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Abstract: Triplet acceptors have been developed to construct
high-performance organic solar cells (OSCs) as the long
lifetime and diffusion range of triplet excitons may dissociate
into free charges instead of net recombination when the energy
levels of the lowest triplet state (T;) are close to those of charge-
transfer states (°CT). The current triplet acceptors were
designed by introducing heavy atoms to enhance the intersys-
tem crossing, limiting their applications. Herein, two twisted
acceptors without heavy atoms, analogues of Y6, constructed
with large m-conjugated core and D-A structure, were con-
firmed to be triplet materials, leading to high-performance
OSCs. The mechanism of triplet excitons were investigated to
show that the twisted and D-A structures result in large spin—
orbit coupling (SOC) and small energy gap between the singlet
and triplet states, and thus efficient intersystem crossing.
Moreover, the energy level of T, is close to *CT, facilitating
the split of triplet exciton to free charges.

Introduction

OSCs have rapidly developed over the past decades owing
to their advantages of low cost, flexibility, and light weight.[!
With the efforts on the materials development and device
engineering, the power conversion efficiency (PCE) of OSCs
have now reached over 17%.?! The working mechanism of
OSCs includes photon absorption and exciton generation,
exciton diffusion, exciton split and charge generation, charge

transport, and charge collections. Thus, the PCE of OSCs
equals to the time of the efficiency of each step. Obviously,
one of the important strategies of improving the efficiency of
OSCs is to increase the exciton diffusion distance. Although
triplet excitons can travel longer than singlet excitons, the role
and mechanisms of triplet excitons in OSCs are still elusive.!
Thus, it is of importance to develop triplet materials to
investigate the mechanisms.

The generation of T, state depends on the enhancement of
the intersystem crossing (ISC) from the lowest singlet state
(Sy) to T, According to the perturbation theory, the rate
constant (kisc) of ISC is given by Equation (1):

kisc o <1W‘HS()‘3W>/6XP(AE§T) 1)

where ('W|Hgo|?W) is the spin-orbit coupling matrix ele-
ment, 1:150 is the spin—orbit coupling Hamiltonian, and AEgy is
the energy gap between the singlet and triplet states. This
equation suggests that large spin—orbit coupling value and
small AEg; can afford high kis¢c. Incorporation of heavy atoms
into the m-conjugated systems can enhance the spin-orbit
coupling, facilitating the ISC to generate triplet excitons.
Various triplet materials containing heavy atoms have been
developed for high-performance OSCs. For example, Yang
et al. reported a triplet platinum porphyrine-based donor
materials for OSCs, affording an efficiency of 2.1 %! while
Huang and co-workers introduced iridium into the backbone
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of PTB7 to significantly improve the efficiency of OSCs with
over 40 %, affording an efficiency of 8.71 % .1 In 2017, Huang
et al. reported the first tellurophene-based triplet acceptors
for OSCs.”! The diffusion distances of triplet excitons were
estimated to be 30 nm, which is comparable to other triplet
fullerene derivatives. As a result, an efficiency of 7.52 % was
achieved, which is much higher than that of the thiophene
analogue based OSCs. According to Equation (1), reducing
AFEgris another important method to increase k¢ to achieve
triplet materials. One of important strategies to minimize
AEg; is combining nonplanar donor (D) and acceptor (A)
units in conjugated systems, which has been employed to
construct various organic room-temperature phosphores-
cencel® and thermally activated delayed fluorescence materi-
als.”l However, these type of triplet materials have never been
used for OSCs since their twist structures usually led to weak
light absorption intensities and low charge transport mobi-
lities, which is detrimental for efficiency of OSCs.

Herein, two twisted-conformation molecular semiconduc-
tors with A-D-A’-D-A structure (H1 and H2), analogues of
Y6, were constructed based on a large m-conjugated fused
core (Figure 1b,c), which were shown to be triplet acceptors
with strong light absorption, supported by steady and
transient photoluminescence, and absorption spectroscopy,
electron paramagnetic resonance (EPR), magneto-photocur-
rent (MPC), and time-dependent density function theory
(TD-DFT). The results revealed that the D-A structure with
nonplanar conformation reduced the AEand facilitated the
ISC, yielding triplet excitons efficiently. Moreover, the energy
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Figure 1. The molecular structures of a) donor polymer PBDB-T and
PM6, b) Y6, and c) H1, H2. d) Normalized UV-vis absorption spectra
of acceptors as solutions. e) Normalized UV-vis absorption spectra of
donors and acceptors as thin films. f) Energy levels of PBDB-T, PM6,
H1, H2 and Y6 obtained from CV.
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level of the T, state is rather close to the *CT state, which is
beneficial for the split of triplet excitons to free charges.
Finally, the large m-conjugated fused core of the acceptors
afforded strong light absorption, which is beneficial for the
photocurrents. As a result, high-performance OSCs based on
these acceptors were fabricated to afford efficiencies of over
15%, demonstrating that the triplet excitons were generated
and split in the blend films to contribute to the PCE,
supported by magneto-photocurrent and transient spectros-

copy.

Results and Discussion

The compounds H1 and H2, synthesized through Knoe-
venagel condensation (Supporting Information, Scheme S1),
were fully characterized with 'H and *C NMR spectroscopy
and elementary analysis. Figure 1d shows that the absorption
spectra of Y6, H1, and H2 in solution were rather close to
each other, in the range of 400-800 nm with an absorption
peak at 735 nm, while the absorption peaks of the thin films
demonstrated around 90 nm red-shift (Figure 1e¢), indicating
that Y6, H1, and H2 possess strong intermolecular interac-
tions and electronic coupling in the solid state." The
absorption coefficient were estimated to be 9.95x 10* cm ™!,
1.01 x10° cm™, and 1.03 x 10° cm™! for H1, H2, and Y6 films,
respectively (Supporting Information, Figure S6), which can
be attributed to the large m-conjugation.

The electrochemical properties of these acceptors were
investigated by cyclic voltammetry (CV; Supporting Infor-
mation, Figure S8). According to the equation Eyoyonrumo =
—e(Egnseroxired +4.71 V), the energy levels of HOMO/LUMO
for H1, H2, and Y6 are calculated to be —5.54/—3.84 ¢V,
—5.62/-3.94 eV, and -5.76/—4.03 eV, respectively (Fig-
ure 1f). Obviously, Y6 possesses the lowest energy levels
owing to the strong electron-withdrawing properties of four
fluorine atoms in the end groups.

Time-resolved transient photoluminescence was em-
ployed to estimate the excited state lifetime of these accept-
ors. Figure 2a showed that Y6, H1, and H2 in 2-methylfuran
solution possess a short excited-state lifetime of 11.67 ns,
13.36 ns, and 10.41 ns at 298 K, respectively. However, the
lifetime increased sharply to 6.07 ps, 8.15 us, and 7.66 ps,
respectively, when the solution samples were cooled down to
77 K (Figure 2b). This observation suggested that ISC is
efficient in these acceptors, generating a large amount of
triplet excitons."

Transient absorption spectroscopy is another effective
method to investigate the dynamics of triplet excitons. As
shown in Figure 2 c, transient spectra in degassed chloroform
solution share two photoinduced absorption (PIA) bands at
around 530 nm and 850 nm, standing for the kinetic process of
excited state absorption (ESA),'? and a strong ground state
bleaching (GSB) peak at around 660 nm, consistent with the
solution absorption spectra. The decay traces of H1, H2, and
Y6 are shown in Figure 2d and the Supporting Information,
Figure S9, and their lifetimes were evaluated to be 42 ps,
55 us, and 41 ps, respectively, which is consistent with the
lifetime measured by time-resolved transient photolumines-
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Figure 2. a) Time-resolved transient photoluminescence decay traces
of H1, H2, and Y6 at 298 K. b) Time-resolved transient photolumines-
cence decay traces of H1, H2, Y6 at 77 K. c) Transient absorption
spectrum of H1 in degassed chloroform. d) Decay traces of H1 probed
at 550 nm. e) Magneto-photocurrent of H1, H2, and Y6 pristine films;
the device structure is ITO/ZnO/prinstine film/MoO;/Ag. f) Electron
paramagnetic resonance spectra of H1 in dark and under light
conditions.

cence. Thus, the ESA peaks were reasonably assigned to the
upper transitions from T, to T, of these acceptors.!"”
TD-DFT calculation was applied to probe the generation
of the triplet excitons. Two halves of the molecules share
a dihedral angel of 16.87°, 16.90°, and 16.88° for H1, H2, and
Y6, respectively (Supporting Information, Figures S10-S12),
suggesting their twisted structures, which may be beneficial
for reducing the AEq.!"" As discussed above, the ISC process
is decided by AEg; and spin—orbit coupling constants, where
a small AEgr and a large spin-orbit coupling constant may
lead to an efficient ISC. Detailed calculated data of excited
states energy levels and spin-orbit coupling constants are
summarized in the Supporting Information, Tables S1-S6.
The AEgrof H1 between S, and Tj; is only 0.0672 eV, and the
spin—orbit coupling constant of around 0.1 between S, and T;
is exhibited. These data combined are comparable to afford
a high ks, thus providing an efficient ISC channel.
Magneto-photocurrent experiments were performed to
investigate the triplet properties of these acceptors.'®! Mag-
neto-photocurrent can be defined as MPC=(I(B)—1(0))/
1(0),"" in which I(B) and I(0) are the photocurrent in the
presence and absence of magnetic field, respectively. The
results of the pristine acceptor films are presented in Fig-
ure 2e. The magnetic field can manipulate singlet-to-triplet
ratio through Larmor precession, which will influence photo-
current effectively.'™ All three acceptor films exhibited
a negative signal as the magnetic field strength increases,
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which indicate triplet excitons are more likely to be produced
at excited states, and the effects originate from the triplet-
charge reaction,'” which decreased photocurrent.

Electron paramagnetic resonance measurements can be
applied to detect signals and analyze information of the states
and excitons because it is a spin-sensitive technique.”” The
dark and under light electron paramagnetic resonance spectra
were shown in Figure 2f and the Supporting Information,
Figure S13. An electron paramagnetic resonance signal was
observed under light around 351 mT for these acceptors,
suggesting their paramagnetic properties,”'! and the corre-
sponding g-factors for H1, H2, and Y6 are 2.00412, 2.00499,
and 2.00462 respectively. Considering the fingerprints and the
magnetic field width of approximately 1.5 mT, the electron
paramagnetic resonance signal can be attributed to triplet CT
state (°*CT) polaron pairs,”?! which shall be transformed from
!CT polaron pairs through ISC. These results further illus-
trated the triplet nature of these acceptors.

PBDB-T and PM6 were chosen as the donors to couple
with the three acceptors since they have complimentary light
absorption and matched energy levels. OSCs based on HI,
H2, and Y6 were fabricated with a conventional structure of
ITO/PEDOT:PSS/active layer/PDINO/AL to study their per-
formance on OSCs. The typical current density-voltage (J-V)
curves and the external quantum efficiency (EQE) curves are
shown in Figure 3 a,b, and the device performance parameters
are summarized in Table 1. After preliminary optimization,
a best PCE of 14.16 % for PBDB-T:H1 devices was obtained
with a Ve of 0.76 V, a Jgc of 25.74 mAcm ™ and a FF of
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Figure 3. a) J-V curves and b) EQE curves of the H1, H2 and Y6 based
OSCs. c) Magneto-photocurrent of H1, H2 and Y6 based OSCs.
d) Transient absorption spectrum of PBDB-T:H1 blend film. e) Decay
traces of PBDB-T:H1 blend film probed at 770 nm. f) EL and EQE
spectra of PBDB-T:H1 based devices.
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Table 1: Detailed photovoltaic parameters of the OPV cells based on ten devices.

beam (45 uW). Figure 3d showed two strong GSB

peaks at around 640 nm and 850 nm, which are

Devices Voc [V] Jsc[mAcm™?] FF PCE [%)]

PBDB-T:H1 0.76 £0.01 25.74+0.21 0.71+£0.02  14.06(13.7040.13)
PBDB-T:H2  0.79+£0.01 25.82+0.19 0.73£0.01 15.12(14.89+£0.19)
PM6:Y6 0.8340.01 25.24+0.25 0.74+0.02  15.35(15.1040.21)

consistent with absorption peaks of the pristine films
of donors and acceptors, respectively. Moreover,
a wide range of PIA band is observed between these

71.40 %, which are close to reported results of Y14.%*! When
H1 is replaced by H2, the PCE climbed over 15% with a V¢
of 0.79V, a Jsc of 25.82 mAcm 2, and a FF of 73.86 %. The
enhancement of Jgc can be ascribed to the stronger absorp-
tivity, while the enhancement of FF may be attributed by the
better crystallinity of the chlorine atom,*! which lead to
a higher electron mobility. The improvement of V. is
however abnormal, since H2 have a lower LUMO energy
level compared to H1, which will be discussed later in the
following parts. These results suggested that both H1 and H2
can be applied as high-performance acceptors for efficient
OSCs. However, the PBDB-T:Y6 based solar cells only
afforded a relatively low efficiency of 9.88% (Supporting
Information, Table S7). Thus, PM6 was used as the donor to
couple with Y6, affording a high performance OSCs with
abest PCE of 15.35% (a Vo of 0.83 V, a Jgc of 25.24 mA cm 2
and a FF of 74.07%), which is comparable to the reported
results.['%]

The EQE curves (Figure 3b) illustrated that the devices
have a broad photoresponse range from 300 nm to 950 nm,
which is consistent with the UV/Vis absorption of the blend
films. All devices exhibited a high EQE of over 70 % from
450 nm to 850 nm, and the maximum EQE value are close to
85%, suggesting an efficient process of photoelectron con-
version for all devices. The integrated Jgc results calculated
for these devices are 24.92, 25.13, and 24.56 mA cm ™2 for H1,
H2, and Y6 based devices, respectively, which are close to the
Jsc from J-V measurements.

The magneto-photocurrent on PBDB-T:H1, PBDB-T:H2,
and PM6:Y6 OSC devices were then measured (Figure 3c¢).
All of the measurements exhibit a positive signal, and the
magneto-photocurrent are gradually increased with the rising
field strength. In fact, since the electron and hole dissociation
and recombination are spin-dependent in the photovoltaic
process for OSCs,*! such a line-shape denotes that the
dominant mechanism behind the increase of photocurrent is
the exciton dissociation at charge transfer states owing to the
increase of the magnetic field strength.”! Judging from
Figure 3¢, the full width at half maximum (FWHM) of
magneto-photocurrent for PBDB-T:H2 based devices seems
to be the narrowest in comparison to the rest. It also exhibits
the largest magneto-photocurrent effect among these three,
suggesting that the exciton dissociation at charge transfer
states is more efficient in PBDB-T:H2 based solar cells. The
results are consistent with the device performance parameters
given in Table 1, where the PBDB-T:H2 based solar cells
produce the highest Jgc.

Transient absorption spectra experiments were employed
to further analyze the dynamics of excitons in the blend films.
All blend films were sealed with PMMA film to avoid oxygen
quenching in air. The films were excited by a 600 nm laser

15046 www.angewandte.org © 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

two peaks, which stands for the charge-transfer
process.'””l The decay lifetime was investigated for
the strongest signal at 770 nm, and the decay traces
(Figure 3e; Supporting Information, Figure S15) demonstrate
that the lifetime has dropped to 65 ns, 30 ns, and 45 ns for H1,
H2, and Y6 in blend films, respectively. These excitons can
usually be classified as triplet excitons, since singlet excitons
will not be able to possess such a long lifetime.*”! Considering
the long lifetime of the excitons, geminate recombination
were suppressed in the blend film,”™ while non-geminate
recombination was observed to be rather weak, based on the
light intensity dependence measurements (Supporting Infor-
mation, Figure S18). Since geminate and non-geminate re-
combination is both negligible in the blend film, these
combined observations indicate that triplet excitons can be
generated and split into free charges at the D/A interfaces.”

EQE and electroluminescence (EL) quantum efficiency
were used to measure the energy losses and state energy
levels to further understand the mechanism of the photo-
voltaic devices. The energy loss (AE) was divided into three
different parts according to Equation (2):

AE= gAV
= Eg*qvoc
= (E,—qV3d) + (qVar—qVEd) + (@VEei—qVoc) )
= (E,—qV5e) +qAVEe o e + g AV
— AE, + AE, + AE,

in which Vg2 stands for the maximum voltage under the SQ
limit, Ve stands for the open-circuit voltage when there is
only radiative recombination existing, AVES: P9V &P stands for
the energy loss for radiative recombination due to below gap
absorption, and AVEA™ stands for the voltage loss of non-
radiative recombination.””’ AE, is the radiative recombina-
tion energy loss above the band gap, which is unavoidable in
all kinds of solar cells. AE, is the radiative energy loss below
the band gap, owing to the nonstop function absorption. AE;
is the non-radiative energy loss, which comes from the non-
radiative recombination.® It could be calculated by Equa-
tion (3):

AE; = gAVES ™ &0 — kT In(EQEy, ) (3)

The detailed data of the energy loss in devices of these two
acceptors are enlisted in Table 2. The optical band gap (E,)
can be extracted from EQE spectra.®! Both devices exhibited
very close AE,; value of 0.26 eV according to Shockley—
Queisser (SQ) theory.” As a result, Vi2 of H1 and H2
devices can be evaluated to be 1.15 Vand 1.16 V, respectively.
AE, can be derived from EQE spectra, and both devices have
a steep curve of high sensitive EQE (Figure 3 f; Supporting
Information, Figure S20), which shows that H1 and H2
possess a similar low AE, value of 0.07 eV and 0.06 ¢V,

Angew. Chem. Int. Ed. 2020, 59, 15043 —15049
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Table 2: Detailed data of Vi loss and excited states energy levels of the PBDB-T:H1 and PBDB-T:H2 based devices.

Material E, [eV] AE [eV] gV [eV] AE, [eV] AE, [eV] AE; [eV] S, [eV] T, [eV] CT [eV]
H1 1.41 0.66 115 0.26 0.07 0.33 1.41 1.06 1.35
H2 1.42 0.63 1.16 0.26 0.06 0.31 1.42 1.08 1.38

respectively.*™ According to Equation (2), AE; was estimated
based on EQEg;. H1 and H2 devices process EQEg; of 2.8 x
107 and 7.4x 1075, respectively (Supporting Information,
Figure S21), which are relatively high in OSCs.”! Thus, the
corresponding AE; are 0.33 eV and 0.31 eV for H1 and H2,
respectively. This observation supported that the H1 based
solar cells unusually possess a smaller V- than H2 based ones,
although H1 has a higher LUMO energy level than H2.1*

The energy levels of the CT state and excited state were
evaluated to understand the roles of these states in the
photovoltaic performances. We take S; to be equivalent to £,
here, and the energy levels of S; of H1 and H2 are thus
determined to be 1.41 eV and 1.42 eV, respectively. The T,
energies of H1 and H2 are 1.06 eV and 1.08 eV, respectively,
based on the emission band of films occurred at low temper-
ature (Supporting Information, Figure $22).* The small
AEg; between S; and T, may strongly promote ISC process,™
resulting in large amounts of triplet excitons in the system.
Moreover, through fitting the low-energy shoulder of the EL
and EQE spectra,’ CT state energy levels of HI and H2 are
determined to be 1.35 eV and 1.38 eV, which is close to the
T, state. Consequently, triplet excitons may be allowed to
form *CT, which provides sufficient time to subsequently
dissociate excitons into free charges and thus contributes to
the photovoltaic performance.

To further understand the effect of the end-groups on the
fill factors, charge transport mobilities of blend films were
investigated by space charge limit current (SCLC) method
(Supporting Information, Figure S23). The hole mobilities for
H1, H2, and Y6 based blend films are 5.17 x 107*, 5.24 x 107,
and 5.76x10*cm?V~'s, respectively, while the electron
mobilities are 347x107*, 421x10™, and 3.89x
10~* ecm? V's, respectively. The electron mobility of H2 based
blend films is higher than that of H1 based ones, which may be
because the H2 possesses stronger accumulation with its
chlorine end-groups, resulting more balanced hole/electron
mobility and a higher FF.

Grazing-incidence wide-angle X-ray scattering (GI-
WAXS) was used to probe the molecular packing of neat
PBDB-T, H1, and H2 pristine films and PBDB-T:H1 and
PBDB-T:H2 blend film, and the results of the 2D GIWAXS
patterns are shown in Figure 4 and the Supporting Informa-
tion, Figure S24. Neat PBDB-T film exhibited strong crystal-
linity with a (100) lamellar peak both in the out-of-plane
(OOP) direction at =028 A~! (d~22.5 A) and in the in-
plane (IP) direction at g =0.40 A~' (d~15.8 A). The polymer
donor film also presents a si—m peak in the OOP direction at
q=1.65 A" (d~3.8 A). Neat H1 and H2 film both have a 7—
7 stacking peak in the OOP direction at around g =1.75 A™!
(d~3.60 A), and signal of H2 is even much stronger, which
could be because the chlorine end-group processes better
accumulation than fluorine end-group.'* Also, two peaks in
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Figure 4. a),b) 2D GIWAXS patterns of a) PBDB-T:H1 and b) PBDB-
T:H2 blend films. c),d) Intensity profiles along the c) in-plane and
d) out-of-plane directions.

the IP direction were observed in these two neat films at
around ¢=025A" (d~252A) and ¢=042A" (d
~15.0A). The peak at ¢g=025A"' (d~252A) can be
identified as lamellar peak, while the peak at g =0.42 A~' (d
~15.0 A) may be ascribed to the backbone ordering owing to
n—n stacking of the end-group. The annealed blend film of
PBDB-T:H1 and PBDB-T:H2 showed a strong peak at g =
1.75 A~' (d~3.60 A) in the OOP direction, which is consis-
tent with the m—m peak of neat acceptor films, and the m—x
peak of neat donor film disappeared in the blend films,
suggesting crystallinity of PBDB-T has been weakened.
Meanwhile, in these blend films, we can observe an enhance-
ment of the lamellar peak of the polymer in the IP direction at
q=028 A" (d~22.5 A), and the backbone peak of accept-
ors in the IP direction at ¢=0.42 A~ (d=15.0 A) also
vanished in blend films, meaning that the acceptor tends to
arrange and stack alongside the polymer donor in the blend
film.

The surface morphology of films were studied by atomic
force microscopy (AFM) and transmission electron micros-
copy (TEM). As shown in the Supporting Information,
Figure S25, blend films of PBDB-T:H1 and PBDB-T:H2 both
exhibited smooth surface with similar low root-mean-square
(Rq) values of 1.34 nm and 1.55 nm, indicating the good
miscibility between donor and acceptor. TEM images of
blend films (Supporting Information, Figure S26 show the
nanofiber structure with small phase domain, which is
beneficial for the charge transport and separation, thus
leading to a high Jsc and FF.
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Conclusion

Two novel acceptors H1 and H2 were synthesized, which
along with Y6 were shown to be triplet materials, and the
OSCs afforded a highest PCE of 15%. Steady and transient
photoluminescence and absorption spectroscopy showed that
these materials possess strong light absorption and long
lifetime excitons, while TD-DFT calculations revealed that
the twisted conformation and D-A structure led to a consid-
erable kjsc. Magneto-photocurrent and electron paramagnet-
ic resonance experiments further revealed the triplet nature
of these acceptors. The triplet exciton pairs were generated
and split in the blend films to contribute to the PCE,
supported by magneto-photocurrent, transient spectroscopy,
EQE, and EL spectroscopy. This work sheds light on under-
standing the working mechanism of triplet excitons in OSCs.
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