN, the absorption
spectrum is blue-shifted by about 14 nm and the peak of H-aggregation obviously
increased, indicating that the amount of H-aggregation is enhanced. In contrast, when
the film is processed by DIO, the absorption spectrum is red-shifted by about 24 nm
and the peak of H-aggregation decreases relatively, while the crystallinity increases
substantially. This is confirmed by grazing incidence wide angle X-ray scattering
(GIWAXS) data (see below). Combining the results of UV-Vis spectra and GIWAXS,
it can be concluded that DIO is conducive to J-aggregation. The influence of additive
concentration on molecular aggregation was also studied. As seen from Figure 1d,
with the concentration of CN increases from 0 to 1%, the spectra are gradually
blue-shifted. This blue shift ends when the J-aggregation peak shifts to 816 nm. In this
process, the height of the J-aggregation peak gradually decreases, while the height of
H-aggregation peak gradually increases. As shown in Figure 1le, when the
concentration of DIO increases from 0 to 1%, the spectra are gradually red-shifted

from 836 to 860 nm and the height of J-aggregation peak is gradually enhanced.

8
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When BTIC-CF5;-m is blended with the polymer donor, PBDB-TF, the absorption
spectrum of the corresponding pristine film is blue-shifted with the J-aggregation
peak shifting to 816 nm (see Figure 1f), indicating that the addition of PBDB-TF is
conducive to the formation of H-aggregation. According to our previous results, the
addition of polymer could contribute to formation of H-aggregation in small
molecules, perhaps because the polymer increased steric hindrance and restricted the
molecular motion of small molecules, thus contributing to the formation of metastable
H-aggregation.?? Compared to the absorption spectrum of the pristine film, the
spectrum of film processed by CN is not further blue-shifted, while that of film
processed by DIO is red-shifted about 36 nm. It can be concluded that H- and
J-aggregation coexist in BTIC-CF;-m, and CN and DIO are conducive to the
formation of H- and J-aggregation of BTIC-CF;-m, respectively, in both neat
BTIC-CF3-m films and PBDB-TF:BTIC-CF3-m blend films. Beside BTIC-CF;-m, it
was found that H- and J-aggregation also coexist in many molecules as shown in
Figure S4, S5, S6, S7 and S8. Usage of additives is just one method to tune the
aggregation types 27 2933 and the effect of the same additive on different molecules

varies.
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Figure 2. (a) J-V curves and (b) EQE of devices based on PBDB-TF:BTIC-CF5;-m

under 100 mW cm? light illumination.

Table 1. Photovoltaic parameters of devices based on PBDB-TF:BTIC-CF;-m under

100 mW cm light illumination.

conditions Voe (V) Jse (mMA cm?) Jea (MA cm?) FF (%) PCE (%)

pristine 0.84 25.03 23.94 63.57 13.37
(0.84+0.01) (24.81+0.35) (63.03+0.67) (13.22+0.21)

CN 0.84 25.82 24.58 73.19 15.87
(0.84+0.01) (25.46+0.41) (72.55+0.79) (15.61+0.32)

DIO 0.79 26.51 25.28 73.51 15.40
(0.7940.01) (26.15+0.53) (73.03+0.61) (15.03+0.45)

CN SVA 0.85 25.98 24.76 74.06 16.36
(0.84+0.01) (25.62+0.39) (73.45+0.74) (16.11+0.31)

DIO SVA 0.79 26.26 25.02 73.17 15.18
(0.79+0.01) (25.97+0.42) (72.78%0.58) (14.92+0.43)

Average value + standard deviation were from the statistics of 20 different devices.

Since aggregation type has such a distinct influence on light absorption in this

system, and is a key factor in the performance of OSCs, corresponding devices were
10
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fabricated with the structure of ITO/ZnO/PBDB-TF:BTIC-CF3-m/MoOy/Ag and their
photovoltaic performances were measured. It was found that both DIO and CN could
efficiently improve the PCE of the devices based on PBDB-TF:BTIC-CF3-m blend.
However, the two additives had very different influences on V. and J. as shown in
Figure 2a. The detailed parameters are listed in Table 1. It was observed that CN
could keep the high V,. of 0.84 V and improve the J;. from 25.03 mA cm to 25.82
mA cm2, compared to the pristine device. In contrast, DIO decreased the V,. sharply
from 0.84 V to 0.79 V, while increasing the J;. more efficiently to 26.51 mA cm™.
The external quantum efficiency (EQE) curves show that the onset of EQE of device
processed by DIO is red-shifted (Figure 2b), while that of device processed by CN
does not change, which is consistent with the absorption spectra. Compared to that of
a device processed by CN, the extra enhancement of the J;. of device processed by
DIO comes mainly from the improvement of EQE from 700 nm to 960 nm, which is
the absorption range of J-aggregation. Therefore, the improvement of J-aggregation is

the prime reason for the higher J;. of devices processed by DIO.

11
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Figure 3. (a) The stacking structures of H- and J-aggregation of BTIC-CF;-y, (b)
Scheme of the energy levels of H- and J-aggregation of BTIC-CF5;-m and PBDB-TF.

H- and J-aggregation also have deep and different influences on the electronic
energy levels, which is key to the V. of the corresponding OSCs. The scheme of the
electronic energy levels of H- and J-aggregation is shown in Figure 3b. Due to the
7—7 interactions between adjacent conjugated units, the corresponding lowest excited
level splits into two.2? For H-aggregation, the splitting is larger than J-aggregation due
to the stronger coupling interaction resulted from the larger area of m-m overlap (see
Figure 3a). After excitation, electrons in ground state of H-aggregation will move to
the higher excited energy level, while those of J- aggregation will move to the lower
excited energy level.3* These two excited energy levels are the actual LUMO energy
levels of H- and J-aggregation. The band gap between the LUMO energy level of the
acceptor and the HOMO energy level of the donor determines the V,. of the OSC
device. Therefore, H-aggregation of acceptor can improve the V., which explains that

a device processed by CN has a higher V. than one processed by DIO. From another

12
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point of view, the lower LUMO energy level of J-aggregation leads to the electrons in
ground state of J-aggregation being excited more easily, which supports production of

excitons and consequently a larger Jg.
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Figure 4. Two-dimensional GIWAXS patterns of neat BTIC-CF5-m films (a) without
additive, (b) with CN and (c¢) DIO and (g) the corresponding cut-line profiles;
Two-dimensional GIWAXS patterns of blend PBDB-TF:BTIC-CF;-m films (d)
without additive, (¢) with CN and (f) DIO and (h) the corresponding cut-line profiles.
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Table 2. Characteristic length scale of packing phenomenon for BTIC-CF;-m in blend
film of PBDB-TF:BTIC-CF3-m.

(100) (001) 010>

Distance? FWHMP CCLe Distance? FWHMP CCL¢ Distance?® FWHMP CCLe

[A] A7 [A] [A] A7 [A] [A] A7 [A]
pristine 21.96 0.083 75.66 16.57 0.198 31.72 3.72 0.281 22.35
CN 22.67 0.080 78.50 15.70 0.114 55.01 3.72 0.227 27.67
DIO 22.19 0.055 114.2 16.80 0208 30.19 3.77 0229 2742

a distance represents packing distance; ® FWHM represents full-width at half

maximum; ¢ CCL represents crystal coherence length.

More measurements were carried out to further understand the reasons for the
different performance of devices processed by CN and DIO. To investigate the
molecular packing, grazing incidence wide-angle X-ray scattering (GIWAXS) was
carried out and the results are shown in Figure 4. The molecules in pristine
BTIC-CF5;-m film are mainly face-on oriented with low crystallinity, as seen in
Figure 4a. Both the additives CN and DIO can improve the crystallinity, but CN is
much more effective, as seen in Figure 4b, 4c and 4g. The BTIC-CF5;-m molecules
processed by 0.5% (v/v) DIO partly become randomly oriented, while those processed
with 0.5% (v/v) CN mainly still remain face-on. The influence of CN and DIO in
blend films of PBDB-TF:BTIC-CFs-m is similar to that in neat BTIC-CF;-m films as
shown in Figures 4d, 4(e), 4(f) and 4 (h). The key parameters for the packing

behavior of the blend films were calculated 35-3¢ and are summarized in Table 2. The
14
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crystal coherence length (CCL) of n-r stacking along the (010) direction, which was
calculated from the out-of-plane cut-line profiles, had an increase of similar
magnitude from 22.35 A to 27.42 A or 27.67 A for films processed by CN and DIO,
respectively. However, the CCL values along the (100) and (001) directions,
calculated from the in-plane cut-line profiles, are very different. The CCL of film
processed by DIO along the (001) direction increased greatly, from 31.72 A to 55.01
A, while the CCL of film processed by CN was only 30.19 A. In contrast, the CCL
along the (100) direction of film processed by CN increased sharply from 75.66 A to
114.2 A, while that of film processed by DIO only increased to 78.50 A. This
phenomenon may be attributed to the difference of H-/J-aggregation in BTIC-CF5-m.
According to the above discussion, H- and J-aggregation coexist in BTIC-CF3-m, and
CN and DIO contribute to the formation of H- and J-aggregation of BTIC-CF;-m,
respectively. However, the integrated CCLs of films processed by CN and DIO are on

the whole, similar, although the sizes along different directions vary.

Crystallinity and molecular orientation are both key to the mobility of charge
carriers. The charge carrier mobilities were measured by a space charge-limited
current (SCLC) method. Electron-only and hole-only devices based on
PBDB-TF:BTIC-CF3-m were fabricated and the corresponding J-V curves are shown
in Figure Sa and 5b, respectively. The electron mobility (¢.) and hole mobility (u;)
were calculated and the results are listed in Table 3. These results show that the
addition of CN and DIO improve the electron mobility from 1.9%x103 cm? V-! s to

8.1x107° ¢cm? V-! sl and 3.5%x105 cm? V! s°1, respectively. The hole mobilities are
15
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similar and are 9.0x10° cm? V! s!, 1.2x10* cm? V! s7! and 1.0x10* ¢cm? V- s for
pristine film and films processed by CN and DIO, respectively. As a result, the ratios
of uy/u. are 4.7, 1.5 and 2.9 for pristine film and films processed by CN and DIO,
respectively. It is observed that both the two additives can enhance electron mobility.
This is due to the improvement of crystallinity, which is confirmed by the GIWAXS
data. Specifically, the CN additive improves the electron mobility more effectively
than DIO and the charge carrier mobilities are more balanced in the film processed by
CN. The reason for the higher electron mobility of films processed by CN may be the
improvement of H-aggregation with large overlap of n-m stacking combined with

face-on orientation.!6: 32

Table 3. The summary of charge mobility, P(E,T) and ¢ of devices based on

PBDB-TF:BTIC-CF5-m.

pristine 0.5% CN 0.5% DIO
te (cm?V-igl) 1.9x10° 8.1x107 3.5x107
wp (cm?V-igl) 9.0x10- 1.2x104 1.0x10*
L/ Ue 4.7 1.5 2.9
P(E,T) (%) 99.4 99.7 99.9
c 0.930 0.944 0.964

16
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Figure 5. Dark J—V curves of (a) electron-only and (b) hole-only devices based on
PBDB-TF:BTIC-CF3-m;  (¢) J,,—Ve curves of devices based on

PBDB-TF:BTIC-CF3;-m; (d) light intensity dependent J,. of devices based on
PBDB-TF:BTIC-CF;-m.

The impact of the addition of CN and DIO on the exciton dissociation
probability (P(E,T)) was also investigated. The relationship between the photocurrent
density (J,,) and the effective voltage (V) is shown in Figure Sc. The saturation
current density (Jy,,) will be decided only by the maximum exciton generation rate,
assuming that all of the photogenerated excitons are dissociated under high V4. P(E,T)
is determined by the ratio J,;/Js,.>” The Jy, of the three devices are 25.19 mA cm?
(pristine device), 25.90 mA cm? (device processed by CN) and 26.53 mA cm™
(device processed by DIO), respectively. Therefore, the calculated P(E,T) values in

the short-circuit condition are 99.4%, 99.7% and 99.9% for the pristine device and
17
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devices processed by CN and DIO, respectively. These three high values of P(E,T)
indicate that all the three devices have enough driving force to separate the excitons at
the interfaces between donor and acceptor in the short-circuit condition. The
bimolecular recombination was investigated by measuring J,. under different light
intensities. J,, and light intensities (Pjign) follow a relationship, described as J,. <<
Piign®. According to Figure 5d, the exponential factors (o) of the pristine device and
the devices processed by CN and DIO were calculated and the values are 0.930, 0.944
and 0.964, respectively. The results show that both CN and DIO can reduce

bimolecular recombination, but DIO is more effective.

Nanoscale morphology is also a key factor in the performance of OSCs and was
measured by atomic force microscopy (AFM) and transmission electron microscopy
(TEM). As shown in Figure S9 and Figure S10, the three active layers have similar
morphology and surface roughness. The photoluminescence (PL) spectra were
obtained and are shown in Figure S11. It can be seen that the neat BTIC-CF;-m film
has two fluorescence peaks. However, all of the three fluorescence spectra of the
blend films of PBDB-TF:BTIC-CF3-m with or without additives fail to show any
peaks, indicating that the phase separation sizes of the three films allow almost all of
the excitons to diffuse into the interface between donor and acceptor. Combined with
the CCLs calculated from GIWAXS, use of CN or DIO can enlarge the phase

separation sizes and the sizes will not be excessively sized.

18
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According to the above discussion, both H- and J-aggregation can enhance the
PCE in this system. We tried to further improve the amount of aggregation in the
PBDB-TF:BTIC-CF3-m blend film with CN additive by SVA. The film was set in
methylene chloride (CH,Cl,) vapor for 5 s, which has been reported to tune H- and
J-aggregation efficiently.’* This improved the J,. and FF to 25.98 mA cm? and
74.06%, respectively, and consequently a further enhanced PCE of 16.36%. In order
to find the reason of the enhancement, some measurements were carried out. From
Figure S12, it can be observed that SVA fine-tuned the spectrum with slight
improvement of the J-aggregation peak. It’s hard to discuss the change of
H-aggregation peak because it overlaps with the absorbance of PBDB-TF. The charge
mobility, P(E,T) and ¢ of devices based on PBDB-TF:BTIC-CF3-m blend with CN
after SVA were also measured as shown in Figure S13, Figure S14, Figure S15.
Compared to that before SVA, charge mobility was improved with y;, and u, enhanced
to 2.1x10™" em? V1 s and 1.6x10™ em? V! s, respectively. P(E,T) was slightly
decreased from 99.7% to 99.4%, while ¢ was essentially unchanged with the value of

0.945. Therefore, the improvement of PCE by SVA is a comprehensive result.

Conclusions

In summary, it is found that H- and J-aggregation coexist in BTIC-CF; and they
can be easily controlled by different additive, which offers us an opportunity to study

systematically the role of the two types of aggregation by directly comparing their

19
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effect on various photovoltaic performance parameters in one system. Two common
additives, CN and DIO, are found to be conducive to the formation of H- and
J-aggregation, respectively. H-aggregation favors higher V,. due to a higher lowest
excited energy level, while J-aggregation contributes to higher J;. because of extended
absorption range and a lower energy needed to excite the J-aggregation. Both of the
two aggregations can improve the FF. As a result, both the two additives are found to
enhance the PCE. However, the device with DIO as additive has a little lower PCE
due to the substantial reduction of V,. By the means of SVA to further improve the H-
and J-aggregation of BTIC-CF3-m in active layer with CN as additive, the PCE is
further enhanced to 16.36%. From this work, it can be reasonably speculated that,
under the premise of the similar nanoscale morphology, which is key to FF, PCE is
decided by the balance of V,.and J;., which can be tuned by H- and J-aggregation for
acceptor materials. This work provides us with a better and deeper understanding of
OSCs and offers us a new perspective with which to precisely regulate the
morphology of the active layer, which includes not only phase separated sizes but also

aggregation type, to better improve the performance of OSCs in a targeted way.
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