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Limited by short exciton diffusion length (~10 nm) of organic
semiconductors, nanostructured films with electron—donor (D) and
electron—acceptor (A) bicontinuous phases with nanometer-scale
interspacing for efficient charge separation and transport are highly
desirable for preparation of high-performance polymer solar cells
(PSCs).! PSCs are usually fabricated with blends of D and A
materials, and it is rather difficult to realize the aforementioned
film morphology. Block copolymers intrinsically prefer composi-
tion-dependent nanophase separation due to the incompatibility
between different blocks.>® Accordingly, several D—A block
copolymers with fullerene* or perylene diimide (PDI)>° as the A
component have been prepared for achieving nanostructured D—A
heterojunctions. However, due to the polydispersity and rigid nature
of conjugated polymers, disordered naonostructures with domain
sizes larger than 20 nm were often obtained.® Consequently, the
efficiencies of the resulting PSCs were lower than 0.5%,° and design
and synthesis of materials toward well-defined nanostructured D—A
heterojunctions remain great challenges.”

Monodisperse conjugated oligomers are characterized by a
uniform chemical structure as well as a tunable molecular length
around 10 nm;® therefore, they are ideal scaffolds for well-defined
nanostructures with a length scale equal to or less than the exciton
diffusion length of organic semiconductors. Herein, three D—A co-
oligomers, F3T4-hP, F4T6-hP, and F5T8-hP as shown in Chart
1, with different molecular lengths were designed and synthesized
to illustrate this concept. These co-oligomers can form highly
ordered films comprising alternating D—A lamellar nanostructures
with the period depending on the molecular length. As a result,
single-molecular organic solar cells with an external quantum
efficiency (EQE) up to 46% at 410—500 nm and a power conversion
efficiency (PCE) up to 1.50% have been demonstrated. These results
represent the best performance for single-molecular solar cells to
date.

As shown in Chart 1, oligo(fluorene-alt-bithiophene)s (OFbTs)
are selected as D segments not only because they are typical p-type
organic semiconductors but also because their liquid crystalline
property may provide an additional driving force for the formation
of ordered films via post-treatment.” PDIs are recognized as good
A-materials,'®'" and their strong 77— interactions qualify them
as great building blocks for functional supramolecular architec-
tures.'> All three co-oligomers are smectic liquid crystals as
characterized by differential scanning calorimetry (DSC, Figure S5
in Supporting Information (SI)) and small-angle X-ray scattering
(SAXS, Figure 1). At room temperature, the lamellar d-spacings
from first-order diffractions are 5.59, 7.42, and 8.95 nm for F3T4-
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Chart 1. Chemical Structures of F3T4-hP, F4T6-hP, and F5T8-hP
and Their Corresponding Phase Transitions upon Heating?
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5, FSTS-hP G 90.4 Sy 189.5 N248.5 ]

“ Symbols: G, glassy; S, smectic; N, nematic; /, isotropic.

hP, F4T6-hP, and F5T8-hP, respectively, which are close to their
molecular lengths of 5.89, 7.91, and 9.37 nm, respectively.

Thin films of the co-oligomers with thickness of ~70 nm on
poly(3.4-ethylene dioxythiophene):poly(styrene sulfonate) (PEDOT:
PSS)-covered indium—tin—oxide (ITO) glass substrates were floated
with water to microgrids for transmission electron microscopy
(TEM) characterization. In prinstine films, lamellar nanostructures
were only observed for FST8-hP (Figure S7, SI). This may be
ascribed to its having the strongest D—A segregation and the longest
molecular length.2 After thermal annealing at 210 °C for 2 min,
dark-bright stripes appeared in the films for all three co-oligomers
(Figure 2a—c). However, the order of the films is still relatively
low, as indicated by weak selected area electron diffractions (SAED,
insets of Figure 2a—c). Solvent—vapor annealing has been found
to be a promising method to generate highly ordered block
copolymer films with few defects in large area.'® Here, the film
order of the co-oligomers can be significantly improved with CH,Cl,
vapor annealing. As shown in Figure 2d—f, the persistent lengths
of the lamellae increase from 50—150 nm for thermal annealed
films to 100—400 nm for solvent-vapor annealed films, and the
(002) and (003) diffraction rings in SAED become distinct. The
periods of the lamellae are 5.6, 7.4, and 8.9 nm for F3T4-hP,
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Figure 1. SAXS of F3T4-hP (a), F4T6-hP (b), and F5T8-hP (c) powders
at different temperatures. Temperatures are labeled to the right.
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Figure 2. TEM images and SAED patterns (inset) of F3T4-hP (a,d),
F4T6-hP (b,e), and FST8-hP (c,f) thin films after thermal annealing (a—c)
or solvent-vapor annealing (d—f). Solution (sol, 1 x 107° M in chloroform)
and film (pristine, pris; thermal annealed, TA; solvent-vapor annealed, SA)
absorption spectra of F3T4-hP (g). Schematic illustration of the lamellar
nanostructures in films (h).

F4T6-hP, and F5T8-hP, respectively, which are consistent with
SAXS. Meanwhile, UV —vis absorption spectra of the co-oligomers
indicate that PDI units are face-to-face stacked (H-aggregation) in
films. With F3T4-hP as an example (Figure 2g), the relative
intensity of the 0—0 absorption band of PDI at 535 nm in films is
significantly reduced compared to that in solution, which is
characteristic of H-aggregation.'*'> These results clearly indicate
that the co-oligomers have formed alternating D—A lamellar
nanostructures with the period depending on the molecular length,
as shown in Figure 2h.

To demonstrate the advantage of the films with the highly ordered
alternating D—A lamellar nanostructures, photovoltaic devices based
on the co-oligomers were fabricated with the device structure of
ITO/PEDOT:PSS (50 nm)/co-oligomers (70 nm)/epPDI (3 nm)/
LiF (1 nm)/Al (100 nm), in which epPDI (N,N’-bis(1-ethylpropyl)-
3,4,9,10-perylenetetracarboxyl diimide) was used as a hole-blocking
layer and could result in the higher fill factor (FF) and short-circuit
current density (/sc) (Figure S8, SI). It was found that the device
performance measured in ambient conditions under AM 1.5 solar
simulation at 100 mW/cm? was enhanced with increasing film order
or molecular length (Table S1, SI). The device based on a
solvent—vapor annealed film of FST8-hP gave the best device
performance, with a PCE up to 1.50% (open-circuit voltage (Voc)
=0.87 V; Isc = 4.49 mA/cm?; FF = 0.38, Figure 3a). Both D and
A blocks contributed to photocurrent, as indicated by the resem-
blance of the EQE profile and film absorption spectrum of
F5T8-hP (Figure 3b). An EQE of ~46% and an internal quantum
efficiency (IQE) of ~60% (Figure S10, SI) at 410—500 nm were
achieved. To the best of our knowledge, the performance of the
device based on the solvent—vapor annealed F5ST8-hP film is the
highest in single-molecular organic solar cells to date,'® and it is
also much higher than that of the devices based on D—A blends
and copolymers with PDIs as the A materials.>®'%'""!7 All these
indicate that the nanostructured films can tansport both electrons
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Figure 3. [—V characteristics of solar cells based on solvent vapor annealed
thin films of the co-oligomers (a), and EQE curve of the device based on
solvent vapor annealed F5T8-hP film and UV—vis absorption spectrum of
the corresponding film (b).

and holes efficiently. In contrast, the devices based on the blends
of OFbTs and epPDI gave much inferior device performance, as
shown in Table S1 (SI).

In conclusion, we have demonstrated that highly ordered films
comprising well-defined and tunable alternating D—A lamellar
nanostructures could be prepared with monodisperse D—A co-
oligomers. These films can tansport charge carriers efficiently and,
therefore, can be used in fabrication of high-performance single-
molecular optoelectronic devices.
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