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A-n-D—-n—A Electron-Donating Small Molecules for
Solution-Processed Organic Solar Cells: A Review

Zhen Wang, Lingyun Zhu,* Zhigang Shuai, and Zhixiang Wei*

Organic solar cells based on semiconducting polymers and small molecules
have attracted considerable attention in the last two decades. Moreover, the
power conversion efficiencies for solution-processed solar cells containing
A-m—D-m—A-type small molecules and fullerenes have reached 11%. How-
ever, the method for designing high-performance, photovoltaic small mol-
ecules still remains unclear. In this review, recent studies on A—-7—D-7-A
electron-donating small molecules for organic solar cells are introduced.
Moreover, the relationships between molecular properties and device perfor-
mances are summarized, from which inspiration for the future design of high

performance organic solar cells may be obtained.

1. Introduction

Solar cells are one of the most promising and effective tech-
nologies for converting light to energy. Organic solar cells
(OSCs) based on semiconducting polymers and small mole-
cules (SMs) have attracted considerable attention in the past
two decades because of their remarkable advantages, such
as light weight, simple fabrication, low cost, and flexibility.[!
Power conversion efficiencies (PCEs) of solution-processed
single junction bulk-heterojunction (BH]J) OSCs have exceeded
over 13% and 11% for polymers and small molecules, respec-
tively.l In the last two decades, n-conjugated polymers as elec-
tron-rich materials for BH]J solar cells have attracted attention
from numerous researchers and have led the performance
of OSCs. Polymers usually have high molecular weights that
lead to a slow aggregation speed during solvent volatilization.
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Therefore, the morphology of active
layers can be easily controlled using dif-
ferent solvents and solvent additives.
However, compared with polymers, small
molecules tend to exhibit higher crys-
tallinity and aggregate quickly to form
larger domains, as well as smaller area of
donor-acceptor (D-A) interfaces, which
are unfavorable for exciton dissociation
and charge transfer. Low boiling point
solvents, such as chloroform, are used
to control aggregation speed. Moreover,
films with better molecular 77 stacking
usually show high charge carrier mobility.
In addition, high crystallinity is beneficial
to low energetic disorders and narrow density of state (DOS)
distributions. Thus, high open circuit voltage (Vqc) is obtained
by small molecule solar cells because it is determined by the
difference between the lowest unoccupied molecular orbital
(LUMO) of the acceptor and the highest occupied molecular
orbital (HOMO) of the donor and affected by various factors.!
Furthermore, using small molecules to fabricate solar cells
can accurately avoid the effects induced by the distributions of
molecular weights. To obtain high PCEs, considerable efforts
have been made to design and synthesize various electron-
donating small molecules.

In 1997, Roncali proposed the design principle to tune the
molecular bandgap, which combined D and A with different
m-conjugated bridges and adjusting HOMO and LUMO levels
by changing D and A with different electron-donating strengths
and electron-withdrawing strengths, respectively.! Recently,
inspired by D-A-type n-conjugated copolymers, researchers
designed different kinds of small molecules composed of
various D and A moieties, and m-conjugated bridges (some-
times called m-conjugated spacers) to adjust the planarity and
electronic structures.P! Electron-donating small molecules can
be classified into several types: A-D-A,[ D-A-D,VI A1-D-
A2-D-A1,®] D1-A-D2-A-D1,° A1-A2-D-A2-A1,1% D-n-A-
7D, and A-m-D-7-A.[?I Especially, OSCs based on A—n-D-
m—A-type small molecules as donors and fullerene derivatives
as acceptors exhibit the best performance with PCE of over
11%./2"! Figure 1 shows the schematic of A—m-D-7-A structure.
Actually, the m-conjugated bridges usually play the function of
adjusting the electronic structures in SMs. If the m-conjugated
bridge units are regarded as parts of the donor moiety, then
A-m-D-n—A-type SMs are similar to A—-D-A SMs. Moreover,
PCEs of OSCs mainly depend on the electronic structure of
molecules and morphology of active layers. What is the reason
behind the better performance of A-n—D-m—A-type small mole-
cules than those of other types of small molecules? Thus,
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Figure 1. Schematic of A-m—D-m—A structure.

investigating the structure-to-property relationship between
molecular structure properties and device performance is
necessary.

In this review, we present a brief summary of the recent
advances on OSCs based on A—n—D-7m—A-type small molecules.
Furthermore, statistic summaries between molecular proper-
ties and device performances are proposed. Moreover, insights
on designing and optimizing small molecules for OSCs for
obtaining high efficiencies are provided.

2. Structures of A-1—D-m—A Electron-Donating
Small Molecules

2.1. Benzodithiophene-Containing Small Molecules

Benzo[1,2-b:4,5-b"|dithiophene (BDT) is the most attractive
chemical moiety in solvable A—-r-D-m-A small molecules.41%
In 2011, Liu et al. first introduced BDT as central moiety into
a 1D A-m-D-m—A-type small molecule DCAO3T(BDT)3T (ml)
with a PCE of 5.44%. The results showed a great potential for
the BDT and oligothiophene building blocks in creating D-A
conjugated small molecules for high performance BH] solar
cells.¥] After that, Zhou et al. synthesized DCAO3TBDT (m2)
and DR3TBDT (m3) molecules, introducing 2-ethylhexoxy sub-
stituted BDT. The latter one exhibited a PCE of 6.92% without
any post-treatment and a PCE of 7.38% after adding a small
amount of polydimethysiloxane to the active layer.' Following
that, a series of 2D-conjugated small molecules, such as DR3T-
BDTT (m4), DR3TBDTT-HD (m5), and DR3TBDT2T (m6)
with BDT moiety, were designed and synthesized by the same
research group. PCEs of 8.12% and 8.02% were obtained for
DR3TBDTT and DR3TBDT2T as donors and 6,6-phenyl-C;;-bu-
tyric acid methyl ester (PC,;BM) as the acceptor. The high PCE
mainly benefits from the improved short-circuit current density
(Jsc) without sacrificing the high V. and FF through incor-
porating the advantages of conventional small molecules and
polymers.[> Based on m3, Kan et al. changed the 2-ethylhexoxy
moiety into dialkylthiol moiety and designed new molecule
DR3TSBDT (m7). After thermal annealing and solvent vapor
annealing, devices based on this molecule showed a remarkably
high PCE of 9.95%.'l Moreover, based on thieno[3,2-b]thio-
phene-substituted benzo[1,2-b:4,5-b"|dithiophene, they designed
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a small molecule DRBDT-TT (m8) with alkyl side chains and
a DRBDT-STT (m9) with alkylthio side chains. Both molecules
exhibited good thermal stability, suitable energy levels, and
ordered molecular packing. When the alkyl chain was replaced
by the alkylthio side chain, the dihedral angle between the
thieno[3,2-b]thiophene and BDT moiety was increased; thus, the
intermolecular interaction was slightly reduced, which led to a
blue-shifted absorption in the solid film.'”] Cui et al. reported
a new 2D-conjugated small donor molecule BDTT-S-TR (m10)
with alkylthio-thienyl-substituted BDT as the central unit, and
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the BH] OSCs based on BDTT-S-TR/PC;;BM demonstrated a
high PCE of 9.20% without any extra treatment.'® Later, Min
et al. designed and synthesized three small molecules based on
thienyl-substituted benzo[1,2-b:4,5-b"|dithiophene (BDTT) units
with different linking atoms to their alkyl side chains, including
BDTT-TR (m4), BDTT-O-TR (m11), and BDTT-S-TR (m10).
BDTT-based devices with the meta-alkylthio side chain exhibited
a higher PCE (9.20%) compared with the meta-alkoxy and meta-
alkyl spacer because of a well-defined microstructure combined
with high and balanced charge transport properties.’’l Du
et al. applied alkoxyphenyl-substituted benzo BDT unit (namely
BDTP) as the central core to a new 2D-conjugated small mole-
cule DCA3TBDTP (m12), which performed a PCE of 4.51% with
a high V¢ value of 0.90 V after thermal annealing at 70 °C.[20]

Multitudinous efforts have been made to optimize the
SMs through changing the end-capped units. As mentioned
above, Zhou et al. designed m2 by replacing the end-capped
unit of octyl cyanoacetate by 3-ethylrthodanine. The absorp-
tion ability was improved significantly, and thus, the devices
based on the corresponding compound m3 exhibited consid-
erably higher Jsc.' Liu et al. obtained a PCE of 8.1% with
small molecule SMPV1 (m13) containing 3-octylrodanine as
the electron-withdrawing end-group.?!! Fan et al. introduced
2-(1,1-dicyanomethylene)rhodanine (DCRD) as an electron-
withdrawing end-group into BDT- and BDTT-based SMs,
which were denoted as D(T3-DCRD)-BDT (ml14) and D(T;-
DCRD)-BDTT (m15), respectively. Both compounds exhibited
broad absorption in the range of 300-750 nm, and PCE values
of 1.10% and 1.94% were achieved for OSCs based on the
compounds/6,6-phenyl-C¢;-butyric acid methyl ester (PCsBM),
respectively.??l Kumar et al. reported a pair of novel molecules
DRT3-BDT(1) (m16) comprising rhodanine moiety with ethyl
hexyl side chains and DTT3-BDT(2) (m17) containing thiazolid-
ione moiety with ethylhexyl side chains. Device based on m16
yielded a PCE value of 6.76% because of its improved nanoscale
phase separation, smooth surface, and high carrier mobility,
whereas those based on m17 exhibited a low PCE value of
5.25%.123]

Our group investigated the effects of different electron-
withdrawing end caps on the device properties of A—m—D-m—-A
SMs. In 2014, we designed and synthesized two new mole-
cules, DOO3OTTBDT (m18) and DOP3HTTBDT (m19), by
shortening alkyl chains of those that attached to n-conjugated
bridges and end-capped acceptors. The self-assembly and
device performances were improved by shortening the length
of the widely used octyl chains. Differential scanning calo-
rimetry and grazing incidence wide angle X-ray scattering
(GIWAXS) demonstrated the tight molecular stacking and
high crystallinity in the mixture with PC;;BM; hence, a high
PCE value of 5.6% with a Vo, Jsc, and fill factor (FF) values of
0.87 V, 9.94 mA cm2, and 65%, respectively, were obtained.?*l
Following that, we designed and synthesized three molecules
by introducing subtle structural changed end-capped accep-
tors with increasing electron-withdrawing abilities, namely
BDT3SCNCOO (m20) with octyl 2-cyanoacetate, BDT3SCNCO
(m18) with 3-oxoundecanenitrile, and BDT3SCNSOO (m21)
with 2-(octylsulfonyl) acetonitrile. The end-capped acceptors
significantly affected the absorption in solid films, thermal
properties, hole mobility values, and morphologies. The m20
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showed a PCE of 6.4% with V., J,, and FF values of 0.89 V,
9.98 mA cm?, and 72% because of the small steric effect and
short m—m stacking distance. The m18 performed a PCE of
6.4% with V,, ., and FF values of 0.92 V, 10.2 mA cm™2, and
68%, while m21 exhibited a PCE of 3.0% with V,, J, and FF
values of 0.93 V, a J,. of 6.1 mA cm™2, and a low FF of 52.8%
owing to poor crystallinity.?’l Recently, we reported three
novel solution-processable small molecules, which contain
m-conjugated bridges with gradient-decreased electron density
and end acceptors substituted with various fluorine atoms,
namely OF for BTID-OF (m22), 1F for BTID-1F (m23), and 2F
for BTID-2F (m24). With incremental introduction of fluorine
to end-capped units, the PCE for inverted devices increased
from 8.30% for m22 to 10.4% for m23, and to 11.3% for m24,
which to our best knowledge, is the highest PCE reported for
A-m-D-nm—A SM/PC;;BM OSCs to date. GIWAXS results illus-
trated a highly condensed stacking in the w7 direction after
fluorination, which was consistent with the red-shifted absorp-
tion in films. Interfacial energy disorder was reduced by the
good aggregations for PC;;BM and small molecules, and this
was beneficial for lowering the loss of Vgc. X-ray photoelec-
tron spectroscopy measurements demonstrated that the fluo-
rine-substituted groups are highly prone to be enriched at the
active layer surface. High PCEs can be attributed to a hierar-
chical morphology with high domain purity, enhanced surface
enrichment, and high directional vertical phase distribution
induced by fluorine substitute.2%)

In addition to the central building block and end cap,
m-conjugated bridge plays an important role in A-n—D-n—A
SMs. In 2013, Shen et al. designed molecules D1 (m25), D2
(m26), DO1 (m27), and DO2 (m28) with BDTT and alkoxy side
chains on BDT as donor units, respectively, and indenedione
(ID) as electron-withdrawing end groups. The influence of
m-bridges was further studied, and the results indicated that
bithiophene n-bridges demonstrate stronger absorbance and
higher hole mobility values than the compounds with thio-
phene m-bridges.?l Targeting the oligothiophene r-bridges,
Tang et al. reported a series of BDTT and electron-deficient
quinoidal methyldioxocyano-pyridine-based SMs with oligothio-
phene (0T-5T, m29-m36) m-bridges. As they declared, the qui-
noidal structure enhanced the photoinduced intramolecular
charge transfer, leading to the absorbance enhancement of the
low-energy absorption band. With the increased size of the oli-
gothiophene from 0 to 5 thienyl units and the change of the
direction of the alkyl chains on the bridged thiophene from
“outward” to “inward,” the crystalline nature, fibril length, and
phase size of the blend films, as well as the cell performance,
were all finely tuned. With the “inward” alkyl chains, the ter-
thiophene-bridged molecule was amorphous, whereas the pen-
tathiophene-bridged one was relatively crystalline.[?’]

Device engineering contributes to high performances of BDT
containing small molecule OSCs through optimizing the mor-
phology of the active layer. Ni et al. designed and synthesized
small molecule DR3TDOBDT (m37) containing 4,8-dioctyl
benzo[1,2-b:4,5-b0]dithiophene as the central block and
3-(2-ethylhexyl)-rhodanine as the end-capped groups. Without
any post-treatment, devices showed a low PCE of 4.34%. After
thermal annealing, PCE values were enhanced to 6.53%. When
thermal annealing and solvent vapor treatment were used,
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a high PCE of 8.26% was achieved.?! Li et al. systematically
studied the performances of m4/PC,;BM based OSCs under
different solvent vapor treatments. Carbon disulfide (CS,),
chloroform (CHCI;), tetrahydrofuran, and methylene chloride
(CH,Cl,) with different solubilities for D/A materials and dif-
ferent boiling points were used. Solvents with high vapor
pressures, as they claimed, could crystallize donor molecules,
leading to increased length scale of phase separation and
improved domain purity, which are beneficial for enhancing
the device performance.?’]

Figure 2 and Figure 3 shows the chemical structures of BDT-
containing small molecules of m1-m37. The building block
BDT can be introduced into 1D and 2D small molecules as
the central building block owing to its unique chemical struc-
tures and good physical properties. It usually exhibits good pla-
narity and enhanced electron delocalization, thereby promoting

www.mrc-journal.de

m-7 stacking and crystallization in the solid state.l'?d) With
various side chains, m-bridges and end-capped acceptors, the
BDT-containing SMs exhibit a band gap varying from 1.42 to
1.80 eV, a HOMO level of —4.11 to —2.83 eV, and a LUMO level
of =5.46 to —5.02 eV (as shown in Table 1). We still believe that
the BDT-based SMs have great potential in providing better per-
formances, and this needs further exploration.

2.2. Oligothiophene-Containing Small Molecules

Thiophene, the most common and widely used moiety in
organic photovoltaic (OPV) donor materials, usually plays an
important role in m-conjugated bridges. However, impres-
sive performances were obtained with thiophene functions as
the donor moiety in A-m—D-m—A SMs. Actually, under these
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Figure 2. Chemical structures of benzodithiophene-containing small molecules of m1-m24.
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Figure 3. Chemical structures of benzodithiophene-containing small molecules of m25-m37.

circumstances, no obvious borderlines were observed between
donor moieties and m-bridges. Earlier in 2006, Schulze et al.
introduced an oligothiophene-containing SM called DCV5T
to fabricate vacuum-deposited bilayer OSCs and achieved a
PCE of 3.4%.3% In 2011, for solution-processed OSCs, Liu
et al. designed and synthesized three oligothiophene-based
small molecules with different electron-withdrawing alkyl
cyanoacetate groups, namely DCAE7T (m38), DCAO7T (m39),
and DCAEH7T (m40), that exhibited PCEs of 4.46-5.08%.531
Based on this work, a series of research explorations were
conducted by replacing the end-capped groups, because end
groups can serve as 7-stacking regulators, which provide easier
routes for adjusting the aggregation. Li et al. introduced 3-eth-
ylrhodanine into the targeted OPV molecule named DERHD7T
(m41), which showed strong solar light absorption, a remark-
able Jc of 13.98 mA cm™2, and a high PCE of 6.10% blended
with PC;BM.B2 He et al. tried to use 1,3-indanedione (IN)
(m42), [1,2']biindenylidene-3,10,30-trione (DIN) (m43), and
2-(3-0x0-2,3-dihydroinden-1-ylidene)malononitrile (INCN)
(m44) as the end acceptor moieties. Among them, DIN7T/
PCs;BM OSCs showed a PCE of 4.93%, whereas DDIN7T/
PC4;BM exhibited a low PCE because of poor packing in the
solid state.>3] Zhang et al. reported a small molecule DRCN7T
(m45) with 2-(1,1-dicyanomethylene)rhodanine as the terminal
unit. Devices based on DRCN7T/PC;;BM exhibited impressive
optimized PCE of 9.30% with a nearly 100% internal quantum
efficiency. After thermal annealing, m45 showed a broader and
generally stronger absorption than m41. Enhanced crystal-
linity and effective m—r stacking between the molecular back-
bones were observed.?¥ Moreover, time-of-flight and organic
field-effect transistor were applied to study the influences
of molecular structure, trap states, and molecular orienta-
tion on charge transport of small-molecule m41 and m45.5%
Long et al. designed and synthesized three quinquethiophene
derivatives with different end groups of octyl 2-cyanoacetate
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(DCAOST, m46), 3-ethylrhodanine (DERHDST, m47), and
2H-indene-1,3dione (DINS5T, m48). Among them, DERHD5T/
PC4;BM-based devices showed a V¢ as high as 1.08 V and a
PCE of 4.63%, owing to a deep HOMO and a weak interac-
tion between DERHD5T and PCyBM.PY Kan et al. system-
atically investigated the effect of oligothiophene length on the
properties of 2-(1,1-dicyanomethylene)rhodanine-based SMs,
namely, DRCN4T-DRCNIT (m49-m51, m45, m52, and m53).
The devices based on DRCN5T, DRCN7T, and DRCNIT with
axisymmetric chemical structures exhibited considerably higher
Jsc densities than those based on DRCNG6T and DRCNST with
centrosymmetric chemical structures, which is attributed to
their well-developed fibrillar network with a feature size of less
than 20 nm. The devices based on DRCN5T/PC;;BM showed
a notably certified PCE of 10.10% under AM 1.5 G irradiation
(100 mW cm™).’7] Further studies revealed that the amor-
phous morphology in the lack of percolated pathways leads to
the formation of strongly bound charge transfer states, which
accounts for about one third of the photoexcited species.!*®!
Efforts have been made to replace the central block of
oligothiophene containing SMs. Zhang et al. introduced
thieno[3,2-b]thiophene (TT) as the central building block to sub-
stitute the bithiophene group in DRCNS8T (m52). The new mol-
ecule DRCN8TT (m54) exhibited an optimized PCE of 8.11%,
which was attributed to the improved morphology of small and
high crystalline domains that were nearly commensurate with
the excitation diffusion length.?¥) Based on DRCN7T (m45),
Zuo et al. synthesized the small molecule DRCN7T-Se (m55)
with selenophene as central moiety. Owing to the large diam-
eter of fibril-like domains, a low PCE of 8.30% was achieved.[*%]
Liu et al. designed and synthesized oligothiophene-based small
molecules, STDR (m56) and STDR-TbT (m57), which con-
tain the quinoid structure 2-ethylhexyl 3-fluorothieno|[3,4-b]-
thiophene-2-carboxylate as the central block. Devices based on
STDR/PC;;BM showed a PCE of 2.31% and those based on
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SM Acceptor EgP‘ HOMO LUMO Uy Voc Jsc FF PCE References
[eV] [eV] [eV] [em? V7T s7] M [mA cm™] %] %]
ml PC¢BM 1.74 -5.11 —-3.54 4.50x 107 0.92 8.25 64.2 4.87 [13]
m2 PC¢BM 1.84 —5.04 -3.24 1.38x107* 0.95 8.00 60.0 4.56 [14]
m2 PC;BM 1.84 —5.04 -3.24 1.38x107* 0.93 3.74 60.1 2.09 [14]
m3 PC¢BM 1.74 —-5.02 -3.27 1.76 x 107* 0.91 10.78 65.0 6.38 [14]
m3 PC;BM 1.74 —-5.02 -3.27 1.76 x107* 0.93 12.21 65.0 7.38 [14]
m4 PC;BM 1.72 —5.02 -3.27 2.88x107* 0.93 13.17 66.3 8.12 [15]
m5 PC;BM 1.76 —5.06 -3.29 1.52%x107* 0.96 11.92 59.4 6.79 [15]
mé PC;BM 1.76 —5.07 -3.29 3.29%x107* 0.92 12.09 721 8.02 [15]
m7 PC;BM 1.74 -5.07 -3.30 6.13x 107 0.91 14.45 73.0 9.60 [16]
m8 PC;;BM 1.78 =513 -3.33 5.41x 107 0.91 12.93 71.0 8.70 7]
m9 PC;;BM 1.80 -5.15 -3.34 4.74%x107 0.90 12.20 70.0 8.01 N7
m10 PC;,BM 1.73 -5.18 -3.25 6.57x107* 0.97 11.45 70.5 9.20 [18]
mll PC;BM 1.73 —5.14 -3.34 3.70x 1074 0.90 11.03 65.5 6.50 [19]
m12 PC¢BM 1.82 -5.25 —3.43 2.74x 107 0.90 7.88 63.7 4.51 [20]
m13 PC;BM 1.90 -5.51 -3.64 3.30%x 107 0.94 12.50 69.0 8.10 [27]
ml14 PC¢BM 1.62 -5.39 —-2.84 5.07x 107 0.93 2.44 49.0 1.10 [22]
mi15 PC¢1BM 1.61 —5.46 -2.83 6.22x 107 0.96 3.69 55.0 1.94 [22]
mi16 PC;BM 1.74 —5.42 -3.54 8.68 x 107 0.90 11.92 63.0 6.76 [23]
m17 PC;BM 1.84 —5.38 —3.44 2.94%107° 0.86 10.52 58.0 5.25 [23]
mi18 PC;BM 1.76 -5.19 —3.46 1.40x 107* 0.94 8.00 70.0 5.26 [24]
m19 PC;BM 1.77 -5.11 -3.37 1.10x 107* 0.87 9.94 65.0 5.65 [24]
m20 PC;BM 1.84 —5.08 —3.47 1.20x107* 0.89 9.98 72.0 6.40 [25]
m21 PC;BM 1.85 -5.11 —3.46 1.40x 107® 0.93 6.10 53.0 3.00 [25]
m22 PC;BM 1.71 -5.19 —3.49 4.70x 107 0.93 14.00 64.0 8.30 [2b]
m23 PC;BM 1.70 —5.24 —3.47 - 0.94 15.30 72.0 10.40 [2b]
m24 PC;;BM 1.68 -5.33 -3.46 1.40x 107 0.95 15.70 76.0 11.30 [2b]
m25 PC;;BM 1.61 -5.19 -3.56 2.04x 107 1.03 10.07 54.7 5.67 [26]
m26 PC;;BM 1.60 -5.16 -3.54 1.71x 107 0.92 11.05 66.4 6.75 [26]
m27 PC;;BM 1.59 -5.18 -3.56 2.82x 107 0.91 9.47 48.2 4.15 [26]
m28 PC;BM 1.60 -5.16 -3.52 2.63x 107 0.92 8.58 64.8 5.11 [26]
m29 PC;BM 1.42 -5.13 -4.11 9.06 x 107 0.64 0.10 315 0.02 [27]
m30 PC;BM 1.46 =511 —3.84 6.07 x 107 0.82 3.4 332 0.95 [27]
m31 PC;BM 1.46 -5.10 -3.80 237%x107° 0.79 6.48 35.1 1.85 [27]
m32 PC;BM 1.48 -5.09 -3.75 237%107° 0.81 6.16 30.4 1.56 [27]
m33 PC;BM 1.42 -5.10 -3.75 7.44x107 0.79 14.38 55.4 6.29 [27]
m34 PC;BM 1.42 —5.06 -3.76 1.27 %107 0.78 4.91 40.2 1.56 [27]
m35 PC;BM 1.56 -5.12 -3.76 1.27 %107 0.76 2.05 25.2 0.45 [27]
m36 PC;BM 1.42 -5.10 -3.74 4.00x 1073 0.81 9.62 68.7 5.35 [27]
m37 PC;BM 1.81 —5.08 -3.27 4.08 x 107 0.94 12.56 70.0 8.26 [28]

STDR-TbT/PC;;BM yield a high PCE of 5.05% for its high Jg
resulting from the significant bathochromic shift with a low
optical bandgap in the thin film.*!

Inspired from the famous polymer P3HT, oligothiophene-
based small molecules usually exhibit deep LUMO levels and
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hence, narrow band gaps (as shown in Table 2) and reach PCE
values over 10%.571 Therefore, even with simple molecular
structures, impressive performances can be obtained. Chemical
structures of thiophene-containing small molecules of
m38-m57 are shown in Figure 4.
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SM Acceptor E;’Pt HOMO LUMO u Voc Jsc FF PCE References
[eV] [eV] [eV] [em? Vs I\ [mA cm™2] [%] [%]
m38 PCq,BM 1.73 -5.09 -3.33 4.51x107 0.88 9.94 51.0 4.46 B31]
m39 PCg,BM 1.74 -5.13 -3.29 3.26x 107 0.86 10.74 55.0 5.08 131]
m40 PCg,BM 1.75 -5.10 -3.26 1.94 %107 0.93 9.91 49.1 4.52 B31]
m41 PCg,BM 1.72 ~5.00 -3.28 1.50 107 0.92 13.98 47.4 6.10 32]
m42 PCg,BM 1.49 -4.97 —3.44 1.73 %107 0.80 8.56 72.0 4.93 133]
m43 PCg,BM 1.20 —4.90 -3.86 3.00x 107 0.76 3.14 28.0 0.66 133]
m44 PC¢BM 1.33 -5.02 -3.72 - - - - 33]
m45 PC;,BM 1.62 —4.95 -3.36 5.91 %107 0.91 14.87 68.7 9.30 134]
m46 PCg,BM 1.80 -5.25 -3.23 3.94%x 107 0.88 7.02 53.0 3.27 138]
m47 PCg,BM 1.65 -5.09 -3.20 3.86x 107 1.02 9.26 49.0 4.63 138]
m48 PCg,BM 1.56 -5.11 -3.36 551107 0.78 8.13 63.0 4.00 38]
m49 PC,1BM 1.77 -5.34 -3.46 - - - - [37]
m50 PC;BM 1.60 -5.22 -3.41 6.54x 107 0.92 15.66 68.0 10.08 37]
m51 PC;,BM 1.60 -5.16 -3.56 0.92 11.45 58.0 6.33 137]
m52 PC;BM 1.61 -5.02 -3.45 577 %107 0.86 10.80 68.0 6.50 137]
m53 PC;BM 1.59 -4.97 —3.44 511x107 0.81 13.77 68.0 7.86 137]
m54 PC;BM 1.62 -5.08 -3.46 6.40 x 107 0.88 14.07 65.5 8.11 139]
m55 PC;BM 1.62 -5.05 -3.43 2.30x107 0.91 13.06 69.6 8.30 [40]
m56 PC;BM 1.70 -5.09 -3.23 1.38 %107 0.87 6.09 429 2.31 [41]
m57 PC;BM 1.60 -5.01 -3.29 2.42%10°° 0.76 10.90 61.4 5.05 [41]

2.3. Porphyrin-Containing Small Molecules

Porphyrins and related materials have attracted considerable
attention in OSCs because of their strong absorption in both the
blue (Soret or B-band) and red (Q-bands) parts of the visible spec-
trum, as well as high thermal stability.*”) Recently, researchers
have tried using porphyrins as the donor moiety in A-mD-n—-A
SMs. In 2015, Arrechea et al. designed and synthesized two com-
pounds (m58-m59) with Zn-porphyrin functioning as the donor
and linked by ethynylenes to one or two units of thienylenevi-
nylene and capped by dicyanovinylene groups as acceptor units.
Blended with PCyBM, the compounds performed PCEs of
1.48% and 2.82%, respectively, and PCEs of 1.34% and 3.16%
were obtained with PCy;BM, respectively.] Kumar et al. reported
a porphyrin molecule with ethyl rhodanine end-capped groups
and octyl thiophene-ethynylene as n-bridges, namely VC117
(m60), which exhibited an optimized PCE of 5.50% with Vq,
Jsc» and FF values of 0.76 V, 11.67 mA cm™, and 62%.* Gao
et al. reported two SMs Por-Rod (m61) and Por-CNRod (m62) using
porphyrin core as the donor and 3-ethylrhodanine and 2-(1,1-dicy-
anomethylene)rhodanine as acceptor units. Por-Rod showed a
stronger and red-shifted absorption compared with Por-CNRod
and other nonfunctionalized porphyrins; thus, an optimized PCE
of 4.97% with a high Js¢ value of 12.39 mA cm™ was obtained.*!
Wang et al. developed three comparable porphyrin-based small
molecules (m63-m65) by introducing 3-ethylrhodanine as the
acceptor moiety and 5,15-bis(phenylethynyl) as the bridge.
As declared, molecule with 10,20-bis(2-hexylnonyl) aliphatic
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peripheral substituent on porphyrin core exhibited strong inter-
molecular 77 stacking and high charge carrier mobility; hence,
a higher PCE of 7.70% was obtained compared with those with
10,20-bis[3,5di(dodecyloxyl)phenyl] and 10,20-bis(4-dodecyloxyl-
phenyl substituents.*%l Xiao et al. designed and synthesized two
SMs, PTTR (m66) and PTTCNR (m67), using porphyrin-core
with the vertical aliphatic 2-octylundecyl peripheral substitutions
as donor and 3-ethylrhodanine and 2-(1,1-dicyanomethylene)
rhodanine as acceptor units by linking through terthiophenes,
respectively. Both performed excellently (with PCE values of
7.66% and 8.21%) as a result of increased solar flux coverage in
the visible and near-infrared region.*’!

Coming from the chlorophyll, high hopes have been placed
on porphyrins. Porphyrin-based polymer solar cells have yielded
a PCE of 8.6%.18l Moreover, porphyrin-containing A—n-D-7-A
small-molecule solar cells exceeded a PCE of 8.21% (as shown
in Table 3).*] Chemical structures of porphyrin-containing
small molecules of m58-m67 are shown in Figure 5. However,
porphyrin-containing molecules need further investigation.

2.4. Dithienosilole-Containing Small Molecules

Dithieno[3,2-b:2’,3’-d]silole (DTS) as donor moiety was first
used in D1-A-D2-A-D1-type small molecule DTS(PTTh,), by
Sun et al.; it exhibited an impressive PCE of 6.7%.P¥ Realizing
its potential in achieving remarkable performances, researchers
have introduced DTS into A-m-D-m—A SMs. Zhou et al.
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Figure 4. Chemical structures of oligothiophene-containing small molecules of m38-m57.

reported DTS-based small molecule DCAO3TSi (m68) with
terthiophenes as m-conjugated bridges and octyl cyanoacetate
as end-capped acceptors. Devices based on DCAO3TSi/PCy BM
blend showed a PCE of 5.84%.14 Fu et al. designed and synthe-
sized SMs DTS(TTPD), (m69) and DTS(BTTPD), (m70) with
thieno[2,3-c]pyrrole-4,6-dione (IPD) units as end caps. Solar
cells using DTS(TTPD), as donor and PC¢BM as acceptor
demonstrated a high V¢ value of 0.97 V and a PCE of 1.20%
after annealing.®® Kim et al. reported a series of DTS-based
SMs (m71-m76) with different terminal groups of ester and
amide groups combined with three different alkyl side chains.
The effects of intermolecular interactions on their structural,
optical, and electrical properties were investigated. The blend
films of C8-Ester/PCsBM and C10-Ester/PCqBM produced
an optimized PCE exceeding 4.3% for their bi-continuous
BHJ morphologies with well-defined interfaces and domain
size.P!l Ye et al. developed three SMs (m77-m79) consisting of
DTS as the central unit and bithiophene bridges with different
alkyl group substituents and octyl cyanoacetate or dicyano
unit as different end-capped acceptors. BHJ devices based on
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SMs/PCgBM  demonstrated PCEs of 3.27%, 2.88%, and
3.81%.552 Min et al. synthesized a series of SMs (m80-m85)
bearing DTS unit linked through bithiophene n-bridges with
electron-withdrawing alkyldicyanovinyl groups, which revealed
the effect of integrated alkyl chain engineering on morpho-
logical control. An optimized PCE of 6.4% was achieved for
DTS(Oct),-(2T-DCV-Me),/PC;,BM blend.>?!

In addition to the DTS unit, other donor groups similar
to DTS have drawn the attention of researchers. In 2014,
Wessendorf et al. presented a series of SMs (m86-m91) com-
posed of dicyanovinyl (DCV) groups as acceptors and a fused
dithieno[3,2-b:2’,3"-d]pyrrole (DTP) as donor, which exhibited
PCEs between 4.4% and 6.1% caused by the varying types
and positions of the solubilizing alkyl chains.” Li et al. intro-
duced dithienopyrrole (DTN) as core units into small molecule
DR3TDTN (m92) with octyl-thodanine as the acceptor and
terthiophene as the m-bridge, thereby performing a PCE of
3.03%.P°1 Luponosov et al. synthesized SMs (m93-m95) with
alkyldicyanovinyl groups linked through an oligothiophene
m-bridge with either dithienosilole or cyclopentadithiophene
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Table 3. Photophysical and device performance parameters of m58-mé67.

SM Acceptor Eng HOMO LUMO Uy Voc Jsc FF PCE References
[eV] [eV] [eV] [em? Vs I\ [mA cm™ [%] [%]
m58 PC¢BM 1.75 —-5.50 -3.76 - 0.86 5.67 28.1 1.48 [43]
m58 PC;BM 1.75 -5.50 -3.76 - 0.84 5.56 26.4 1.24 [43]
m59 PCs1BM 1.69 -5.36 -3.67 - 0.82 9.44 35.0 2.70 [43]
m59 PC;BM 1.69 -5.36 -3.67 - 0.82 10.83 35.7 3.16 [43]
m60 PC;BM 1.77 -5.13 -3.36 8.45%x107° 0.76 11.67 62.0 5.50 [44]
mé61 PC;BM 1.47 —5.24 -3.77 8.50x 107 0.94 12.39 42.7 4.97 [45]
m62 PC;BM 1.45 -5.32 -3.87 7.50x 10°¢ 0.94 243 26.4 0.60 [45]
me63 PCsBM 1.60 -5.19 -3.59 - 0.76 6.44 29.0 1.42 [46]
m63 PC;BM 1.60 -5.19 -3.59 1.57x107° 0.90 7.20 48.1 3.21 [46]
m64 PC¢BM 1.55 =5.15 -3.60 - 0.80 10.09 56.3 4.55 [46]
m64 PC;BM 1.55 =5.15 -3.60 8.48x107° 0.90 10.14 55.6 5.07 [46]
me65 PC¢BM 1.60 -5.12 -3.52 - 0.89 12.14 48.1 5.20 [46]
me65 PC;BM 1.60 -5.12 -3.52 2.18%x107° 0.91 13.32 63.6 7.70 [46]
m66 PC;BM 1.52 -5.14 -3.56 3.62x 107 0.80 14.93 64.2 7.66 [47]
mé7 PC;BM 1.45 -5.17 -3.63 4.14x107 0.82 14.30 70.01 8.21 [47]

as donor unit. Changing the bridgehead atom from carbon to  oligothiophene 7-bridge.’® With 3-ethyl-thodanine as the end-
silicon in the donor unit led to a significant change in optical,  capped acceptor, Ni et al. designed a pair of SMs DR3TDTC
thermal, and structural properties of SMs. Moreover, the (m96) and DR3TDTS (m97) with 2,6-(4,4-bis(2-ethylhexyl)-
HOMO and LUMO energies were increased, and the absorp-  4H-cyclopenta[2,1-b;3,4-b’]-dithiophene (DTC) and DTS as
tion spectra were blue-shifted because of the elongation of the = donor units, respectively. Device based on DR3TDTS/PC;;BM
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Figure 5. Chemical structures of porphyrin-containing small molecules of m58-mé67.
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exhibited a PCE of 8.02% because of favorable absorption and
packing behavior.’”! Min et al. reported a DTN-based molecule
named UUO07 (m98) whose performance was extremely
sensitive to the solvent vapor annealing process using chloro-
form as solvent. Films treated with chloroform vapor for
90 s exhibited the best performance with a PCE of over 6.0%.1%!
Recently, Dominguez et al. presented two planar SMs RD5
(m99) and RD6 (m100) based on cyclopentadithiophene deriva-
tive (CPDT). The RD6 and RDS5 optimized devices exhibited
PCE values of 3.72% and 2.77%, respectively. As declared, the
absence of one hexyl chain in RD6 contributed to a satisfactory
film nanomorphology because of improved mixing, which led
to a small domain size that facilitated satisfactory charge bal-
ance transport and collection to the contacts.l*")

Figure 6 shows the chemical structures of m68-m100.
With a D1-A-D2-A-D1-type molecular structure, OSCs based
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Figure 6. Chemical structures of m68-m100.
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on DTS-containing small molecule showed an impressive
PCE of 9.02%.°%l However, OSCs based on DTS-containing
A-n—D-n—A small molecule performed a slightly lower PCE of
8.02% because of the low Jsc and FF of devices (as shown in
Table 4).°”] Despite the effect of device engineering, methods
should enhance the absorption and charge carrier mobility for
DTS-containing A—n—D-7m—A small molecules.

2.5. Other Small Molecules

Aside from the popular and widely investigated donors,
efforts have been made to apply other functional groups as
donor moieties in A-m-D-m—A SMs. Bai et al. first introduced

4,4,9,9-tetrakis(4-hexylphenyl)-indaceno[1,2-b:5,6-b’|dithiophene
as the central building block to A—m—D-m—A small molecules
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Table 4. Photophysical and device performance parameters of m68—-m100.
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SM Acceptor Egpt HOMO LUMO Un Voc Jsc FF PCE References
[eV] [eV] [eV] [em? V7 s71] I\ [mA cm™] 1%l 1%l
mé38 PC¢1BM 1.73 —4.95 -3.26 1.80x 107 0.80 11.51 64.0 5.84 [49]
mé9 PC¢1BM 1.92 —5.55 —3.44 - 0.89 2.56 33.4 0.76 [50]
m70 PC¢BM 1.87 —5.52 -3.57 - 0.88 2.59 329 0.75 [50]
m71 PC¢BM 1.76 —-5.28 -3.52 - 0.82 9.79 54.0 4.31 [51]
m72 PC¢BM 1.75 —5.27 —-3.52 - 0.82 9.30 57.0 4.31 [57]
m73 PC¢BM 1.82 —5.47 —-3.65 - 0.94 7.75 41.0 3.00 [57]
m74 PC¢BM 1.85 —5.35 -3.50 - 0.87 7.94 47.0 3.22 [57]
m75 PC¢BM 1.81 —5.34 -3.53 - 0.86 8.38 52.0 3.75 [57]
m76 PC¢BM 1.92 —5.02 -3.10 - 0.64 1.25 26.0 0.21 [57]
m77 PCeBM 1.84 -5.17 -3.37 - 0.92 6.37 56.0 3.27 [52]
m78 PCeBM 1.75 —5.08 -3.31 - 0.89 6.61 49.0 2.88 [52]
m79 PCeBM 1.72 -5.12 —3.45 - 0.92 8.73 48.0 3.81 [52]
m80 PC;BM 1.65 -5.32 —3.45 2.12x107 0.84 4.00 43.1 1.50 [53]
m81 PC;BM 1.60 -5.26 -3.34 1.01 x 107 0.90 10.00 68.8 6.20 [53]
m82 PC;BM 1.62 -5.32 -3.39 6.68 X 107 0.90 8.80 52.9 4.20 [53]
m83 PC;BM 1.71 -5.30 -3.35 4.45x 1077 0.90 7.20 62.8 4.10 [53]
m84 PC;BM 1.64 -5.32 -3.39 530%x 10 0.95 5.80 35.0 1.90 [53]
m85 PC;BM 1.64 -5.32 -3.37 6.33x 107 0.90 8.30 62.1 4.60 [53]
m86 PC¢BM 1.61 —-5.28 —-3.68 0.90x 107 0.83 8.80 66.0 4.80 [54]
m87 PC¢BM 1.61 —-5.28 -3.64 0.60x 107 0.81 10.50 66.0 5.60 [54]
m838 PC¢BM 1.60 -5.27 -3.67 1.10x 1074 0.84 8.40 66.0 4.60 [54]
m89 PC¢BM 1.58 -5.30 -3.75 1.20x 107 0.83 8.20 65.0 4.40 [54]
m90 PC¢BM 1.59 —5.31 -3.75 1.10x 107 0.84 11.40 63.0 6.10 [54]
m91 PC¢BM 1.58 —-5.30 -3.73 1.60x 1074 0.84 10.10 72.0 6.10 [54]
m92 PC;BM 1.49 —4.74 -3.26 2.86x 107 0.67 8.22 55.0 3.03 [55]
m93 PC;BM 1.60 -5.29 -3.34 8.26x 107 0.90 6.85 34.7 2.14 [56]
m94 PC;BM 1.57 -5.30 -3.35 3.45x107° 0.95 6.82 31.8 2.06 [56]
m95 PC;BM 1.65 -5.16 -3.27 5.40 x 107° 0.78 6.89 38.9 2.09 [56]
m96 PC;BM 1.71 —4.93 -3.27 7.50 x 107 0.85 2.74 30.0 0.71 [57]
m97 PC;BM 1.66 —4.94 -3.28 4.35x 107 0.82 13.67 69.0 8.02 [57]
m99 PC;BM 1.71 -5.31 -3.60 1.60x 107 0.81 6.25 54.0 2.77 [59]
m100 PC;BM 1.7 -5.32 -3.61 6.20 x 107 0.85 8.25 53.0 3.72 [59]

with bithiophene or terthiophene as m-bridges, alkyl cyanoac-
etate or rhodanine as end-capped groups and synthesized com-
pounds C-IDT2T (m101), R-IDT2T (m102), C-IDT3T (m103),
and R-IDT3T (m104). Solar cells based on SMs/PC,;BM blends
showed PCEs of 2.4-5.32%.°! Tan et al. designed and synthe-
sized a A-m-D-m—A-type small molecule PTZ2 (m105) with
phenothiazine as the central building block and dicyanovinyl
as end-group. A narrower band gap and wider response to the
solar spectrum than its D-7m—A counterpart were observed;
therefore, an improved PCE of 3.25% was obtained.l®? Based
on PTZ2, Cheng et al. reported a small molecule POZ6 (m106)
using phenoxazine as donor group, which exhibited a PCE of
5.6% Dblended with PC;;BM.I®¥l Ni et al. presented a pair of
SMs denoted as DCAO3TF (m107) and DCAO3TCz (m108),
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with fluorene and carbazole as central building blocks, respec-
tively. Devices based on SMs/PCqBM demonstrated PCEs
of 2.38% and 3.63%, respectively.’ Feng et al. designed two
SMs DR2TDTCz (m109) containing dithieno[3,2b;6,7-b]car-
bazole (DTCz) and DR3TCz (m110) containing carbazole and
two unfused thiophene rings. DR2TDTCz-based solar cells
exhibited an impressive PCE of 7.03% owing to improved
solar light absorption and more favorable molecular packing
compared with DR3TCz.[% Li et al. designed and synthesized
a novel small molecule with carbazole as donor and thiobarbi-
turic acid as acceptor, namely, DTB3TCz (m111), which showed
deep HOMO and LUMO energy levels and an optimized
device PCE of 5.26%.°! Wang et al. reported three SMs with
piro[cyclopenta[1,2-b:5,4-b|dithiophene-4,9"-fluorene] (STF) as
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the central donor unit, terthiophene as the n-conjugated bridge,
and indenedione (STFYT, m112), 3-ethylrhodanine (STFRDN,
m113), or 2-(1,1dicyanomethylene)rhodanine (STFRCN, m114)
as the acceptor unit. These three molecules exhibited desir-
able physicochemical features: wide absorption bands and high
molar absorption coefficients and relatively low HOMO levels.
Optimized devices based on SMs/PC;,BM demonstrated PCE
values of 6.68%, 3.30%, and 4.33%, respectively.’]

Poly(3,4-ethylenedioxythiophene) is a widely used semicon-
ducting polymer in OSCs and functions as a hole transporting
material along with poly(sodium-p-styrenesulfonate) (PSS).1%
In 2013, Montcada et al. synthesized a A—-m-D-n—A SM using
3,4-ethylenedioxythiophene (EDOT) as the donor group and
DCV as the end-capped acceptor, namely, smL01 (m115),
which yielded a PCE of 3.75% with a high Vy¢ of 1.01 V and
an FF of 63.05%.! The same group presented a family of
SMs smL02-06 (m116-m120). Various m-conjugated bridges
and end-capped group 3-ethylrthodanine were introduced
into smL01, and smL06 showed the highest PCE of 4.9%
with an outstanding Jsc of 12 mA cm™ owing to the highest
IPCE value.”” To determine the origin of high Vs of these
molecules, Tuladhar et al. analyzed the V¢ losses using
electroluminescence and external quantum efficiency (EQE)
measurements and the relationship between light absorption
and emission. The remarkably small breadth of the absorption
edge (less than 0.01 eV) and weak nonradiative recombination
accounted for the subtle voltage losses.”!! Antwi et al. reported
three SM-containing EDOT as core unit with indenedione
(DIN-2TE, m121), 3-ethylrhodanine (DRH-2TE, m122), and
ethyl 2-cyanoacetate (DECA-2TE, m123) as end-capped units.
Solar cells based on DRH-2TE/PC,;BM exhibited a remarkable
PCE of 1.36%.72]

Naphthodithiophene (NDT) is a popular group that is used
as donor moiety in semiconducting D-A copolymers and
SMs.l31 Our group first applied the NDT unit into a pair of 2D
A-m-D-n—A small molecules containing alkylthienyl or alkyl-
phenyl side chains, denoted as NDTT-CNCOO (m124) and
NDTPCNCOO (m125), respectively. Compared with NDTT-
CNCOO, NDTP-CNCOO-based BH] solar cells exhibited
higher FF and Jsc values, and thus, a higher PCE of 7.20%
with an active layer thickness of 300 nm, which benefitted from
highly ordered structures, excellent charge transport property,
and good film formation capability. The PCEs of OSCs were all
above 6.0% with a film thickness of 200-400 nm, which indi-
cated that a 2D-conjugated NDT core is an effective building
block for designing novel and highly efficient small molecules
applied in thick-film BH]J solar cells.’”¥l Chemical structures of
m101-m125 are shown in Figure 7.

Recently, two oligomeric molecules, BDTTNTTR and BDT-
STNTTR, with Al-m-A2-m-D-m-A2-m—Al-type structure,
were reported by Wan et al. By introducing the electron defi-
cient naphtho[1,2-c:5,6-c’]bis[1,2,5]thiadiazole (NT) group as
the second acceptor block and extending the m-conjugation
length of the whole molecular backbone, as well as applying
the halogen-free solvent carbon disulfide, remarkable PCEs of
10.02% and 11.53% for BDTTNTTR-based and BDTSTNTTR-
based solar cells were achieved, respectively.? PCE of over
12% for small molecule-based tandem solar cells was realized
by Li et al. by using BDT-containing SM DR3TSBDT (m7) and
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porphyrin-containing A-D-A-type SM DPPEZnP-TBO as donor
materials for two active layers.[”]

3. Small Molecule: Nonfullerene Acceptor OSCs

Fullerene-free organic solar cells have recently attracted consid-
erable attention because of their excellent performance.”® With
nonfullerene small molecule acceptors, polymer solar cells have
yielded PCEs of over 12%.1%#77] Thus, researchers have applied
electron-donating small molecules to fabricate fullerene-free
OSCs. With D1-A-D2-A-D1-type small molecule 7,7’-(4,4-bis(2-
ethylhexyl)-4H-silolo[3,2-b:4,5-b’]dithiophene-2,6diyl) bis (6-fl-
uoro-4-(5-hexyl-[2,2"-bithiophen]-5-yl)benzo[c][1,2,5] thiadiazole)
(p-DTS(FBTTh,),) as donor and (2E,2’E)3,3’-(2,5-dimethoxy-
1,4-phenylene)bis(2-(5-(4-(N-(2-ethylhexyl)1,8-naphthalimide)-
yl)thiophen-2-yl)acrylonitrile) (NIDCS-MO) as acceptor, Kwon
et al. fabricated all small molecule fullerene-free OSCs,
and a PCE of 5.30% with a Voc of 085 V, a Jsc of
9.62 mA cm™?, and an FF of 64%.8] Badgujar et al. reported an
SM  (5Z,50Z)-5,50-(((4,40,400,8,80,800-hexakis(5-(2-ethylhexyl)-
thiophen-2-yl)-[2,20:60,200-terbenzo[1,2-b:4,5-b0]dithiophene]-
6,600-diyl)bis(3,300-dioctyl-[2,20:50,200-terthiophene]-500,5-
diyl))bis(methanylylidene))bis(3-ethyl-2-thioxothiazolidin-4-one)
named BDT3TR with A-m-D-m—A structure. With non-
fullerene small molecule n-octyl-indacenodithiophene-bis(2,1,3-
benzothiadiazole)-bis(3-ethylrhodanine) (O-IDTBR) as the
acceptor, the devices showed an excellent PCE exceeding 7%.")
Recently, Yang et al. designed and synthesized an A-D-A small
molecule DRTB-T and fabricated solar cells with IC-C61DT-IC
as acceptor. After solvent vapor annealing, an impressive PCE
of 9.08% with a Vo of 0.98 V, a Jsc of 14.25 mA cm™2, and an
FF of 65% were achieved.t% With a D-A structured medium
bandgap, small molecule H11 with BDTT as central donor unit,
and fluorobenzotriazole as acceptor unit, Bin et al. updated the
performance of small molecule fullerene-free OSCs with a high
PCE of 9.73%.8Y As seen in refs. [80] and [81], to supply the
red-shifted absorption band of nonfullerene acceptors, electron-
donating small molecules for fullerene-free OSCs need to have
a larger optical band gap (>1.8 eV) than that in fullerene-con-
taining OSCs. Owing to their unique chemical structure, A—n—
D-7—A small molecules usually have medium or small band
gaps (Tables 1-5). Thus, strategies to enlarge the optical band
gaps of A-m—D-m—A small molecules should be explored. With
fine-tuned modification and carefully selected acceptor mate-
rial, A-m-D-m—A small molecules could show extraordinary
results in small molecule fullerene-free OSCs in the future.

4. Statistical Analysis

We conducted the statistical analysis of the Jscs versus optical
band gaps of all reviewed A-mD-7—A small molecules (see
Figure 8a). For SMs with the band gap in the range of 1.4-1.9 eV,
Jscs of over 12 mA cm™ can be achieved, and with a band gap
of 1.6-1.8 eV, Jscs can reach nearly 16 mA cm™2. However, a
narrow band gap does not mean a high Jsc. A statistical sum-
mary of the relationship between V,. and optical band gap and
the relationship between V¢ and the difference of the LOMO
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level of acceptor and the HOMO level of donor was performed
(as shown in Figure 8b,c). The larger the band gap or the differ-
ence is, the higher the V¢ of OSCs. The V¢ of BHJ OSCs is
determined by the difference between the LUMO of electron-
withdrawing materials and the HOMO of electron-donating
materials.®? However, because Vyc is influenced by many
factors, such as recombination,®?! quasi-Fermi levels,*? DOS
distribution,’¥ energetic disorders,’d charge transfer state,!%*l
and work functions of electrodes,®! these relationships are not
likely to be a linear function. Actually, many SMs with HOMO
levels deeper than —5.0 eV can yield high Vi values over 0.9V,
with optimized device engineering. In addition to designing
SMs with deep HOMO energy levels, reducing the energy
losses in devices can be an effective method to obtain high
Voc values and hence, high PCEs. Moreover, the relationship
of hole mobility values of D-A blend films and FF of OSCs is
shown in Figure 8d. Interestingly, achieving high FF with high
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hole mobility values is easy, whereas remarkable FFs were well
obtained by blend films with low mobility values of below 1 x
10* cm? V! 571, High FFs can be realized by films with a hole
mobility ranging from 107°-10"* cm? V' 571,

Statistical analysis of the PCEs of OSCs versus optical band
gaps of small molecules was performed (see Figure 9a). For
SMs with the band gap in the range of 1.4-1.9 eV, devices
can exhibit PCEs over 6%. However, the most impressive per-
formances are achieved by SMs with an optical band gap of
1.6-1.8 eV, which is consistent with the band gap—]sc relation-
ship. Moreover, the record-breaking efficiencies for both SMs/
PCgBM and SMs/PC;;BM systems contain a SM with a band
gap of =1.7 eV, which denotes an absorption band edge of
=730 nm. Figure 9b shows a concentrated and linear distribution
of PCE versus Jsc. Surely the [ plays the most important role
in the performance of OSCs, and a high Jsc promises a high
PCE. The PCE-V, relationship is shown in Figure 9c. The

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 5. Photophysical and device performance parameters of m101-m125.
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SM Acceptor EgPt HOMO LUMO Voc Jsc FF PCE References
[eV] [eV] [eV] [em? Vs M [mA cm?] (%] [%]
m101 PC;BM 1.92 -5.22 -3.28 7.50x107° 0.88 7.98 331 2.53 [61]
m102 PC;BM 1.86 -5.21 -3.27 5.00x107° 0.93 10.11 44.5 4.38 [61]
m103 PC;1BM 1.90 -5.18 -3.29 1.70x 1074 0.91 10.52 49.6 5.00 [61]
m104 PC;BM 1.88 -5.19 -3.27 3.00x 107 0.90 11.50 49.0 5.32 [61]
m105 PC;;BM 1.82 —5.51 -3.69 0.97 10.30 325 3.25 [62]
m106 PC;BM 1.65 —-5.31 —-3.66 2.24x107* 0.86 13.10 49.6 5.60 [63]
m107 PCq:BM 2.01 —-5.32 -3.23 1.12%x 107 1.07 4.54 49.0 2.38 [64]
m108 PCq:BM 1.92 -5.14 -3.21 1.62%x 107 0.97 6.15 61.0 3.63 [64]
m109 PC;BM 1.74 —5.05 -3.31 3.78x 107 0.90 10.34 75.0 7.03 [65]
m110 PC;BM 1.80 —-5.08 -3.28 9.10x 107 0.94 8.02 54.0 4.08 [65]
mi111 PC;BM 1.61 -5.16 —-3.56 1.96x107* 0.91 11.80 49.0 5.26 [66]
m112 PC;1BM 1.61 -5.38 -3.71 1.57 107 0.79 12.88 65.8 6.68 167]
m113 PC,1BM 1.7 -5.25 -3.61 3.15x10° 0.87 7.21 52.5 3.30 167]
ml114 PC;,;BM 1.57 =5.15 -3.68 1.26 x107* 0.88 10.08 48.9 4.33 [67]
m115 PC;;BM 1.87 —-5.60 -3.73 1.20x107® 1.01 5.89 63.0 3.75 [69]
m116 PC;BM 1.76 —-5.26 —-3.50 1.10x 107 0.61 3.78 66.43 1.50 [70]
m117 PC;BM 1.80 —5.03 -3.23 2.80% 107 0.56 2.70 52.6 0.80 [70]
m118 PC;BM 1.88 —5.62 -3.74 5.90x 1077 0.92 2.50 45.4 1.10 [70]
m119 PC;BM 1.82 =5.41 -3.59 1.80x 107* 0.91 4.70 349 1.50 [70]
m120 PC;BM 1.84 —5.41 —3.57 1.40x107° 0.89 11.98 45.7 4.90 [70]
m121 PC;;BM 1.57 —5.49 -3.18 - - - - [72]
m122 PC;;BM 1.71 -5.13 -3.16 0.68 5.60 35.0 1.36 [72]
m123 PC;BM 1.82 —5.46 -3.30 0.90 2.99 39.0 1.05 [72]
m124 PC;BM 1.85 —-5.16 —3.48 2.44x107°* 0.91 7.40 69.9 4.7 [74]
m125 PC;BM 1.88 -5.18 —3.45 3.81x 10 0.94 10.77 71.1 7.20 [74]

highest PCEs were achieved by OSCs with Vs of =0.95 V, and
an obvious linear relationship of the highest PCE versus Vp¢
can be found when Vg values are below 0.95 V. Examples of
OSCs with Vs over 1 V exist, but the efficiencies are unsatis-
fying. Statistical summary of PCEs versus FF of SM-based solar
cells was conducted, as shown in Figure 9d. Similar to Jg¢, the
higher the FF is, the better the performance of OSCs. How-
ever, without remarkable Jsc, even with high FFs of over 60%,
obtaining a high PCE is difficult. PCE of OSC is mainly attrib-
uted to two factors of electronic properties of molecules and
morphology of the active layer. These two factors influence light
absorption, charge generation, charge separation, and charge
transport processes throughout, and dominate the values of
Voc, Jsc, and FF of OSCs. Achieving high PCEs with one single
high value of the three parameters is difficult.

5. Summary and Outlook

Over 100 electron-donating A-mD-m—A-type small molecules
for solution-processed organic solar cells have been reviewed.
These SMs with PCEs ranging from less than 1% to over 11%
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contributed dramatically to the development of organic photo-
voltaics. Further statistical analysis of data listed in Tables 1-5
could provide us with inspiration to design small molecules
with improved performances.

PCE:VOCXJSCXFF

_ i)

PCE of BH] solar cells directly depends on the three device
parameters, namely, Voc, Jsc, and FF, as shown in Equation (1),
in which P,, is the incident solar power.®® With a certain FF
value, researchers are seeking methods of obtaining both high
Vocs and high Jscs. Up to now several practical challenges need
to be resolved, because improved performances of these issues
need to be achieved

(1) Balance between Vo and Jsc. When using PCqBM or
PC;;BM as electron-withdrawing material, a deeper HOMO
level for electron-donating SM may contribute to a higher
Voc. However, to provide enough driving force for electron to
transport from donor to acceptor, the LUMO level of the donor
material needs to be slightly higher than the LUMO level of
the acceptor material. Therefore, SMs with a deeper HOMO

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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level usually perform a larger optical band gap, which means
a narrower and a more blue-shifted absorption band. Jsc
mainly depends on the ability of absorbing solar light and on
the EQE of the active layer. We can conclude that achieving
high Voc and Jsc in one certain BH] OSCs system is chal-
lenging. Thus, a controllable balance between the optical
band gaps and electrochemical HOMO levels for electron-
donating small molecules is needed. In the case of fullerene-
free OSCs, because of controllable band gaps and energy
levels of electron-withdrawing materials, plenty of room is
provided for electron-donating small molecules to achieve
supplementary light absorption and good charge transport
properties.

(2) Decent morphology and domain purity. The three parameters
of OSCs are not only dominated by the properties of SMs but
also affected by the morphology of active layers and device
structures.®”] Suitable domain size and domain purity are
greatly needed for high excitation dissociation efficiency and
charge carrier mobility. Bicontinuous and favorable phase
separation, including vertical phase separation, and efficient
interlayers play important roles in collecting and transport-
ing charges. When it comes to D—A phase separation, a bal-
ance between crystalizing speed and phase separating speed
needs to be noted. The donor and acceptor materials should
perform proper crystallinity and miscibility, which can be
evaluated by the n—r interaction and surface energy of the
molecules. For fullerene-free OSCs, finding an appropriate
acceptor molecule to cooperate with the donor molecule is
important.

(3) Good stability and homogeneity. Owing to high crystallin-
ity, SM-based OSCs show poor homogeneity and stability
compared with polymer-based OSCs. Equal performances
obtained under the same fabricating conditions are unsure,
and the quasiequilibrium packing state is likely to overage
easily. Only a few studies have mentioned stability and ho-
mogeneity; thus, more studies are needed to overcome these
issues.

By carefully selecting donor and acceptor moieties and
m-conjugated bridges, one can design SMs with appropriate
band gaps, energy levels, and planarity. Applying fullerene
derivatives as electron-withdrawing materials, electron-
donating SMs exhibited better performance with an optical
band gap of 1.6-1.8 eV. With proper HOMO level and device
engineering, a Voc between 0.9 and 1 V is a good choice for
high PCEs. Decreasing the energy loss in active layer can be a
better approach to obtain high V¢ than deepening the HOMO
level. Toward high PCEs over 12%, researchers should find
methods of improving the ¢ without sacrificing high V¢ and
FF. With fine structural layouts and chemical and photophys-
ical properties, A—m—D-n—A-type small molecules are now one
of the most promising materials for high performance single
junction BHJ OSCs.
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