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Regulating the crystallization of donor and acceptor to maintain balanced carrier mobility is of great importance
to fabricate efficient organic solar cells (OSCs). Herein, the balanced crystallinity between donor and acceptor
was finely controlled in blade-coated OSCs. By adding high crystalline FOIC into PBDB-T:ITIC system, a balanced
carrier mobility was achieved, resulting in the much improved fill factor. The optimized ternary device exhibits
an increased current density, due to the enhanced light-harvesting efficiency with complementary absorption
and the morphology change. Morphology characterization demonstrated that the ternary film exhibits a highly
balanced crystallinity between the donor and acceptor on account of the formation of acceptor alloy. Moreover,
the ternary film not only possesses a small domain size, but also exhibits a high domain purity as compared to
both binary films. Encouragingly, a highest power conversion efficiency (PCE) of 10.68% was obtained for the
blade-coated ternary OSCs. In addition, the blade-coated flexible large-area (105 mm?) OSC based on PBDB-T:
ITIC:FOIC ternary system also exhibits a high PCE of 9.81%, showing great potential in the high-throughput

fabrication of OSCs.

1. Introduction

Organic solar cells (OSCs) have emerged as a promising approach for
energy harvesting due to their light weight, flexibility, solution-
processing ability, and up-scalable processibility [1-3]. Especially for
the rapidly development of non-fullerene acceptors, state-of-the-art
OSCs have achieved great power conversion efficiency (PCE) of over
18% [4]. However, these breakthrough progresses are mostly obtained
on spin-coated small-area devices in the laboratory, which is material
consumptive and challenging to scale up to large-area fabrication [5,6].
High-throughput preparation of high-efficiency flexible large-area OSCs
is one of the significant challenges for their industrial application [6,7].
Therefore, developing large-area printable film-formation technology is
of great importance to practical applications [8-11]. Fortunately,
blade-coating [12-17] severing as a large-area film-forming technology
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can be employed to the high-throughput fabrication of OSCs.

Ternary OSCs is an efficient strategy to improve photovoltaic per-
formance due to the enhanced light-harvesting efficiency with comple-
mentary absorption [18-20]. Except for broadening light absorption
range, the third component in ternary system also plays an important
role in manipulating the morphology of active layer [21-27]. It was
reported that the third component of BDT-3T-CNCOO adding into
PBDTTPD-HT:PC7;BM blends facilitates the formation of bicontinuous
interpenetrating network structure for efficient charge transportation
[28]. Similarly, high crystalline p-DTS(FBTTH>), small molecules were
added into PTB7-Th:PC7;BM system to enhance the n-n stacking of
donor, so as to improve hole mobility [29]. Thus, adding a high crys-
talline third component is a practical approach to improve light ab-
sorption and enhance the crystallization of active layer.

Generally, high carrier mobility is deemed to be a particularly
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important characteristic in fabricating high-performance OSCs, and low
carrier mobility limits the performance improvement [14,30]. Consid-
erable efforts have been devoted to improve carrier mobility through
material design and morphology optimization [14]. Meanwhile, the
balance between hole mobility and electron mobility is also important.
The unbalanced carrier mobility leads to the single charge accumulation
and charge-trapping during charge transportation, which reduces device
performance. Some photovoltaic devices have high hole mobility or
electron mobility, but photovoltaic performance is not much good. IDIC
material possesses a much high electron mobility of 2.9 x 10™* ¢cm? v~!
s’l, but PDBT-T1:IDIC based device only exhibits a PCE of 8.71% [31].
Although PTB7-Th:ITIC based device presents a much high hole mobility
of 2.8 x 1073 em? V™! 571, the optimal device only obtained a unsat-
isfied PCE of 6.80% with a poor fill factor of 59% [32]. These results
should be attributed to the unbalanced carrier mobility, known as
buckets effect. Aiming at achieving high-efficiency OSCs, hole mobility
and electron mobility not only should be large, but also should keep
balanced [14]. Due to the positive correlation between the crystalliza-
tion and carrier mobility, regulating the crystallization of both donor
and acceptor is considered to be an effective method to adjust carrier
mobility [14,33]. Therefore, an efficient strategy of controlling crys-
tallization to maintain the balanced crystallinity and carrier mobility
between donor and acceptor is of great desire to achieve high photo-
voltaic performance in blade-coated ternary OSCs.

Herein, a balanced crystallinity of donor and acceptor was finely
controlled in blade-coated ternary OSCs by adding high crystalline FOIC
into PBDB-T:ITIC system. The ternary system not only displays balanced
crystallinity of donor and acceptor, but also possesses pure and small
domains. Thus, A highest PCE of 10.68% was achieved for PBDB-T:ITIC:
FOIC based ternary device due to the complementary absorption and
highly balanced carrier mobility. In addition, the flexible large-area
organic solar cell was also fabricated by blade-coating, and shows a
great PCE of 9.81%.

2. Results and discussion

The chemical structures of PBDB-T, ITIC and FOIC are shown in
Fig. 1a, and a diagrammatic drawing of blade-coating is displayed in
Fig. 1b. Fig. 1c presents the energy level diagrams of all materials used in
the ternary OSCs. The highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) levels are —5.33/-2.92 eV
for PBDB-T, —5.51/-3.78 eV for ITIC, and —5.36/-3.92 eV for FOIC,
respectively [32,34-37]. The band gap of FOIC is much too small (1.44
eV), corresponding to strong absorption in infrared light. The normal-
ized UV-vis absorption spectra of corresponding neat films are displayed
in Fig. 1d. These materials exhibit different absorption bands with
strong absorption in the ranges of 500-650 nm, 600-750 nm, 700-900
nm for PBDB-T, ITIC and FOIC, respectively, which forms a comple-
mentary absorption in the visible region.

Bulk heterojunction organic solar cells with a conventional device
configuration of ITO/PEDOT:PSS/PBDB-T:ITIC:FOIC/ZrAcac (zirco-
nium acetylacetonate)/Al were fabricated by blade-coating in ambient
environment. The weight ratio of donor and acceptors were kept at 1:1,
while the acceptor composition was varied. The effective device area is
4 mm?. The current density-voltage (J-V) characteristics are shown in
Fig. 2a, Fig. S1, and the corresponding photovoltaic parameters are
summarized in Table 1, Table S1. For the blade-coated PBDB-T:ITIC
device, a PCE of 9.32% with the open-circuit voltage (V,.) of 0.90 V,
short-circuit current (J,.) of 15.6 mA cm’z, fill factor (FF) of 66.6%, was
obtained. The relatively low Js limited the further improvement of
photovoltaic performance, caused by the limited absorption range and
the morphology of active layer. However, PBDB-T:FOIC based device
exhibits a much higher Jy. (22.5 mA cm~?) due to the broad absorption
range. But the V,. (0.72 V) and FF (61.8%) are very low, resulting in a
PCE of 9.91%. The small V. is attributed to the small difference value
between the HOMO value of PBDB-T and the LUMO value of FOIC. For
the optimized ternary (PBDB-T:ITIC:FOIC) device (FOIC content is 10%
in acceptor), the V. is slightly decreased to 0.89 V as compared to PBDB-
T:ITIC based device. But the Jy significantly increased to 17.2 mA cm 2
due to the enhanced light-harvesting efficiency with complementary
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Fig. 1. (a) Chemical structure of PBDB-T, ITIC and FOIC. (b) The diagrammatic drawing of blade-coating. (c) Energy diagrams of all materials used in the ternary
solar cells. (d) Normalized UV-vis absorption spectra of neat PBDB-T, ITIC, and FOIC films.
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Fig. 2. (a) J-V curves, (b) EQE curves and (c) summarized carrier mobility of optimized binary and ternary devices. (d) Short-circuit density versus light intensity
plots and (e) photocurrent versus effective voltage of binary and ternary OSCs. (f) J-V characteristic of flexible ternary OSC.

Table 1
Photovoltaic parameters of blade-coated binary and ternary OSCs under AM
1.5G 100 mW cm 2 illumination.

Active Voc Je [mA FF PCEmax up [em? tte [em?
layer vl em 2] [%] (PCEaye)” visl] vilsT
[%]

PBDB-T: 090 156 66.6  9.32(9.11) 1.82 x 9.46 x
ITIC 107* 10°°

PBDB-T: 089  17.2 69.8  10.68 1.45 x 1.38 x
ITIC: (10.39) 107* 107*
FOIC

PBDB-T: 072 225 61.8  9.91(9.68) 1.00 x 1.79 x
FOIC 107* 107*

@ Average values are obtained from 15 devices.

absorption and the morphology change of film which will be discussed
below. Furthermore, a great FF (69.8%) was obtained for the optimized
ternary device, which is much higher than both binary devices, resulting
in the highest PCE (10.68%). The J; variations were confirmed by
external quantum efficiency (EQE) measurements [36] (Fig. 2b).
PBDB-T:ITIC based binary device exhibits a high EQE response in the
wavelength range of 350-750 nm, while PBDB-T:FOIC based binary
device displays a strong EQE response in a wide wavelength range of
350-900 nm. Notably, PBDB-T:ITIC:FOIC based ternary device shows an
enhanced EQE response in large wavelength as compared to PBDB-T:
ITIC based binary device, which should be attributed to the light ab-
sorption of FOIC and the morphology variation of film. The integrated
Js. of PBDB-T:ITIC, PBDB-T:ITIC:FOIC and PBDB-T:FOIC based devices
are 15.4 mA cm ™2, 16.8 mA cm 2 and 21.7 mA cm 2, respectively,
which are consistent with the results from J-V measurements. In addi-
tion, the flexible large-area device (105 mm?) based on PBDB-T:ITIC:
FOIC system was also fabricated by blade-coating in air, and exhibits a
great PCE of 9.81% with the V,. of 0.88 V, J;. of 16.7 mA cm 2, FF of
66.8% (Fig. 2f and Fig. 52).

The charge carrier mobility was determined by space charge limited
current (SCLC) [38-40] model. As can be seen in Fig. 2¢, Fig. S3 and
Table 1, PBDB-T:ITIC based device presents a much higher hole mobility

(up=1.81 x 10~*em?V~'s™!) than electron mobility (u, = 9.46 X 107°
em? Vv sTh. However, for PBDB-T:FOIC based device, the electron
mobility (1.79 x 10~* ecm? V! s71) is pronounced higher than hole
mobility (1.00 x 10™* em? V! s71). Both binary devices exhibit un-
balanced carrier mobility, resulting in much charge accumulation and
recombination. Impressively, a balanced mobility with the hole mobility
of 1.45 x 10~* cm? V™! s7! and electron mobility of 1.38 x 10™* cm?
v~ 57! was obtained for PBDB-T:ITIC:FOIC based ternary device. Thus,
the ternary device possesses a high FF of 69.8% and a great PCE of
10.68%. To get a deep insight of charge recombination dynamics, the
light intensity dependent J,, and V,. were performed. As shown in
Fig. 2d, the fitted slops («) are 0.968, 0.970 and 0.886 for PBDB-T:ITIC,
PBDB-T:ITIC:FOIC and PBDB-T:FOIC based devices, respectively, while
1 represents that all dissociated free carriers are collected at corre-
sponding electrodes without charge recombination [41,42]. The ternary
device exhibits the largest value of a = 0.970, suggesting the weakest
bimolecular recombination. As displayed in Fig. S4, the ternary device
shows a very small slope of 1.08 kT/q, revealing that the trap-assisted
recombination or Shockley-Read-Hall was efficiently suppressed [43,
44]. In addition, the exciton dissociation probabilities [45] (P, deter-
mined by normalizing the photocurrent density, J,p, at saturated current
density) obtained from the plots of Jp, versus effective voltage (V)
(Fig. 2e) were calculated to be 97%, 98% and 90% for PBDB-T:ITIC,
PBDB-T:ITIC:FOIC and PBDB-T:FOIC based devices, respectively. The
results indicate that the ternary device has the most effective exciton
dissociation efficiency and charge extraction efficiency.

To correlate the improved photovoltaic performance and
morphology characteristics, resonant soft X-ray scattering (RSoXS)
[46-48] measurements were performed. A photon energy of 284.8 eV
(Fig. S5) was selected for the high scattering contrast among PBDB-T,
ITIC and FOIC while avoiding the high absorption associated with the
carbon 1s core level, which would produce background fluorescence and
could lead to radiation damage. As shown in Fig. 3, the calculated
domain size of binary films are 33.5 nm and 40.7 nm for PBDB-T:ITIC
and PBDB-T:FOIC films, respectively. However, PBDB-T:ITIC:FOIC
based ternary film shows the smallest domain size of 30.9 nm, which
offers more donor/acceptor interface area, contributing to effective
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Fig. 3. (a) 2D RSoXS patterns, (b) RSoXS profiles of blade-coated PBDB-T:ITIC, PBDB-T:ITIC:FOIC, PBDB-T:FOIC films and (c) corresponding domain parameters.

exciton dissociation. In addition, ternary film exhibits a higher relative
purity (1.00) according to the total scattering intensity analysis than
both binary films (0.97 and 0.90), where high purity is beneficial for
improving charge transport and decreasing carrier recombination.

To analyze the detailed information of molecular ordering and
crystallization behavior, grazing incident wide angle X-ray scattering
(GIWAXS) [49] measurements for various films were performed. As
displayed in Fig. S6, all these three neat films (PBDB-T, ITIC, FOIC)
prefer face-on orientation, as indicated by the much stronger scattering
intensity of (010) peak in the out-of-plane direction than the in-plane
direction. As shown in Fig. 4, all these three materials maintain the
dominant face-on orientation in the blending films. The pronounced
diffraction peaks at q = 0.29 A~! and q = 1.67 A~ were considered as
the lamellar stacking peak (100) and n-n stacking peak (010) of PBDB-T
according to the GIWAXS data of neat PBDB-T film. Similarly, the
diffraction peaks at ¢ = 0.45 A~ and q = 1.80 A~ are assigned as the
lamellar stacking peak (100) and n-n stacking peak (010) of FOIC. Ac-
cording to the literature [50] and the GIWAXS data of ITIC film, the
diffraction peaks at q ~ 0.35 A™', 0.42 A~! and 1.48 A~ originate from
the (001) backbone stacking, (100) lamellar stacking and (010) n-n
stacking of ITIC. Notably, ITIC exhibits bimodal lamellar stacking in
face-on and edge-on directions, as evidenced by the appearance of
diffraction peak (100)° at g ~ 0.46 A~'. The calculated d-spacing of
edge-on lamellar stacking (13.7 A) is smaller than that of face-on
lamellar stacking (15.0 A), suggesting that the lamellar stacking of
ITIC is tighter in the out-of-plane direction [50]. Notably, PBDB-T:ITIC
film displays a higher crystallization of PBDB-T than ITIC, due to the
much stronger and sharper diffraction (100), (010) peaks of PBDB-T,
leading to the higher hole mobility than electron mobility. However,
A higher crystallization of FOIC than PBDB-T was observed for PBDB-T:

FOIC film, according to the calculated crystallization coherence length
(CCL) [51] values (2.09 nm and 3.35 nm for PBDB-T and FOIC,
respectively) (Table 2, Table S2 and Fig. S7). The result was consistent
with the difference of hole mobility and electron mobility for the
blade-coated PBDB-T:FOIC film. As 10% high crystalline FOIC was
incorporated into PBDB-T:ITIC (ternary film), the CCL value of ITIC
increased from 3.14 to 3.75 nm, and the CCL value of PBDB-T decreased
from 2.94 to 2.32 nm, suggesting the significantly enhanced crystallinity
of ITIC and reduced crystallinity of PBDB-T. Furthermore, the (100)
scattering peaks of acceptor for PBDB-T:ITIC and PBDB-T:FOIC films in
the out of plane direction appeared at q ~ 0.48 A~ and q ~ 0.44 A7},
respectively. However, for the PBDB-T:ITIC:FOIC ternary film, the
scattering peak is at q ~ 0.46 A1, suggesting the formation of alloy
model. The alloy model of ITIC and FOIC was also reported in the
quaternary organic solar cell [52]. As shown in Fig. S8, the contact
angles of PBDB-T, ITIC and FOIC are 105.2°, 97.2° and 96.7°, suggesting
the similar surface energy and good miscibility between ITIC and FOIC,
which further clarifies the probably formed alloy model. Thus, a more
balanced crystallinity of donor and acceptor was obtained for the
blade-coated ternary film. It contributes to the balanced hole mobility
and electron mobility, so as to improve the photovoltaic performance.
The corresponding diagrammatic drawing was illustrated in Fig. 4c to
better understand the morphology variation.

To further understand the morphology evolution, in-situ GIWAXS
measurements (Fig. 5a) were performed to explore the crystallization
kinetics during blade-coating process [53-59]. Time-dependent
GIWAXS profiles are shown in Fig. S9, and the fitting results (by
Gaussian fitting) of (010) diffraction peaks were displayed in Fig. 5. Due
to the violent disturbance caused by the solvent diffraction peak at q ~
1.40 10\’1, (010) diffraction peaks were fitted in batch to obtain
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Fig. 4. (a) 2D GIWAXS patterns, (b) line profiles and (c) corresponding diagrammatic drawing of blade-coated PBDB-T:ITIC, PBDB-T:ITIC:FOIC and PBDB-T:

FOIC films.

Table 2

Structure parameters obtained by fitting (010) peaks in the out-of-plane from
GIWAXS profiles for blade-coated PBDB-T:ITIC, PBDB-T:ITIC:FOIC and PBDB-T:
FOIC films.

Active layer ITIC (010) PBDB-T (010) FOIC (010)
d; CCL, dy CCL, dz CCL3
(A) (nm) (A) (nm) (A) (nm)
PBDB-T:ITIC 4.2 3.14 3.7 2.94 / /
PBDB-T:ITIC: 4.3 3.75 3.8 2.32 / /
FOIC
PBDB-T:FOIC / / 3.7 2.09 3.5 3.35

compositive crystallization. The film-formation process can be separated
into three stages according to the literature [60]: I) dissolved stage, II)
nucleation and growth stage, III) the final dried film stage. Due to the
existence of large amount solvents in stage I, no remarkable diffraction
information was observed in stage I for all three specimens. However,
the beginning time of stage II was different. According to the variation of
location and full width at half maximum (FWHM) [51], PBDB-T:ITIC
specimen began to nucleate at the time of ~12.2 s. The nucleation and
growth process finished at ~17.0 s, indicating a slow crystallization
process (4.8 s) with the final location of 1.65 A~ and FWHM value of
0.49 A~1. However, a fast nucleation and growth process was observed
for the PBDB-T:FOIC specimen, due to the short stage II (1.2 s), resulting
in a final location of 1.78 A~! and an FWHM value of 0.23 A%, As
compared to PBDB-T:ITIC specimen, the nucleation of ternary specimen
occurred much earlier. Moreover, the crystallization process maintained

4.2 s, which is almost the same as the PBDB-T:ITIC specimen, showing
the enough time for the crystal growth process. Consequently, it leads to
the final location of 1.69 A™! and the FWHM value of 0.41 A~!. The
smaller FWHM value of ternary specimen than PBDB-T:ITIC specimen
indicates a higher crystallinity, so as to improve the photovoltaic
performance.

3. Conclusions

In conclusion, we fabricated binary and ternary organic solar cells
based on PBDB-T:ITIC:FOIC blends by blade-coating in ambient envi-
ronment, and a high PCE of 10.68% was achieved for the blade-coated
ternary organic solar cell. The addition of FOIC into PBDB-T:FOIC
blends increases the current density from 15.6 mA cm 2 to 17.2 mA
cm 2, which is attributed to the enhanced light-harvesting efficiency
with complementary absorption and the morphology change. Besides, a
high fill factor of 69.8% was obtained due to the much balanced hole
mobility and electron mobility as well as the low combination with
efficient exciton dissociation and charge extraction for the optimal
ternary device. Morphology characterization demonstrated that the
ternary film exhibits a highly balanced crystallinity between the donor
and acceptor due to the formation of acceptor alloy, resulting in the
balanced carrier mobility. Moreover, it was found that the ternary film
not only possesses a small domain size, but also exhibits a high domain
purity as compared to both binary films. Furthermore, a flexible large-
area organic solar cell with the device area of 105 mm? was also fabri-
cated by blade-coating in air, and a PCE of 9.81% was achieved. It ex-
hibits great potential in the high-throughput fabrication of organic solar
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cells and shows excellent prospects in the commercial application.
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