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The rational design of the third component to enhance the efficiency and stability of organic solar cell (OSC) is a
critical and challenge. Herein, a thieno[3,2-b]thiophene (TT) substituted wide-bandgap small molecule donor
BTTC, was designed, synthesized and incorporated into the state-of-the-art PM6:L8-BO binary to construct
ternary OSC. The rigid side chain and planar molecule skeleton enables strong crystallinity and complementary
absorption with binary system. The introduction of BTTC enhanced the molecular packing, fibril-like film and
preferred vertical phase separation, yielding balanced and higher charge transport, more efficient exciton
dissociation and suppressed charge recombination. Besides, lower energy loss was attained and thus leading to
higher open-circuit voltage (Voc). Consequently, the introduction of BTTC achieved the highest efficiency of
18.8% along with extended operational stability. Furthermore, replacing L8-BO to BTP-eC9 further boosted the
ternary PCE to 19.18%, standing one of the best charge management in ternary OSC. This work presents efficient
rigid side chain substitution strategy to construct the third component of small molecule donor for high per-
formance ternary OSCs with comprehensively improved photovoltaic parameters. This strategy broadens the
selection of guest materials toward realizing the actual commercial application of OSCs.

1. Introduction

Organic solar cells (OSCs) have advanced by leaps and bounds as an
emerging next-generation photovoltaic technology due to the excellent
qualities of solution processing, flexibility, and semitransparency [1-5].
Thanks to the development of novel Y series acceptors, the power con-
version efficiency (PCE) of OSCs has exceeded 19%, approaching the
threshold of industrial application [6-10]. However, the development of
OSC is still limited by large energy loss and strong charge recombination
[11-13]. Apart from the new donor/acceptor materials, morphology
regulation is crucial for further improving the performance of OSCs.
Multiple strategies have been reported for adjusting the morphology of
0OSCs, including solvent/thermal annealing, ternary strategy and sol-
vent/solid additives, which have been widely adopted by the
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state-of-the-art OSCs [14-16]. Among these strategies, the solvent/solid
strategy is proved as simple and effective method to manipulate the
morphology. However, the high boiling points of commonly used sol-
vent additives such as 1-chloronaphthalene (CN) and 1,8-diiodooctane
(DIO) made them difficult to volatilize, the residue can induce
morphology degradation and reduce reproducibility and stability [17].
Recently, solid additives have emerged as promising alternative to sol-
vent additives [18]. Zhang group proposed the commonly building block
benzo[1,2-b:4,5-b’1dithiophene (BDT) as a solid additive. The crystal-
linity and charge transfer were enhanced and a PCE of 17.91% was
achieved for the BDT-treated PM6:Y6 OSCs [19]. While, it is also worth
noting that solvent/solid additive strategy is mainly used to manipulate
the morphology. For the ternary method, in addition to the morphology
regulation, the complementary absorption between the third component
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and binary is also achieved to boost the photon energy harvesting.
Moreover, the appropriate third component might play a positive role in
facilitating charge dynamic processes, such as providing additional
charge transport channels, helping exciton separation at interfaces,
accelerating charge extraction. Therefore, the ternary can achieve the
concurrent improvement of all the three key parameters in OSCs
[20-23]. Besides, the required higher temperature to fully remove the
solvent/solid additives might reduce open-circuit voltage (Vpc) and
restrict the potential of PCE [24-26].

Generally, the third component material can be classified to poly-
mers and small molecules. Compared to polymers, small molecules
feature advantage of definite molecular structure, easier purification,
and less batch-to-batch issue. Up to now, a large proportion of TOSCs
were constructed with two acceptors owing to their small miscibility
difference, easily tuned energy levels and high crystallinity. Table S1
(Support information, SI) summarized most TOSCs literatures with
>18% PCEs constructed by two Y-series acceptors [27-33]. Y-series
acceptors as the third component adopt molecular strategy including
alkyl chains difference and asymmetry to regulate molecular crystal-
linity. For example, Chen group reported the asymmetric acceptor
BTP-S9 with stronger crystallinity, and its introduction improved the
crystallization and stacking of the PM6:1.8-BO system. The PM6:BTP-S9:
L8-BO ternary device yielded a PCE of 18.84% [34]. Yang group
explored acceptors with symmetric and asymmetric hybrid
cycloalkyl-alkyl chains to decrease the optical bandgap and deepen the
energy level, the resultant PM6:Y-C10ch:L8-BO device achieved a higher
PCE of 19.1% [35]. However, the synthesis of Y-series molecules is
tedious and not friendly for commercial application. Compared to
Y-series molecules, much less attention has been paid on small molecule
donors (SMDs) third component, partially owing to the difficulty to
fulfill the prerequisite of energy level alignment, complementary ab-
sorption and molecular crystallinity. Generally, the addition of appro-
priate SMDs third component could broaden the absorption and
optimized the energy level. Besides, as most of SMDs possess strong
crystallinity, it would be more desirable to optimize the morphology by
introduction of SMDs [36-41].

Diverse strategies have been explored in the development of SMDs
for TOSCs. In our previous studies, we adopted different end-groups of
cyanooctyl ester and esterified rhodanine to fine-tune the electronics
and crystalline properties of SMDs third component, the ternary device
based on PM6:BT-ER:L8-BO achieved the PCE of 18.11% [42].
Furthermore, we developed two SMDs third component by isomeriza-
tion engineering of chlorine substitution position, the result oBTCIl
achieved highest efficiency of 18.96% in PM6:L8-BO system and high
thickness-tolerance property [43]. Except introducing halogen atoms to
increase the crystallinity of SM donors [44], expanding the conjugated
structure is also an effective strategy. For example, Ge group extended
the conjugation of the molecular backbone and synthesized G19 with an
extremely ordered edge-on orientation, resulting in a largely improved
PCE of TOSC to 18.53% with D18-Cl:G19:Y6 system [45]. Hou et al
designed a wide-bandgap small molecule NRM-1 with rigid conjugate
plane. NRM-1 can disperse into the acceptor phase in the PBDBT:
IT-4 F-based OSC and reduce the Ejss of the TOSC [46]. Bao group
incorporated DRTB-T-C4 molecule with high crystallinity into the host
PM6:Y6 blend to construct TOSC, the ternary device PM6:DRTB-T-C4:Y6
reduced recombination loss and obtained a PCE of 17.13% [47]. These
works demonstrated that the addition of high crystallinity SMDs to the
binary system is conducive to the regulate morphology of blend film. On
the other hand, most researchers believe that appropriate energy level to
form a cascade energy level can promote efficient charge separation and
transfer [48-50]. The requirement of deeper highest occupied molecular
orbital (HOMO) level than polymer donor limits the choice of the third
donor component. Therefore in the early stage, design strategies focus
on the regulation of energy levels by chemical structure modification.
However, with the emergence of high-performance binary system,
improving the morphology and reducing the energy loss of the host
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device has become a more and more important consideration for the
third component. Highly efficient TOSC devices are rarely reported
based on a higher HOMO level than PM6 [51]. Therefore, it’s worth
exploring rational selection and new design strategy of the third
component.

In this work, we designed and synthesized a wide bandgap SMD third
component, BTTC, incorporating thieno[3,2-b]thiophene (TT) as the
side chain of the BDT center core. The rigid TT unit was introduced into
the BDT unit to enhance crystallinity [52-54]. The enhanced conjuga-
tion in the side chain direction is perpendicular to the molecular back-
bone, and thus will not significantly redshift the absorption and keep the
complementary absorption with the binary system. The molecule pos-
sesses strong crystallinity and modest miscibility. The introduction into
PM6:L8-BO binary device increased the crystallinity and induced
preferred vertical phase separation, which leads to efficient charge
extraction, balanced carrier mobility and suppressed charge recombi-
nation. Meanwhile, BTTC has a higher HOMO level than PM6 and a
reduced energy loss was observed for the ternary device. Ultimately, the
resultant ternary OSC achieved an excellent PCE of 18.8%, with a V¢ of
0.901V, Jsc of 26.61 mA cm ™2, and FF of 78.42%. Meanwhile, the
ternary device presented evidently extended operational stability.
Furthermore, in order to verify the versatility of BTTC in high efficiency
binary systems, ternary OSCs utilizing BTP-eC9 as the acceptor have also
been studied. The PCE was further improved to 19.18% and the charge
management (FF xJgc) result is one of the highest value for ternary OSCs
so far, higher than the recent solvent/solid additive treated devices
(Table S2). This study provides a novel approach to fabricate
high-performance ternary OSCs with all enhanced photovoltaic param-
eters by introducing a SMD featuring high HOMO level. This strategy
could greatly widen the third component selection and further improve
the efficiency and stability of ternary OSCs.

2. Results and discussion
2.1. Synthesis and properties

The chemical structures of PM6, L8-BO, BTTC are shown in Fig. 1a.
In order to increase intermolecular t—x interactions, we choose thieno
[3,2-b]thiophene (TT) unit as substitution of the central benzo[1,2-
b:4,5-b’]dithiophene (BDT) core, and a long 2-hexyldecyl (HD) alkyl
chain was introduced into the TT unit to guarantee sufficient solubility.
Detailed synthetic route is illustrated in Scheme S1 in Supporting In-
formation (SI). The target molecule was obtained via Stille coupling
reaction with a yield of 59%. BTTC possesses good solubility and can be
dissolved in common solvents such as chloroform, tetrahydrofuran.
Molecular structure is characterized by the nuclear magnetic resonance
(NMR) spectra (Fig. S1 and S2). Thermogravimetry analysis (TGA)
measurement indicates superior thermal stability for BTTC with high Ty
(decomposition temperature 5% weight loss) at temperature 372°C
(Fig. S3).

The optical properties of PM6, L8-BO and BTTC were investigated by
UV-Vis absorption spectra (Fig. 1b). The film maximum absorption peak
of BTTC (567 nm) exhibits an obvious redshift compared to its solution
absorption (468 nm), indicating strong n—= interactions in the film
state. The optical bandgap (EglDt =1240/4onset) of BTTC is calculated to
be 1.86 eV according to the absorption edge (lonset) of 667 nm with
absorption coefficient of BTTC film in Fig. S4. BTTC film possesses
strong absorption in shorter wavelength range, implying complemen-
tary absorption with PM6:L8-BO system. The energy level was obtained
by cyclic voltammetry measurement (Fig. S5 and S6). The HOMO level
of BTTC was calculated to be —5.23 eV according to the equation
EHOMO: —E (Eonset, OX+4'807EFC/FC+) (eV) [55], in which EFc/Fc+ is the
redox potential of Fc/Fc' (0. 675 eV versus Ag/AgCl). The lowest un-
occupied molecular orbital (LUMO) level is calculated to be —3.37 eV
using the formula }E‘g’pt =Epomo—ELumo- The corresponding energy dia-
grams are presented in Fig. lc. To better understand the effect of
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Fig. 1. Basic properties of the materials. (a) Chemical structures of PM6, BTTC, L8-BO. (b) Normalized thin film absorption spectra of PM6, L8-BO, BTTC and the
solution absorption spectra of BTTC. (c) Energy levels diagram of PM6, L8-BO, BTTC. (d) 2D GIWAXS pattern of the neat BTTC film.

n-conjugation extension on the energy levels and molecular orbital
distribution of BTTC, density functional theory (DFT) calculation was
performed (Fig. S7). The long alkyl chains were simplified with the
methyl groups to reduce the complexity of calculation. The Egomo and
Erumo are calculated out —5.43/—3.19 eV, respectively. The HOMO was
delocalized over the whole backbone and TT units, while the LUMO was
mainly located in the end groups. The molecule displays excellent
planarity, which is favorable for orderly molecular packing and the
n-conjugation extension through molecular skeleton. The molecular
packing properties of BTTC were investigated by grazing-incidence
wide-angle X-ray scattering (GIWAXS) measurement (Fig. 1d), clear
n—r stacking (010) scattering peak is observed in the out-of-plane (OOP)
direction for BTTC film, suggesting BTTC has a preferential face-on
orientation. Fig. S8 demonstrates BTTC film possesses strong diffrac-
tion signal locating at 0.29 A™! (d-spacing=21.66 A) with calculated
coherence lengths (CCL) of 144.92 A, indicating the strong crystallinity.

2.2. Photovoltaic properties

To investigate the influence of BTTC on the ternary photovoltaic
performance, we constructed OSCs with device architecture of ITO/poly
(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS)/
active layer/N,N-bis[3-[3- (dimethylamino)propylamino]propyl]per-
ylene-3,4:9,10-bis (dicarbimide) (PDINN)/Ag, Fig. 2a presents the cur-
rent density-voltage (J—V) curves of optimal devices under AM 1.5 G
illumination at 100 mW cm™2. Table 1 lists the detailed photovoltaic
parameters of the binary and ternary devices. Detailed optimized device
parameters are shown in the Table S3 and S4. The control PM6:L8-BO
device delivered a Voc of 0.881 V, Jgc of 26.26 mA cm 2, and a FF of
78.04% with a PCE of 18.05%. Incorporating 0.05 wt% BTTC as the
guest donor, the PM6:BTTC:L8-BO ternary device exhibited an obvi-
ously elevated V¢ of 0.901 V and Jg¢ of 26.61 mA crnfz, and a higher
FF of 78.42%, achieving a comparable PCE of 18.8%. Fig. S9 depicts the
PCE distribution for the devices, statistics of 10 cells for each device,
demonstrating PCE values reproducibility for each device with small
deviations. We also have fabricated binary OSCs based on BTTC:L8-BO
and BTTC:BTP-eC9, and obtained PCE of 3.28% and 5.35%,

respectively (Fig. S10 and Table S5). The external quantum efficiency
(EQE) spectra are illustrated in Fig. 2b. All the devices exhibited a broad
and efficient photon-to-current conversion in the range of 300-1000 nm
due to the spectral complementarity between PM6, BTTC and L8-BO.
Compared with the binary device, the ternary device exhibits slightly
higher response spectra in the short wavelength. The PM6:BTTC:L8-BO
device holds the highest response (90%) at 570 nm, corresponding to
the absorption peak of BTTC. The integrated current density based on
the EQE curves (Table 1) agrees well with the Js¢ values obtained from
the J—V measurements within 5% range. Stability is critical factors for
the real applications. The devices stability of PM6:L8-BO and PM6:
BTTC:L8-BO were examined with maximum power point (MPP)
tracking under 1 sun illumination for 240 h (Fig. 2c) at Ny atmosphere
under room temperature. After MPP tracking for 24 h, the PCE of the
PM6:L8-BO device decays by 20%. In contrast, the PM6:BTTC:L8-BO
device shows a smaller decay with PCE decreased by only 4.8% after
240 hours, maintaining 80% of the original efficiency. The impact of
BTTC on thermal stability of device was characterized. As shown in
Fig. S11a, the PCE of PM6:L8-BO suffers from a severe drop to 80% of its
initial value within 50 h at 60 °C in glove box. In contrast, the device
based on PM6:BTTC:L8-BO shows notably enhanced thermal stability
under the same operational condition, maintaining 94% of its initial PCE
within 50 h. We further tracked the storage stability (Fig. S11b), BTTC-
based ternary device kept 84% of the initial PCE after 240 h storing.
While, the PCE of PM6:L8-BO kept only 31%. The significantly improved
operational stability for ternary device might be originated from the
suppressed light-induced trap defects. To investigate intermolecular
dynamic processes between PM6 and BTTC, photoluminescence (PL)
spectra were measured under 550 nm light excitation, as shown in
Fig. S12. A strong PL emission peak is observed for neat BTTC film at
720 nm. The neat PM6 film exhibits relatively weak PL emission peak at
700 nm. Particularly, the PL emission intensity of PM6:BTTC blend film
is monotonously decreased as PM6 content increasing, and BTTC
emission peak in blend film is completely quenched at 720 nm, indi-
cating the existence of energy transfer from BTTC to PM6.

Charge collection and recombination properties were characterized
to understand the improved performance of ternary device. Firstly, we
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Fig. 2. Photovoltaic performance of OSCs. (a) J—V curves for optimized OSCs. (b) EQE spectra and integrated current densities for optimized OSCs. (c) Light stability
of binary and ternary devices with maximum power point (MPP) tracking under 1 sun illumination (d) Jpnh— Vet curves. (e) Jsc and (f) Voc versus light intensity. (g)
The charge mobilities of the corresponding devices. (h) TPV and (i) TPC of PM6:L8-BO and PM6:BTTC:L8-BO devices.

Table 1
The detail photovoltaic parameter of binary and ternary devices ?).
Active Voc (V) Jsc (ma/  JEE FF (%) PCE (%)
Layer cm?) (mA/
cmz)
PM6:L8- 0.881 (0.880 26.26 25.1 78.04 18.05
BO +0.0009) (26.22 (77.86 (17.94
+0.08) +0.30) +0.06)
PM6: 0.901 (0.902 26.61 25.4 78.42 18.80
BTTC: +0.0007) (26.59 (78.05 (18.72
L8-BO +0.05) +0.18) +0.05)
PM6:BTP- 0.850 (0.850 28.08 26.8 75.62 18.05
eC9 +0.0005) (27.94 (75.65 (17.97
+0.12) +0.36) +0.05)
PM6: 0.853 (0.853 28.32 27.0 79.40 19.18
BTTC: +0.0009) (28.29 (78.98 (19.06
BTP-eC9 +0.09) +0.29) +0.06)

a)The average values within the parentheses were obtained with 10 devices.

measured the dependence of photocurrent density (Jpn) on effective
voltage (Ver). The Jpp, is derived from the formula Jpn = Ji—Jp, where
the J, and Jp represent the light current density and the dark current
density, respectively [56]. Ve is the difference between Vj (the voltage
when Jp,;, = 0) and V (the applied bias). Jg, is the density of the saturated

photocurrent when Ve >2 V. The ratio of Jpn/Jsar can be evaluated the
exciton dissociation probability (P(E, T)) [57]. As depicted in Fig. 2d,
the P(E, T) is 90% for optimized PM6:L8-BO and 91% for PM6:BTTC:
L8-BO. The P(E, T) values suggested that both the binary and ternary
devices feature efficient charge collection process. Furthermore, the Jsc
and Vg values as a function of light intensity were measured to explore
the charge recombination. The Jsc exhibits a dependence on light in-
tensity (Pjigne) with the relationship JscmPﬁght (Fig. 2e), where o close to
1 implies that there almost no bimolecular recombination and free
carriers are all collected [58]. The obtained values were 0.97 and 0.99
for the PM6:L8-BO binary and PM6:BTTC:L8-BO ternary device,
respectively, indicating the slightly reduced bimolecular recombination
in PM6:BTTC:L8-BO ternary device. The trap-assisted recombination
was further evaluated by estimating the relationship of Voc and Piign¢
(Fig. 2f), where the slope close to 2 kT/q means that the device is
dominated by trap-assisted recombination, while the slope close to 1
kT/q indicates that the device is dominated by bimolecular recombi-
nation (where T, k, and q are the Kelvin temperature, Boltzmann con-
stant, and elementary charge, respectively) [59]. The slope of the PM6:
L8-BO device (1.08 kT/q) is slightly higher than that of PM6:BTTC:
L8-BO (1.01 kT/q), illustrating that the introduction of BTTC sup-
pressed trap-assisted recombination for PM6:L8-BO. In short, the above
results indicated that the introduction of BTTC could effectively
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suppress the charge recombination and thus benefiting Jsc and FF.

To elucidate charge transport properties, the electron and hole mo-
bilities (4. and up) were measured by space-charge limited currents
(SCLC) method. The curves of the electron-only and hole-only devices
are depicted in Fig. S13, and the relevant parameters are listed in
Table S6. The uy and pe values are 1.32x107° and 0.85x107°
em?vV 157! for PM6:L8-BO device, respectively. In contrast, the ternary
blend film (PM6:BTTC:L8-BO) exhibited improved charge transport
properties with higher uy, of 1.52x1073 and peof 1.1 x107% em?v 157,
respectively (Fig. 2g). Moreover, the PM6:BTTC:L8-BO device exhibited
a more balanced charge transfer ability (un/ue = 1.38), suggesting that
the charge transport process is more efficient and balanced in the
ternary device. We also determined the mobilities (u, and ) of neat
BTTC film to investigate the influence of the TT substitution on carrier
transport (Fig. S14). The upn and y values are 1.99x10*and 1.58x10~7
em?V1s7! for neat BTTC film, respectively (Table S7). The improved
charge transport by TT substitution agrees well with the device Jsc and
FF values, which could benefit from the enhanced intermolecular
interaction. We performed transient photovoltage (TPV) and transient
photocurrent (TPC) measurements to further evaluate BTTC impact on
charge extraction and charge carrier lifetime (Figs. 2h and 2i). The
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carrier lifetimes are 0.543, 0.725 ps for the PM6:L8-BO and PM6:BTTC:
L8-BO devices, respectively, and the charge extraction times are calcu-
lated to be 0.414 and 0.186 ps for the PM6:1L8-BO and PM6:BTTC:L8-BO,
respectively. These results manifest that the ternary device has shorter
charge carrier extraction time and longer charge carrier lifetime than
PM6:L8-BO device. Apparently, the introduction of BTTC benefited the
charge transport and extraction and suppressed the charge recombina-
tion of the device, thereby favored Jsc and FF of the ternary device.

2.3. Films morphology characteristics

To investigate the miscibility of BTTC with PM6 and L8-BO, the
contact angles of the neat PM6, BTTC, and L8-BO films have been
measured (Fig. 3a), and the detailed parameters are summarized in
Table S8. The surface energy (y) of PM6, BTTC and L8-BO films turned
out to be 25.40, 19.54 and 29.49 mN m_, respectively (Fig. 3b), and the
Flory-Huggins interaction parameters (y) can be calculated via the
equation y = K(,/yD — \/7A)? to evaluate their miscibility [60]. The
ypme:eTTC and XprTC:L8-Bo Parameters came out to be 0.38 K and 1.02 K
(Fig. 3b), respectively. This indicates that BTTC is more inclined to form
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Fig. 3. Morphology characterizations of the blend films. (a) The contact angles of water and ethylene glycol (EG) drops on PM6, BTTC, and L8-BO blend films. (b)
Surface tension values of the corresponding neat films and y values between the PM6,/L8-BO and BTTC. AFM height images of (c) PM6:L8-BO and (f) PM6:BTTC:L8-
BO. AFM phase images of (d) PM6:L8-BO and (g) PM6:BTTC:L8-BO. GIWAXS images of blend film of (e) PM6:L8-BO; (h) PM6:BTTC:L8-BO.
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non-separating phase with PM6. The incorporation of BTTC reduces the
miscibility between PM6 and L8-BO, thereby promoting phase separa-
tion. The differential scanning calorimetry (DSC) of PM6:BTTC and
L8-BO:BTTC blends at different weight ratios was performed (Fig. S15).
The peak of BTTC appears at a ratio of 1:1 (wt/wt), and it could not be
seen with ratio of 1:0.05 and 1:0.1 (PM6:BTTC). Whereas for L8-BO:
BTTC blends, the BTTC peak could be clearly detected at ratio of 1:0.1
(L8-BO:BTTC), and the peak intensity increased with more amount of
BTTC. Therefore, it was suggested BTTC was more incline to mix with
PMB6 than L8-BO. As presented in Fig. 3¢ and 3f, atomic force microscopy
(AFM) was utilized to characterize the morphology properties. The
root-mean squire roughness (RMS) of the PM6:BTTC:L8-BO ternary
blend film (0.757 nm) slightly increased than the PM6:L8-BO binary
film (0.705 nm), indicating that the PM6:BTTC:L8-BO blend film
exhibited strengthened phase separation and widened nanofibrils due to
the strong crystallinity of BTTC. Figs. 3d and 3g demonstrate nanoscale
bicontinuous interpenetrating network structure of the ternary blend,
which contributes to the suppressed charge recombination and a higher
FF [61]. The fibril texture of PM6:L8-BO blend film is roughly defined
with a smaller fibril diameter and more sparse fibril distribution. Adding
BTTC into PM6:L8-BO improved the crystallinity of the blend film by
forming a high-quality fibril network with increased fibril diameter and
distribution (Fig. S16). To further explore morphology variations of the
binary and ternary blend films, we performed GIWAXS measurement to
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investigate the molecular packing behavior. The binary and ternary
blend films show preferred face-on orientation (Fig. 3e and 3h), and the
GIWAXS 2D patterns are listed in Table S9 and Fig. S17. The PM6:L8-BO
blend film shows face-on orientation at 1.76 A~1 (d=3.57 10\) in the
out-of-plane (OOP) direction. Compared to the binary film, the ternary
blend film depicts face-on orientation at 1.77 Al (d=3.55 10\) in the
OOP direction, the diffraction peaks of PM6:BTTC:L8-BO blend film was
significantly enhanced. Furthermore, the calculated crystal coherence
length (CCL;10) value of PM6:BTTC:L8-BO blend film (20.19 A)is higher
than that PM6:L8-BO blend film (18.84 A), implying that the introduc-
tion of BTTC not only strengthened phase separation, but also enhanced
molecular ordering in ternary blend film. These results are consistent
with the improved charge carrier mobility and FF in ternary device.
To investigate the vertical phase distribution of the binary and
ternary blend films, film-depth-dependent light absorption spectroscopy
(FLAS) was performed. Fig. 4a and 4d exhibit light absorption spectra of
PM6:L8-BO and PM6:BTTC:L8-BO ternary blend films at different film
depth (depth 0 and 95 nm represent the active layer/PDINN and active
layer/PEDOT:PSS interface, respectively), the absorption peaks located
at 628 nm are attributed to PM6, and the absorption around 800 nm
predominantly originates from L8-BO. The L8-BO absorption of PM6:
BTTC:L8-BO blend film exhibits apparent variation at different depths
compared with binary device, which conducives vertical electron
transport in the ternary blend film. Upon fitting the light absorption
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profiles of subfilms with the absorption spectra of PM6 and L8-BO films,
the composition ratio of PM6 and L8-BO at different film depths can be
extracted. As depicted in Fig. 4b and 4e, the PM6:BTTC:L8-BO blend
film has a more well-defined double-layer interpenetrating structure,
where both PM6 and L8-BO display a gradient distribution, with higher
concentrations of PM6 near the anode and L8-BO near the cathode,
respectively, contributing to the reduced bimolecular recombination
and improve charge transfer [9,62]. Fig. 4c and 4f demonstrate the
excitons are mainly produced at the bottom of the blend films.
Compared with binary device, the number of exciton produced by the
ternary blend film is higher near the anode region, supporting the
favored gradient phase distribution vertically in the ternary device.

To understand the Vo enhancement behavior, energy loss (Ejoss)
analysis of the binary and ternary devices were conducted. The detailed
Ejoss values are shown in Table 510 and Fig. 4g—4i. The Eg was measured
from the EQE spectra of the blend films. As summarized in Table S10,
the radiant energy loss (AE;) represents the unavoidable radiative loss
originating from absorption above the bandgap (Eg) [63] and there is no
difference among binary and ternary devices. AE; is the loss of radiation
recombination below the band gap, determined by the degree of energy
disorder and recombination [64]. The AE; of ternary device (0.058 eV)
is significantly lower than binary device (0.073 eV), suggesting mini-
mized energy disorder in ternary device. AE; can be quantified by a
parameter of the Urbach energy (Ey), and smaller Ey represents the
lower energy disorder. By fitting FTPS-EQE with Urbach’s rule [65], the
Ey of the ternary device was 22.2 meV, lower than the binary device
(24.2 meV) (Fig. S18). The reduced Ey was mainly attributed to the
enhanced crystallinity of ternary blend film. AE3 is measured according
to the following equation [66]:

AEg= qV{,’?"”“d = —kTIn(EQEEL)Where EQEg, is the electrolumi-
nescence quantum efficiency of the device. As shown in Table S10, the
binary and ternary devices exhibit an EQEg;, of 8.1x1 03and 1.07x1072
(Fig. S19), corresponding AE3 of 0.243 and 0.236 eV, respectively.
Eventually, the ternary device achieves a lower Ejoss of 0.56 eV than
binary device (0.582 eV for PM6:L8-BO), which contributes to a higher
Voc of ternary device. Compared with PM6:L8-BO device, the reduction
of Ejoss for PM6:BTTC:L8-BO originates from both mitigation of AE;
(from 0.073 to 0.058 eV) and AE3 (from 0.243 to 0.236 eV), verifying
that BTTC as the third component is a feasible way to reduce Ejoss and
improve the Voc.

2.4. A universality of BTTC

Inspired by the favored effect of BTTC, we introduced BTTC into
PM6:BTP-eC9 binary system to verify the universality. The control bi-
nary PM6:BTP-eC9 device achieved a PCE of 18.05%, with a V¢ of
0.85V, a Jsc of 28.08 mA cm’z, and a FF of 75.62% (Fig. 5a). By
introducing BTTC (0.05 wt%) as the third component, PCE of the PM6:
BTTC:BTP-eC9 ternary device remarkably enhanced to 19.18%, with

Nano Energy 125 (2024) 109542

impressively increased FF of 79.4% (Table 1 and Table S11). The narrow
PCE distribution demonstrates the excellent reproducibility of the de-
vice (Fig. S7). The value of FFxJsc can be utilized to represent charge
management [67]. As presented in Fig. 5¢ and Table S1, the charge
management value of PM6:BTTC:BTP-eC9 is one of the best result
among those ternary OSCs, indicating BTTC as the third component can
effectively optimize the morphology and suppress recombination to
manufacture high-performance OSCs.

3. Conclusion

In summary, BTTC molecule with extended n-conjugated TT side
chain pending on BDT block was designed, synthesized and incorporated
into the binary PM6:L8-BO device to construct ternary device. BTTC
exhibits strong crystallinity, modest miscibility and complementary
absorption with PM6:L8-BO binary system. Thorough morphological
studies unveil that the incorporation of BTTC enhanced the crystallinity
and induced preferred vertical phase separation structure. This resulted
in higher charge mobilities, suppressed carrier recombination and more
efficient charge extraction and collection. Additionally, despite the
HOMO level of BTTC does not favor the cascade alignment with the
binary system, the reduced radiative and nonradiative recombination
leads to decreased energy loss and thus benefits Vo Consequently,
relative to the PM6:L8-BO host blend, the ternary device achieved
remarkable PCE of 18.8% with a synchronously improved Voc of
0.901 V, Jgc of 26.61 mA cm’z, and FF of 78.42%. Meanwhile, the PM6:
BTTC:L8-BO blend film presented extended operational stability, which
is beneficial for future practical applications. Impressively, the molecule
BTTC was introduced into the PM6:BTP-eC9 system, the PM6:BTTC:
BTP-eC9 exhibited an excellent PCE of 19.18% with superior charge
management property. These results demonstrate that constructing
cascade energy level alignment is not the prerequisite for the third
component, and widen the design strategy for third component to ach-
ieve high-performance and stable ternary OSCs.
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