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bly of ordered nanomaterials. As 
shown in Fig. 2(a), the SAXS data 
reveal the formation of highly 
ordered hexagonal packing in a 
dilute aqueous solution of AlSiNT 
(1.0 wt%). The tube diameter of 
AlSiNT is about 2 nm; the inter-tu-
bular distance of the hexagonal 
structure is ~20 nm. The scatter-
ing structure factors, as shown in 
Fig. 2(b), demonstrate that such 
an inter-tubular distance of the 
hexagonal structure is tunable 
via control of the concentration 
and the length of the nanotubes. 
The stature of all four Bragg sig-
nals decreases with decreasing 
concentrations and disappears 
abruptly below concentration 
0.85 wt%, indicating a sharp 
transition from the hexagonal 
structure to the nematic phase 
(Fig. 2(b) inset). There is hence 
a critical inter-tubular distance 
associated with the geometry of 
the nanotubes. Moreover, the 
group used a cryo-TEM to visualize 
directly the ordered phase and un-
dertook a simulation of the molec-
ular dynamics (all-atom MD and 
coarse-grained MD) to achieve an 
atomistic understanding.

In conclusion, Hua’s group pro-
posed that constraining the rota-
tional motion of low-dimensional 

Fig. 2: (a) SAXS scattering data of an AlSiNT solution (1.0 wt%). The sharp features 
correspond to nanotubes in a hexagonal packing. (b) Structure factors of vari-
ous tube concentrations show a tunable inter-tubular distance. The inset shows 
small concentrations that produce only either a nematic phase (0.5 wt%) or a 
disordered network (0.1 wt%). [Reproduced from Ref. 2]

nanotubes utilizing solvation-induced repulsive forces can achieve a 
spontaneously well-aligned colloidal superstructure with tunable in-
ter-tubular distances in dilute and spacer-free solutions. They produced a 
novel method to manipulate an ordered superstructure and to challenge 
the existing 5-nm node lithography and nanorobotics. (Reported by Che-
Min Chou, National Taiwan University)

This report features the work of Chi-Chung Hua and his co-workers pub-
lished in Phys. Rev. Lett. 123, 238002 (2019).
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High Performance of Organic Solar Cells Based on 
Matching Donor-Accepter Pairs 
A fluorinated heptacyclic dithienocyclopentacarbazole non-fullerene acceptor was synthe-
sized to be blended with donor polymers with complementary absorption and energy levels 
well matched. Control of molecular orientation in donor/accepter solar cells exhibited higher 
power-conversion efficiencies.

Solution-processable organic solar cells (OSC) with 
a treatment of bulk heterojunctions can achieve 

large power-conversion efficiencies (PCE) and resolve 
an increasing demand for renewable energy. Being 
a function of open-circuit voltage (VOC), short-circuit 

current (JSC), and fill factor (FF), PCE values above 11% 
were obtained on utilizing fullerene derivatives (e.g., 
PC61BM and PC71BM) as electron acceptors owing to 
their superior electron mobility and isotropic charge 
transport, when paired with p-type polymers featur-
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ing suitable energy levels. Fullerene derivatives have, 
however, intrinsic drawbacks to adjust the absorption 
ranges and energy levels, tendencies to undergo 
thermally induced aggregation, and large production 
costs. Alternatively, non-fullerene acceptors (NFA) 
possess numerous benefits to tune the absorption 
range and energy levels and to improve the morpho-
logical stability. The structural optimizations of NFA 
have led to higher PCE of OSC than those containing 
fullerene derivatives. 

Chain-Shu Hsu (National Chiao Tung University) 
and his collaborators synthesized a new NFA, i.e., 
DTC(4Ph)-4FIC, featuring two additional fluorine 
atoms on each side of the terminal IC units as n-type 
accepter.1 OSC with a conventional device architec-
ture of ITO/PEDOT:PSS/active layer/PFN-Br/Al were 
fabricated employing J71, PBDB-T and PBDB-TF as 
p-type polymers (donor). These structures are exhib-
ited in Fig. 1(a). Three p-type polymers, J71, PBDB-T 
and PBDB-TF were utilized in tests of the photovoltaic 
performance of the acceptors. They demonstrate that 

DTC is a promising scaffold for the development of 
high-performance NFA possessing outstanding com-
patibility with current benchmark p-type polymers 
using by UV−vis absorption spectra, highest occupied 
molecular-orbital (HOMO)/lowest unoccupied mo-
lecular-orbital (LUMO) energy levels obtained from 
cyclic voltammetry (CV) measurements and grazing 
incidence wide-angle X-ray scattering (GIWAXS). 

The bulk molecular packing was characterized with a 
GIWAXS measurement, for which the orientation was 
determined on comparing the azimuthal distribution 
of diffraction intensity (010) between the in-plane 
and out-of-plane directions. The orientation of the 
DTC(4Ph)-4FIC neat film possesses a face-on prefer-
ence, like J71, PBDB-T and PBDB-TF neat films, as Figs. 
1(b)−1(d) show. As depicted in Fig. 1(h), the grain 
sizes derived from diffraction (100) of J71, PBDB-T 
and PBDB-TF are 76.6, 92.4 and 118.6 Å, respectively. 
Diffractions (010) of DTC(4Ph)-4FIC, J71, PBDB-T and 
PBDB-TF neat films are located at qZ = 1.43, 1.55, 1.56, 
1.66 Å−1, respectively. 

Fig. 1: (a) Chemical structures; 2D GIWAXS patterns of (b) J71, (c) PBDB-T, (d) PBDB-TF, (e) J71:DTC(4Ph)-4FIC, (f) PBDB- T:DTC(4Ph)-
4FIC, (g) PBDBTF: DTC(4Ph)-4FIC and (h) the corresponding 1D line cuts from neat films and blends. [Reproduced from Ref. 1]
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The neat film of PBDB-TF possesses the largest grain 
and strongest π−π interaction, which is ascribed to 
the fluorine interaction. Figures 1(e)−1(g) exhib-
it diffractions (010) at larger qZ after introducing 
DTC(4Ph)-4FIC into the films, indicating an increased 
π−π interaction, despite that diffractions (010) of 
DTC(4Ph)-4FIC and p-type polymers overlap. Close 
π−π stacking d-spacing promotes delocalization of 
π-electrons, resulting in increased carrier mobility and 
JSC. Figure 1(h) shows that the π−π stacking d-spac-
ings of J71:DTC(4Ph)-4FIC, PBDB-T:DTC(4Ph)-4FIC and 
PBDBTF: DTC(4Ph)-4FIC are 4.1, 3.6 and 3.6 Å, respec-
tively. As determined by diffraction (100) using the 
Scherrer equation, the grain sizes of J71:DTC(4Ph)-
4FIC, PBDB-T:DTC(4Ph)-4FIC, and PBDB- TF:DTC(4Ph)-
4FIC are 123.2, 136.6 and 153.3 Å, respectively. The 
large grain size of the PBDB-TF:DTC(4Ph)-4FIC blend 
is likely to diminish interfacial traps between donor/
acceptor-rich domains and suppresses charge recom-
bination, resulting in FF 75.7%. As the phase separa-
tion with a fibrillar structure in J71:DTC(4Ph)-4FIC and 
PBDB-TF:DTC(4Ph)-4FIC blends is more pronounced, 
exciton dissociation is facilitated, thus promoting the 
FF values of J71:DTC(4Ph)-4FIC (73.42%) and PBDB-
TF:DTC(4Ph)-4FIC (75.70%) to surpass that of PBDB-
T:DTC(4Ph)-4FIC (71.10%).

In summary, DTC(4Ph)-4FIC displays superior compat-
ibility with J71, PBDB-T and PBDB-TF as evident from 

the corresponding PCE values > 10%. Notably, the 
conventional device based on PBDB-TF:DTC(4Ph)-4FIC 
achieves PCE 13.15%, with VOC 0.95 V, JSC 18.29 mA 
cm−2, and FF 75.7%, which benefit from the low-lying 
HOMO of PBDB-TF and low bimolecular recombina-
tion of charge. Moreover, the inverted devices con-
taining PBDBTF:DTC(4Ph)-4FIC with C-PCBSD as CIL 
afford PCE 13.36%, with VOC 0.94 V, JSC 20.20 mA cm−2 
and FF 70.42%. This application of the cross-linkable 
C-PCBSD interlayer provides a new approach to ob-
tain inverted OSC with high performance. The further 
structural optimization of DTC-based NFA and the 
development of compatible p-type polymers would 
ultimately result in fullerene-free OSC with PCE ap-
proaching the theoretical limit. (Reported by Hong-
Cheu Lin, National Chiao Tung University)

This report features the work of Chain-Shu Hsu, Jian-
hui Hou and their co-workers published in ACS Appl. 
Mater. Interfaces 11, 31069 (2019).
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