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Introduction

Low nonradiative energy losses within 0.2 eV in
efficient non-fullerene all-small-molecule organic
solar cellst

Ziyun Huang,#2°“° Yanan Shi,1°° Yilin Chang,?® Chen Yang,?® Min Lv,*°
Yifan Shen,?¢ Yanan Liu,?® Jiangi Zhang, 22 Kun Lu @ *® and Zhixiang Wei (2 2°

Despite the remarkable progress achieved in the field of non-fullerene acceptor (NFA)-based organic
photovoltaics (OPVs) in recent years, the large energy loss remains a major factor limiting the power
conversion efficiency (PCE) of OPVs. Although many studies on polymer OPVs have been reported, low
energy loss systems with high efficiency are rarely reported with all-small-molecule organic-solar-cells
(ASM-OSCs). This is partially because a low energetic offset between donors and acceptors is usually
required to have a small energy loss, which could result in an insufficient exciton dissociation driving
force, making the trade-off between the device performance and energy loss an important research
focus. In this article, we report ASM-OSCs based on three small molecule donors ZR1-C2, ZR1-C3 and
ZR1-C4 with small molecule NFAs BTP-C11-N2Cl, BTP-C9-N2F and BTP-C9-N4F. Charge carrier
mobilities, exciton dissociation efficiency and charge collection efficiency were measured and calculated
for blends ZR1-C3:TP-C11-N4Cl, ZR1-C3:BTP-C9-N2F and ZR1-C3:BTP-C9-N4F, revealing good charge
transport properties. Morphology characterization methods such as AFM, TEM and GIWAXS have been
employed, demonstrating excellent molecular compatibility and suitable phase separation with fibrous
structures that provides efficient charge transport channels. By morphology and charge carrier
optimization, the highest PCE of 14.29% was achieved with a small nonradiative energy loss of 0.2 eV
which, to the best of our knowledge, is the highest PCE value for ASM-OSCs with a non-radiative
voltage loss < 0.2 eV, reaching a balance between high performance and low energy loss.

intrinsic advantages such as a definite chemical structure, easy

Organic solar cells (OSCs) have been widely investigated and
remarkable progress has been achieved in recent years, as they
offer several advantages such as flexibility, light weight and low-
cost fabrication.”” In the past 5 years, non-fullerene acceptor
(NFA)-based organic photovoltaic devices (OPVs) have received
extensive attention and pushed the power conversion efficiency
(PCE) of single-junction OSCs to over 18% with polymer
donors.®™ Compared with polymers, small molecules have
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purification process, and little batch-to-batch variation."*™"° A
PCE of over 15% has been reported for all-small-molecule
organic solar cells (ASM-OSCs), making them more promising
toward commercialization, and have received massive attention
recently."*"”>* Although breakthroughs have been made,
further improvement on the PCE of OSCs still remains a
challenge, and large energy loss is considered a major factor
limiting the PCE of OPVs. Many studies related to energy loss in
polymer OPVs have been discussed,>>® but low energy loss
systems with high efficiency are rarely reported in ASM-OSCs.
This is partially because low energetic offset between donors
and acceptors is usually required to obtain small energy loss,
which could result in an insufficient exciton dissociation driv-
ing force that leads to small current.”” Although efficient
charge separation under low driving forces has been reported
in several polymer systems,***° we believe that ASM-OSCs also
have prospective potency for energy loss optimization. Previous
research studies have shown that the open-circuit voltage (Voc)
is usually proportional to the difference between the highest
occupied molecular orbital (HOMO) of the donor and the

This journal is © The Royal Society of Chemistry 2022
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lowest unoccupied molecular orbital (LUMO) of the acceptor.
Taking acceptor Y6 as an example, the famous polymer donor
PM6, with the HOMO energy level of —5.53 eV, exhibits a V of
0.835 when blended with Y6,*' while small molecule donor
ZR1, with a higher HOMO of —5.32 eV, was reported to give a
higher Voc of 0.861 eV,** which conflicts with the previous
empirical conclusion. Since energy loss is approximately the
difference between the band-gap and Vo of the blend, small
molecule donors may possess the potential to reach lower
energy loss under a similar energetic offset when compared
with polymers.

In previous studies, adjusting the alkyl-chain branching
position has been proposed as an efficient strategy to improve
the photovoltaic performances of solar cells by controlling the
crystallinity and molecular miscibility.>* In 2019, small mole-
cule donor ZR1 was designed and reported, achieving a high
efficiency of 14.34% with Y6.*> In 2020, Zhou et al. reported a
series of donors ZR2-C1, ZR2-C2 and ZR2-C3, where the butyl
and hexyl of ZR1 on the side-chain end groups were substituted
with hexyl and octyl. By systematically moving the branching
point away from the core moiety, the power conversion effi-
ciencies of their blends were increased from 11.79% to 14.78%,
with a simultaneous improvement in both FF and short circuit
current (Jsc). End group modulation is another popular method
to tune the energy bandgaps and regulate the molecular
aggregations in small molecule acceptors.>*” Recently, an
extended end group from the 2-(3-oxo-2,3-dihydro-1H-inden-1-
ylidene)malononitrile (IC) to the 2-(3-0x0-2,3-dihydro-1
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H-cyclopenta[h] naphthalen-1-ylidene)malononitrile (NINCN)
has been reported and an excellent result has been achieved
in polymer 0OSCs.>* The enlarged conjugated area of the end
group could enhance the molecular interaction and increase
the HOMO-LUMO energy levels of acceptors,>**?” reducing
the HOMO offset between the donor and acceptor materials, so
that voltage loss is reduced and a high V¢ is obtained.

In this study, based on the previously reported ZR1 and the
strategy of alkyl-chain branching point modulation, we
designed and synthesized small molecule donors ZR1-C2,
ZR1-C3 and ZR1-C4, the molecular structures of which are
shown in Fig. 1, and the photovoltaic parameters with acceptor
Y6 are listed in Table S1 (ESIT). The highest efficiency of 15.12%
has been achieved by ZR1-C3, with significant improvement in
FF when compared with ZR1. Then, dithienothiophen[3,2-b]-
pyrrolobenzothiadiazole (BTP)-based non-fullerene acceptor
(NFA) with different halogen substitution were designed and
synthesized, among which BTP-C9-N2Cl, BTP-C9-N2Cl and
BTP-C11-N4Cl were shifted out for their poor solubility in
chloroform. The remaining acceptors BTP-C11-N2Cl, BTP-C9-
N2F and BTP-C9-N4F were then blended with ZR1-C3 to form
ASM-0SCs. The molecular structures of the donor and accep-
tors are shown in Fig. 1a. The non-radiative voltage loss of all
these three systems is < 0.2 eV, which is rarely reported by
ASM-OSCs and is almost near to those of inorganic solar cells
based on Si.*® The optimized device based on ZR1-C3 as the
donor and BTP-C9-N4F as the acceptor gave an excellent PCE of
14.29%, which, to the best of our knowledge, is the highest PCE
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Fig. 1 Molecular structures (a), normalized solution absorption spectrum (b), normalized film absorption spectrum (c) and energy levels (d) of ZR1-C3,

BTP-C11-N2Cl, BTP-C9-N2F and BTP-C9-N4F.
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value for ASM-OSCs with a non-radiative voltage loss < 0.2 eV,
achieving high PCE and high non-radiative voltage loss
simultaneously.

Results and discussion

In this study, the conventional structure of glass/ITO/PED-
OT:PSS/active layer/PFN-Br/Ag was fabricated for all devices to
investigate their photovoltaic performance. The molecular
structures are shown in Fig. 1a and the optimized photovoltaic
parameters are listed in Table 1. The 2-(3-oxo-2,3-dihydro-1H-
cyclopenta[p] naphthalen-1-ylidene) malononitrile (NINCN)
end group of acceptors enabled a high LUMO energy level,
and thus a Vo as high as 0.90 V was obtained from ZR1-C3:
BTP-C9-N2F and ZR1-C3: BTP-C11-N2Cl systems, which is
higher than most of BTP-based non-fullerene small-molecule
acceptors. By further increasing the substituted fluorine atoms
on the end groups, a simultaneous increase in both Jsc and FF
appears with a small decrease in Vg, leading to an increase in
efficiency from slightly above 11% to 14.29% in the ZR1-
C3:BTP-C9-N4F system.

The current density-voltage (J-V) characteristics and exter-
nal quantum efficiency (EQE) curves are plotted in Fig. 2. The
calculated Jsc from the EQE spectrum is 19.83 mA cm 2,
19.70 mA cm 2 and 22.86 mA cm™ 2 for ZR1-C3:BTP-C11-N2Cl,
ZR1-C3:BTP-C9-N2F and ZR1-C3:BTP-C9-N4F, respectively,
which is consistent with the values obtained from J-V curves
(error within 5%). The shape of the EQE curves is almost
identical, with ZR1-C3:BTP-C9-N4F exhibiting overall higher
efficiency in the range of 450 to 1000 nm, indicating better
light utilization and management. The charge carrier mobility
of each device was determined by the space charge-limited
current (SCLC) and is plotted in Fig. Sla and b (ESI{). The
electron mobility was detected using the device architecture of
glass/ITO/ZnO/active layer/PFN-Br/Al, while the hole mobility
was determined using the glass/ITO/PEDOT:PSS/active layer/
MoOx/Ag device structure. The electron/hole mobilities of
devices with ZR1-C3:BTP-C11-N2Cl, ZR1-C3:BTP-C9-N2F and
ZR1-C3:BTP-C9-N4F as active layers were calculated to be
421 x 107* em?® V7' s7Y/1.48 x 107* ecm? V! 57, 6.68 x
10 *em? Vv ts75.33 x 107 em® vV 's7, and 7.68 x 10~ * cm?
Vv 's77.57 x 107" em® V™' s, respectively. An overall higher
carrier mobility and better balanced electron/hole mobility
ratio (1.01) were achieved by ZR1-C3:BTP-C9-N4F when com-
pared with others, providing better charge transport properties
that led to a simultaneous increase in both Jsc and FF.??4°

To further investigate the light absorption and exciton
dissociation process, the dependences of photocurrent density
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Fig. 2 The current density—voltage characteristics (a) and the corres-
ponding external quantum efficiency (EQE) spectrum (b) of the optimized
devices. The solid line represents the EQE curve and the dashed line
represents the integrated Jsc by EQE.

(Jpn) on the effective voltage (Ver) were measured and are
plotted in Fig. Sic (ESIt). When the effective voltage is large
enough (i.e., Ve = 2 V), all photo-generated excitons are
dissociated and J,, reaches saturation and is defined as Jac
The Jgu is 21.80 mA cm > for the ZR1-C3:BTP-C11-N2Cl system,
20.80 mA cm™ > for the ZR1-C3:BTP-C9-N2F system and
23.99 mA cm > for the ZR1-C3:BTP-C9-N4F system, which is
consistent with the measured Jsc. Moreover, exciton dissocia-
tion efficiency (14iss) and charge collection efficiency (1¢o1) were
obtained by calculating the ratio of Jyn//sar. Under short-circuit
conditions, ngiss Was calculated to be 92.04% for the ZR1-
C3:BTP-C11-N2Cl system, 95.81% for the ZR1-C3:BTP-C9-N2F
system and 98.29% for the ZR1-C3:BTP-C9-N4F system, while
under maximum power conditions, 7.,y was calculated to be
78.36% for the ZR1-C3:BTP-C11-N2Cl system, 69.31% for the
ZR1-C3:BTP-C9-N2F system and 83.21% for the ZR1-C3:BTP-C9-
N4F system. The blend with BTP-C9-N4F as the acceptor
exhibited the highest exciton dissociation rate as well as
charge collecting efficiency among them, explaining its high
FF and Jgc.

The surface morphology analysis of the active layers was
conducted by atomic force microscopy (AFM), as shown in
Fig. 3(a—c). The root mean-square (RMS) roughness is calcu-
lated to be 1.79, 1.51 and 1.65 for ZR1-C3:BTP-C11-N2Cl, ZR1-
C3:BTP-C9-N2F and ZR1-C3:BTP-C9-N4F blends, respectively.
Fairly low RMS values are obtained by all devices, indicating a
smooth surface with nice molecular compatibility between the
donor and acceptors. Relatively smaller domains were observed
by the ZR1-C3:BTP-C9-N4F blend, which can avoid over-
aggregation of the donor or acceptor.*”*? To gain more in-
depth insight into the bulk morphology and phase distribution,
transmission electronic microscopy (TEM) was conducted and
is shown in Fig. 3(d-f). Clear fibrous structures are observed in
all three blends, forming an efficient charge transport channel
that supports high Jsc and FF.*>** One thing worth noticing is
that a clear ring can be observed in the selected area electron

Table 1 Optimized photovoltaic parameters of devices under the illumination of AM 1.5G, 100 mW cm™2. The average efficiencies were calculated

based on 10 cells prepared from different batches

Active layers Voc (V)

Jsc (mA em™?)

FF (%) PCE (%)

ZR1-C3:BTP-C11-N2Cl
ZR1-C3:BTP-C9-N2F
ZR1-C3:BTP-C9-N4F

0.89 (0.88 + 0.01)
0.90 (0.89 + 0.01)
0.86 (0.85 + 0.01)

2802 | J Mater. Chem. C, 2022, 10, 2800-2806

20.06 (20.03 + 0.85)
20.02 (19.96 + 0.70)
23.63 (23.61 + 0.37)

61.23 (60.03 + 1.20)
62.89 (61.48 + 1.41)
69.75 (69.50 + 0.88)

11.01 (10.71 =+ 0.30)
11.44 (11.01 =+ 0.43)
14.29 (14.02 + 0.27)

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 AFM and TEM images of (a and d) ZR1-C3:BTP-C11-N2Cl, (b and e)
ZR1-C3:BTP-C9-N2F and (c and f) ZR1-C3:BTP-C9-N4F. The scale bars of
TEM images are 200 nm. The insets show the selected area electron
diffraction (SAED) patterns of the blends.

diffraction (SAED) pattern shown in the inset of Fig. 3(d-f), which is
rarely reported in ASM-OSCs and indicates good crystallinity. The
diffraction signal is located at a distance of 0.357 nm for all three
blends, corresponding to the (010) n—r stacking distance of ZR1-
C3."® This phenomenon further supports that the fibrous structure
originates from the self-assembly of donor molecule ZR1-C3. Con-
sistent with the AFM morphology, the ZR1-C3:BTP-C9-N4F blend
formed an interconnected network structure with a smaller-sized
domain, which can give more donor/acceptor interfaces that reduce
the electron-hole recombination, leading to sufficient exciton
separation.”™*® This is also consistent with previously calculated
results.

To investigate the molecular packing and orientation of
pristine films (Fig. S2, ESIf) as well as blend active layers
(Fig. 4), two-dimensional grazing-incident wide-angle X-ray
scattering (2D GIWAXS) was conducted. The d-spacing and
crystal coherence length (CCL) values of (100) and (010) are
listed in Table S2 (ESIt). The pristine donor ZR1-C3 film
showed strong crystallinity with an edge-on orientation,
whereas three acceptors showed a clear face-on orientation
with similar weak crystallinity. In the blend films, the

This journal is © The Royal Society of Chemistry 2022
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crystallinity of the donor was greatly affected by the addition
of small molecule acceptors, as is shown in Fig. S3 (ESIT). After
thermal annealing, an obvious increase in the crystallinity of
both donors and acceptors can be observed, as evidenced by the
appearance and narrowing of both (100) and (010) peaks.
Ordered (11-1) diffraction peaks can be observed in the in-
plane direction for blends with BTP-C9-N2F and BTP-C9-N4F as
acceptors, which could be caused by the shortened alkyl sub-
stituents and the fluorine substituent in the end group.”” ™ A
stronger m-m interaction can be observed in the out-of-plane
direction, indicating a preferential face-on orientation, which
could be beneficial for the charge transport between the anode
and cathode of solar cell devices.>>>" Moreover, the coexistence
of face-on and edge-on orientations could facilitate the
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Fig. 5 (a) EL quantum efficiency of optimal blend films at different
injected currents. (b) Graphically illustrating the detailed voltage loss of
the OSCs with different acceptors. (c) FTPS-EQE of the three acceptors at
the absorption onset and their calculated Urbach energies. (d) Recent
studies on ASM-OSCs with low AEsz and high PCE.
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Table 2 Detailed Vo loss based on BTP-C11-N2Cl, BTP-C9-N2F and BTP-C9-N4F with donor ZR1-C3

Acceptors Ey [eV] qVoc [eV] qva [eV] qvES [ev] GVioss [€V] AE; [eV] AE, [eV] AE; [eV]
BTP-C11-N2Cl 1.39 0.89 1.13 1.07 0.50 0.26 0.06 0.18
BTP-C9-N2F 1.39 0.90 1.13 1.08 0.49 0.26 0.05 0.18
BTP-C9-N4F 1.38 0.86 1.12 1.06 0.52 0.26 0.06 0.20

intermolecular charge transfer inside blends, giving high Jsc
and FF, promoting a high PCE with low energy loss.

To further understand the reason for the various perfor-
mances achieved by three similar acceptors, energy loss (Ejoss)
analysis was conducted. According to the Shockley-Queisser
(SQ) limit model, the Ej, can be divided into the following:*®

Eioss = Eg=qVoc = (Eg—qVd) + (qVE&-qVEd) + (qVE-qVoc) = AE,
+ AE, + AE;

where g is the elementary charge; E, is the photovoltaic energy
bandgap extracted from the derivation of the EQE curves,**™>*
V2R is the maximum voltage based on the SQ limit and V& is
the open-circuit voltage when there is only radiative loss caused
by the radiative recombination resulting from the absorption
above the bandgap. All three blends exhibited a similar AE;
value of 0.26 eV, ascribing from the similar E,. AE, originates
from the radiative recombination loss below the bandgap. A
small AE, of 0.05-0.06 eV was obtained from the three blend
films, which is almost negligible. AE; is the energy loss caused
by nonradiative recombination and can be calculated by***

AES + qAVnon—rad = qulg_qVOC = len (EQEEL)

where EQEg, (Fig. 5a) represents the radiative quantum effi-
ciency of the solar cell under dark current conditions and is
calculated to be 8.00 x 107% 9.57 x 10~* and 3.15 x 10~*
for ZR1-C3:BTP-C11-N2Cl, ZR1-C3:BTP-C9-N2F and ZR1-
C3:BTP-C9-N4F blends, respectively. The molecules with less
substituted halogen atoms at the NINCN end group (i.e., BTP-
C11-N2Cl and BTP-C9-N2F) exhibited a higher EQEg;, and thus
lower nonradiative energy loss AE;, which is in agreement with
the Ejogs, indicating the origin of the enhancement in Voc. The
high overall EQEg;, guaranteed a small nonradiative energy loss
of less than 0.2 eV for all three blends, which is among the
lowest in ASM-OPVs to the best of our knowledge. The esti-
mated E, qV(S)%, qVSlg, qV10ssy AE1, AE, and AE; are summarized
in Table 2, and AE;, AE, and AE; are plotted in Fig. 5b.

To gain more insight into the non-radiative voltage loss, the
Urbach energy of pristine acceptors was measured by Fourier
transform photocurrent spectroscopy external quantum effi-
ciency (FTPS-EQE), as shown in Fig. 5c. A device structure of
ITO/PEDOT:PSS/acceptor layer/PFN-Br/Ag was employed and
the Urbach energy can be calculated by exponentially fitting
of the tail of FTPS-EQE spectra following the equation®®

_ [dIn(EQE)] ™
Ey(E) = [T
which quantifies the energy disorder of a system. Lower Urbach

energies of less than 22 meV were obtained from BTP-C11-N2Cl

2804 | J Mater. Chem. C, 2022,10, 2800-2806

and BTP-C9-N2F neat films compared with that of the BTP-C9-
NA4F pristine film, which is 23.75 meV. A lower Urbach energy
indicates better intermolecular packing with less defects, and
decreases the non-radiation recombination,’” which is consis-
tent with the energy loss analysis. Compared with polymer
systems with PM6 as the donor,”® ASM blends with ZR1-C3 as
the donor have a smaller energy loss, mainly due to a lower AE3;,
which further supports that small molecule donors may pos-
sess the potential to reach lower energy loss compared with
polymers.

Conclusions

In summary, we designed and synthesized a series of small
molecule donors ZR1-C2, ZR1-C3 and ZR1-C4 by varying the
alkyne chain branching point. Small molecule acceptors BTP-
C11-N4Cl, BTP-C9-N2F and BTP-C9-N4F were blended with
ZR1-C3, giving a high V¢ with a small nonradiative energy
loss < 0.2 eV. Charge carrier mobilities, exciton dissociation
efficiency and charge collection efficiency were measured and
calculated, revealing good charge transport properties that
support a high Jsc. Morphology characterization methods such
as AFM, TEM and GIWAXS showed a fairly smooth surface with
low RMS and interconnecting fibrous structures, indicating the
good miscibility between the donor and acceptor, and the
efficient charge transport channel that supports high Jsc and
FF. A high PCE of 14.29% was achieved by the ZR1-C3:BTP-C9-
NA4F optimized device with low energy loss, which, to the best of
our knowledge, is the highest PCE value among ASM-OSCs with
a non-radiative voltage loss of < 0.2 eV. The design of these
kinds of small molecules is significant for the construction of
high efficiency and low energy loss small molecule photovol-
taics and shows the possibility of reaching a balance between
the device performance and energy loss in ASM-OSCs.
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