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Pairing 1D/2D-conjugation donors/acceptors
towards high-performance organic solar cells†

Jiayu Wang,‡a Yiqun Xiao,‡b Wei Wang,a Cenqi Yan,a Jeromy Rech, c

Mingyu Zhang,a Wei You, c Xinhui Lu *b and Xiaowei Zhan *a

Two polymer donors, FTAZ and J71, and two fused-ring electron acceptors, ITIC1 and ITIC2, are used

to investigate the effects of conjugation dimension on the performance of organic solar cells (OSCs).

FTAZ and J71, and ITIC1 and ITIC2 share the same molecular backbone, respectively, while J71 and

ITIC2 possess conjugated thienyl side chains. The addition of conjugated side chains slightly red-shifts

the absorption spectra and lowers the bandgap due to the extended 2D conjugation. Conjugated side

chains on the acceptor induce the self-aggregation of the acceptors, while conjugated side chains on the

donor increase the miscibility of the donors and acceptors, thus optimizing the morphology of the active

layers. The blends based on mixed combinations, namely 1D donor/2D acceptor and 2D donor/1D acceptor,

show better performance relative to 1D donor/1D acceptor and 2D donor/2D acceptor.

Introduction

Organic solar cells (OSCs) are regarded as a promising alter-
native to silicon-based photovoltaic technology due to some
advantages, such as low cost, light weight, flexibility, semi-
transparency, large-area fabrication, and short energy payback
times.1–3 A bulk heterojunction (BHJ) is the most widely used
architecture of the active layer in OSCs, which consists of a
blend of electron donor and acceptor materials.4,5 To achieve
high power conversion efficiency (PCE), various donors and
acceptors have been developed via various molecular design
strategies, among which two dimensional (2D) conjugated (also
called side-chain conjugated) materials exhibit good perfor-
mance and attract considerable attention. Compared to the
nonconjugated counterparts, 2D conjugated side chains can
extend intramolecular conjugation, which enhances light
absorption and photocurrent. Moreover, 2D conjugation facili-
tates intermolecular interaction and p–p overlap, thus promot-
ing charge transport.6,7 During the past decade, a variety of
2D conjugated donors have been developed, which yielded
PCEs over 10% in fullerene-based OSCs.8–10 As for acceptors,

Zhan and co-workers introduced the concept of 2D conjugation
into fused-ring electron acceptors (FREAs),11 and a high PCE of
13% was achieved.12

Recently, nonfullerene acceptors,13–16 especially FREAs,17,18

have attracted much attention and attained high PCEs,19 but to
continue achieving high device performance, it is crucial to keep a
balanced partnership between donor and acceptor components
in terms of absorption, energy level, mobility, miscibility, and
morphology.20–24 Considering the conjugation dimension of the
donor and acceptor, there are four combinations: 1D donor/1D
acceptor,25–32 1D donor/2D acceptor,11 2D donor/1D acceptor,33–53

and 2D donor/2D acceptor.12,54 Although various pairs of 1D/2D
donor/acceptor have been studied individually, systematic com-
parisons of 1D/2D donor/acceptor pairs have rarely been reported.
These 1D/2D acceptors usually contain different cores and end-
groups, and they are often paired with different donor materials
to fabricate OSCs, which exhibit different performance, thus
leaving the 1D/2D conjugation effect ambiguous. The approach
outlined herein aims to properly understand how the 1D/2D
conjugation of donor/acceptor would affect device performance
and what 1D/2D donor/acceptor combination would be better to
achieve higher performance.

In this work, we report the first example of mapping 1D/2D
donor/acceptor combinations; specifically we choose two poly-
mer donors, FTAZ55 and J71,35 and two FREAs, ITIC111 and
ITIC211 (Scheme 1), to systematically compare 1D/2D donor/
acceptor pairs. These materials are good candidates for this
study as they have each demonstrated high performance, thus
allowing the differences associated within to be attributed to
the 1D/2D conjugation effect. The donor polymers, FTAZ and
J71, possess the same molecular backbone, but different side

a Department of Materials Science and Engineering, College of Engineering,

Key Laboratory of Polymer Chemistry and Physics of Ministry of Education,

Peking University, Beijing 100871, China. E-mail: xwzhan@pku.edu.cn
b Department of Physics, Chinese University of Hong Kong, New Territories 999077,

Hong Kong, China. E-mail: xhlu@phy.cuhk.edu.hk
c University of North Carolina at Chapel Hill, Chapel Hill,

North Carolina 27599-3290, USA

† Electronic supplementary information (ESI) available. See DOI: 10.1039/
c8qm00512e
‡ Contributed equally to this work.

Received 8th October 2018,
Accepted 10th December 2018

DOI: 10.1039/c8qm00512e

rsc.li/frontiers-materials

MATERIALS CHEMISTRY
FRONTIERS

RESEARCH ARTICLE

Pu
bl

is
he

d 
on

 1
1 

D
ec

em
be

r 2
01

8.
 D

ow
nl

oa
de

d 
on

 1
/2

8/
20

20
 7

:0
0:

21
 P

M
. 

View Article Online
View Journal  | View Issue

http://orcid.org/0000-0001-7963-9357
http://orcid.org/0000-0003-0354-1948
http://orcid.org/0000-0002-1908-3294
http://orcid.org/0000-0002-1006-3342
http://rsc.li/frontiers-materials
https://doi.org/10.1039/c8qm00512e
https://pubs.rsc.org/en/journals/journal/QM
https://pubs.rsc.org/en/journals/journal/QM?issueid=QM003002


This journal is©The Royal Society of Chemistry and the Chinese Chemical Society 2019 Mater. Chem. Front., 2019, 3, 276--283 | 277

chains on the benzodithiophene units (nonconjugated 3-butylnonyl
and conjugated thienyl, respectively). Similarly, the conjugated
backbones of acceptors ITIC1 and ITIC2 are the same, and the
substituents on the central phenyl varied (hydrogen and conju-
gated thienyl, respectively). Because of the different molecular
structures, FTAZ and ITIC1 are characterized by 1D conjuga-
tion, while J71 and ITIC2 have 2D conjugation. With this small
library, we are able to systematically probe the effects of the
conjugated side-chains on electronic, optical, charge-transport,
morphological and photovoltaic properties of the donors and
acceptors. This will allow for a better understanding of the
effect of 1D/2D conjugation and help provide recommendations
for pairing newmaterials in the future. Themixed combinations,
1D/2D (FTAZ:ITIC2) and 2D/1D (J71:ITIC1), show better perfor-
mance relative to 1D/1D (FTAZ:ITIC1) and 2D/2D (J71:ITIC2).

Results and discussion
Optical and electronic properties

The optical impact of 1D vs. 2D conjugation was first explored
with UV-vis absorption. The normalized optical absorption
spectra of FTAZ, J71, ITIC1, and ITIC2 in chloroform and in
thin films are shown in Fig. S1a (ESI†) and Fig. 1a, respectively.
In solution, the 1D conjugated FTAZ shows two peaks at 534 and
572 nm, while 2D conjugated J71 shows a slightly red-shifted
spectrum with two peaks at 536 and 578 nm. The absorption
maximum of 1D conjugated acceptor ITIC1 locates at 702 nm,
while that of 2D conjugated ITIC2 red-shifts to 714 nm. Relative
to those in solution, the absorption spectra of FTAZ and J71 in
films do not differ much, while those of ITIC1 and ITIC2 red-
shift. The absorption maxima of 1D conjugated FTAZ and ITIC1
are 533 and 734 nm, respectively; while those of 2D conjugated
J71 and ITIC2 slightly red-shift to 540 and 738 nm, respectively.

The increase in absorption maxima in the 2D conjugated
systems is attributed to the extended intramolecular conjugation

Scheme 1 Chemical structures of FTAZ, J71, ITIC1, and ITIC2.

Fig. 1 (a) Thin film UV-vis absorption spectra and (b) energy level diagram
from CV of FTAZ, J71, ITIC1, and ITIC2.
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from the side chains. The optical bandgaps of FTAZ, J71, ITIC1,
and ITIC2 are estimated from the absorption edge of the thin
film: 2.00, 1.96, 1.55, and 1.53 eV, respectively. This information
is also found in Table 1. The wide-bandgap polymer donors and
low-bandgap acceptors exhibit complementary absorption, which
is beneficial for harvesting panchromatic light and improving
short-circuit current density ( JSC).

Next, the electrochemical properties of FTAZ, J71, ITIC1, and
ITIC2 were investigated by a cyclic voltammetry (CV) method
with films on a glassy carbon working electrode in 0.1 M
[nBu4N]

+[PF6]
� CH3CN solution at a potential scan rate of

100 mV s�1. Each of these molecules exhibits irreversible oxida-
tion and reduction waves (Fig. S1b, ESI†). Additionally, the
highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) energy levels (Fig. 1b and
Table 1) were estimated from the onset oxidation and reduction
potentials, respectively, assuming the absolute energy level of
FeCp2

+/0 to be 4.8 eV below vacuum56 (the oxidation potential of
FeCp2

+/0 versus Ag/AgCl was measured to be 0.45 V). The HOMO
energy levels of FTAZ (�5.39 eV) and J71 (�5.40 eV) are similar;
while J71 shows a lower LUMO energy level of�3.65 eV relative to
FTAZ (�3.50 eV), due to the s inductive effect of silicon atom.57

The HOMO and LUMO energy levels of ITIC1 are �5.48 and
�3.84 eV, respectively. ITIC2 shows slightly higher HOMO and
LUMO energy levels of�5.43 and�3.80 eV, respectively, owing to
the electron-donating property of thiophene units.

Next, the charge transport properties of these materials are
explored. The hole mobilities of FTAZ and J71, and electron
mobilities of ITIC1 and ITIC2 in neat films were measured using
the space charge limited current (SCLC) method in hole-only
(ITO/PEDOT:PSS/FTAZ or J71/Au) or electron-only (Al/ITIC1 or
ITIC2/Al) devices (Fig. S2 (ESI†) and Table 1).58 The hole mobi-
lities of FTAZ and J71 are 4.4 � 10�3 and 3.6 � 10�3 cm2 V�1 s�1,
respectively; the electron mobilities of ITIC1 and ITIC2 are 1.0 �
10�3 and 1.3 � 10�3 cm2 V�1 s�1, respectively.

Photovoltaic properties

To further explore the effect of 1D vs. 2D conjugation of these
materials, BHJ OSCs with the structure of ITO/ZnO/donor:
acceptor/MoOx/Ag were fabricated using FTAZ or J71 as donor
and ITIC1 or ITIC2 as acceptor. Each of the 4 pairings of donor:
acceptor were carefully optimized and the results are summar-
ized in Fig. 2a and Table 2. The optimized FTAZ:ITIC1-based
devices (i.e. 1D/1D) show an open-circuit voltage (VOC) of 0.921 V,
JSC of 16.45 mA cm�2, fill factor (FF) of 0.564, and PCE of 8.54%.
When switching to a 2D acceptor, FTAZ:ITIC2-based devices

(1D/2D) exhibit a higher VOC of 0.925 V, higher JSC of 18.88mA cm�2,
higher FF of 0.630, and an overall higher PCE of 11.0%. However,
when switching to a 2D donor, J71:ITIC2-based devices
(2D/2D) exhibit a lower PCE of 9.55% with VOC of 0.940 V,
JSC of 16.55 mA cm�2, and FF of 0.614. When moving back to
the 1D acceptor, J71:ITIC1-based devices (2D/1D) show higher
JSC, FF and PCE of 17.90 mA cm�2, 0.653, and 10.6%, respec-
tively. The higher VOC of ITIC2-based devices is due to the
higher LUMO energy level of ITIC2 (�3.80 eV compared to
�3.84 eV of ITIC1). As the HOMO energy levels of FTAZ and J71
are similar, the difference in VOC between FTAZ and J71-based
devices may originate from morphology-induced VOC loss.59,60

The JSC and FF of mixed combinations 1D/2D and 2D/1D
(FTAZ:ITIC2 and J71:ITIC1) are higher than those of 1D/1D
(FTAZ:ITIC1) and 2D/2D (J71:ITIC2) combinations, which leads
to higher PCEs.

The external quantum efficiency (EQE) spectra of the optimized
devices are shown in Fig. 2b. All of the four EQE spectra exhibit a
slight valley at around 600 nm, arising from the separated
absorption of donors (400–600 nm) and acceptors (600–800 nm);
thus, the donors and acceptors contribute to the photoresponse in
the region of 400–600 nm and 600–800 nm, respectively. The JSC of
the optimized FTAZ:ITIC1, FTAZ:ITIC2, J71:ITIC1, and J71:ITIC2
blends calculated from integration of EQE spectra with the AM
1.5G reference spectrum are 15.84, 18.13, 17.59, and 16.50mA cm�2,
respectively, consistent with JSC values measured from J–V (the error
is o5%, Table 2).

Next, to better understand the differences between the
various 1D and 2D pairings, charge recombination in the devices
was investigated by measuring VOC (Fig. 2c) and JSC (Fig. 2d)
under different incident light intensities (P). The relationship
between VOC and P is described by the formula of VOC p lnP,61

where a slope of 1 kBT/q (kB: Boltzmann constant, T: tempera-
ture, and q: elementary charge) indicates that bimolecular
recombination dominates in the device, a slope of 2 kBT/q
indicates that geminate or Shockley–Read–Hall recombination
dominates,62 while a slope of 0.5 kBT/q indicates that surface
recombination dominates.63,64 The slope for FTAZ:ITIC1,
FTAZ:ITIC2, J71:ITIC1, and J71:ITIC2 blends is 0.99 kBT/q,
1.02 kBT/q, 1.04 kBT/q, and 0.97 kBT/q, respectively, suggesting
that bimolecular recombination dominates in all 4 blends. The
relationship between JSC and P is described by the formula of
JSC p PS, where a value of S = 1 indicates that all free carriers
are swept out and collected at electrodes before recombination,
and S o 1 indicates some extent of bimolecular recombination.65

The S values of FTAZ:ITIC1, FTAZ:ITIC2, J71:ITIC1, and J71:ITIC2
blends are 0.92, 0.95, 0.94 and 0.93, respectively, indicating
relatively weaker bimolecular recombination in mixed combina-
tions 1D/2D and 2D/1D (FTAZ:ITIC2 and J71:ITIC1), which is
beneficial for higher FF.

Charge transfer in blended films was investigated by photo-
luminescence (PL) quenching (Fig. S3, ESI†). FTAZ and J71 are
excited at 466 nm and emit at 631 and 636 nm (Fig. S3a, ESI†),
respectively; while ITIC1 and ITIC2 are excited at 687 nm and
emit at 784 and 776 nm (Fig. S3b, ESI†), respectively. According
to the absorption spectra of the four materials, excitation at

Table 1 Basic properties of FTAZ, J71, ITIC1, and ITIC2

Material
labssolution

(nm)
labsfilm

(nm)
Eg

a

(eV)
HOMO
(eV)

LUMO
(eV)

m (10�3 cm2

V�1 s�1)

FTAZ 534, 572 533, 574 2.00 �5.39 �3.50 4.4
J71 536, 578 540, 580 1.96 �5.40 �3.65 3.6
ITIC1 702 734 1.55 �5.48 �3.84 1.0
ITIC2 714 738 1.53 �5.43 �3.80 1.3

a Estimated from the absorption edge in film.
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466 nm mainly excites donors while that at 687 nm mainly excites
acceptors. When excited at 466 nm, all of the four blends show over
99% PL quenching, suggesting highly efficient charge transfer from
donor to acceptor. When excited at 687 nm, the PL quenching of
1D/2D and 2D/1D, FTAZ:ITIC2 and J71:ITIC1, are 98% and 97%,

respectively, slightly higher than that of 1D/1D FTAZ:ITIC1 (92%)
and 2D/2D J71/ITIC2 (96%), indicating more efficient charge
transfer from acceptor to donor, which is beneficial for higher JSC.

Charge generation and extraction efficiencies of these
devices were also investigated by measuring the photocurrent

Table 2 Performance and mobilities of the optimized devices

Active layer VOC
a (V) JSC

a (mA cm�2) FFa PCEa (%)
Calculated JSC
(mA cm�2)

mh (10�4 cm2

V�1 s�1)
me (10

�4 cm2

V�1 s�1) mh/me

FTAZ:ITIC1 0.922 � 0.003 (0.921) 16.06 � 0.36 (16.45) 0.562 � 0.004 (0.564) 8.32 � 0.19 (8.54) 15.84 25 2.0 12.5
FTAZ:ITIC2 0.922 � 0.003 (0.925) 18.63 � 0.26 (18.88) 0.620 � 0.006 (0.630) 10.6 � 0.2 (11.0) 18.13 12 4.1 2.92
J71:ITIC1 0.908 � 0.005 (0.911) 17.55 � 0.23 (17.90) 0.645 � 0.015 (0.653) 10.2 � 0.2 (10.6) 17.59 10 3.5 2.85
J71:ITIC2 0.935 � 0.003 (0.940) 16.29 � 0.29 (16.55) 0.598 � 0.014 (0.614) 9.11 � 0.23 (9.55) 16.50 12 3.7 3.24

a Average values with standard deviation were obtained from 20 devices, the values in parentheses are the parameters of the best device.

Fig. 2 (a) J–V curves, (b) EQE spectra, (c) VOC versus light intensity, (d) JSC versus light intensity, and (e) Jph versus Veff of the optimized devices with the
structure of ITO/ZnO/active layer/MoOx/Ag.
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density ( Jph) versus the effective voltage (Veff) (Fig. 2e).
66 At high

Veff (42 V), all excitons are dissociated into free charge carriers
and collected by electrodes, the Jph becomes saturated photo-
current density ( Jsat), and JSC/Jsat characterizes the charge
generation and extraction under short-circuit conditions. The
JSC/Jsat values of mixed combinations 1D/2D and 2D/1D,
FTAZ:ITIC2 and J71:ITIC1, are both 94%, higher than that of
1D/1D FTAZ:ITIC1 (92%) and 2D/2D J71/ITIC2 (93%). There-
fore, the pairings of mixed 1D and 2D materials, compared to
1D/1D or 2D/2D, show more efficient charge generation and
extraction, which is beneficial to higher JSC and FF.

Finally, the hole (mh) and electron mobilities (me) of the
blended films were measured by the SCLC method with device
structures of ITO/PEDOT:PSS/active layer/Au for holes (Fig. S4a
(ESI†) and Table 2) and Al/active layer/Al for electrons (Fig. S4b
(ESI†) and Table 2). The mh/me of FTAZ:ITIC1, FTAZ:ITIC2,
J71:ITIC1, and J71:ITIC2 blends are 12.5, 2.92, 2.85, and 3.24,
respectively. The 2D/1D system of J71:ITIC1 shows the most
balanced hole/electron transport, which can help explain the
highest FF. The unbalanced hole/electron transport in the
1D/1D system of FTAZ:ITIC1 is responsible for the lowest FF.
Both high mobilities and balanced charge transport are needed
for high JSC and FF.

Film morphology

While the photovoltaic properties illustrated some of the
impact from the various pairings of 1D and 2D conjugated
materials, the morphology of each of these blends is also
important in elucidating the 1D/2D conjugation effect. Trans-
mission electron microscopy (TEM) was first used to character-
ize the bulk morphology of the active layers (Fig. S5, ESI†). All of
the four blends show relatively uniform morphology without

pinholes or large aggregates, which prevents severe recombina-
tion. Grazing incidence wide-angle X-ray scattering (GIWAXS) was
used to gain more molecular level morphology information.67

The 2D GIWAXS patterns and the corresponding intensity pro-
files of the neat donor and acceptor films in the in-plane (qr) and
out-of-plane (qz) directions are shown in Fig. S6 (ESI†). All four of
these materials exhibit a favored face-on orientation in neat
films. The lamellar peaks of FTAZ, J71, ITIC1, and ITIC2 locate
at qr = 0.321, 0.292, 0.333, and 0.299 Å�1, corresponding to
d-spacings of 19.6, 21.5, 18.9, and 21.0 Å, respectively. The 2D
conjugated materials of J71 and ITIC2 exhibit larger lamellar
d-spacings relative to the 1D conjugated counterparts of FTAZ
and ITIC1. The p–p stacking peaks of FTAZ, J71, ITIC1, and
ITIC2 locate at qz = 1.66, 1.66, 1.79, and 1.85 Å�1, corresponding
to d-spacings of 3.79, 3.79, 3.51, and 3.40 Å, respectively. While
the p–p stacking peaks of FTAZ and J71 are both at 3.79 Å, FTAZ
shows a larger p–p crystallite coherence length (CCL) of 20.6 Å
relative to J71 (16.2 Å). A larger CCL is beneficial to high
mobility, and this difference can help explain the differences
in the hole mobilities for the two materials. Additionally, ITIC1
(13.3 Å) and ITIC2 (13.2 Å) exhibit similar p–p CCLs, leading to
similar electron mobilities in neat films.

Next, the optimized blended films were also investigated,
and the 2D GIWAXS patterns and the corresponding intensity
profiles of the blended films are presented in Fig. 3. Much like the
neat materials, all of the four blended films show a preferential
face-on orientation. The lamellar packing peaks of FTAZ:acceptor
films locate at qr B 0.330 Å�1 (d = 19.0 Å), while those of
J71:acceptor blends locate at qr B 0.310 Å�1 (d = 20.3 Å).
J71:acceptor blends exhibit larger lamellar d-spacings relative
to FTAZ:acceptor blends, resembling the trend in the neat films
of J71 (2D) and FTAZ (1D). The p–p stacking peaks of FTAZ:ITIC1,

Fig. 3 (a) 2D GIWAXS patterns, (b) GIWAXS intensity profiles along the in-plane (scattered line) and out-of-plane (solid line) directions, and (c) GISAXS
intensity profiles and best fittings along the in-plane direction of the optimized active layers.
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FTAZ:ITIC2, J71:ITIC1, and J71:ITIC2 blends locate at qz =1.70,
1.67, 1.69, and 1.66 Å�1, respectively, with CCLs of 7.13, 12.7,
10.5, and 10.1 Å, respectively. The 1D/2D mixed blends show
slightly larger CCLs than the 1D/1D and 2D/2D blends, which
might contribute to the relatively better device performance results.

Finally, grazing incidence small-angle X-ray scattering
(GISAXS) measurements were performed to understand the
phase separation information for the various blends. Phase
separation, which originates from the miscibility of donor and
acceptor, significantly affects the device performance.68,69 Low
miscibility leads to formation of large pure domains, while high
miscibility leads to formation of large intermixing domains.
Large pure domain is beneficial to charge transport but unfavor-
able to exciton splitting, while large intermixing domain facili-
tates exciton splitting but restrains charge transport. Thus it is
crucial to solve this paradox by precisely tuning the miscibility of
donor and acceptor to reach a balance between exciton splitting
and charge transport. The in-plane intensity profiles and the 2D
GISAXS patterns of the neat and blended films are presented in
Fig. 3c and Fig. S7 (ESI†), respectively. For FTAZ:acceptor blended
films, we adopt the Debye–Anderson–Brumberger (DAB) model,
a polydispersed hard sphere model and a fractal-like network
model to account for the scattering contribution from inter-
mixing amorphous phases, FTAZ domains and acceptor
domains, respectively.70 For J71:acceptor blended films, we adopt
the DAB model and a fractal-like network model70 since the
scattering of J71 is very weak (Fig. S7, ESI†). The FTAZ domains
retain similar sizes for FTAZ:acceptor blends (4.2–4.5 nm). The
intermixing domain sizes of FTAZ:ITIC1, FTAZ:ITIC2, J71:ITIC1,
and J71:ITIC2 films are 26.2, 24.4, 30.7, and 36.3 nm, respectively,
while the acceptor domain sizes are 21.0, 22.0, 5.74, and 7.14 nm,
respectively (Table 3). The acceptor domain sizes of the ITIC2-
based (2D) films are larger than those of ITIC1-based (1D) films,
suggesting that the conjugated side chains on the acceptor
facilitate molecular packing and growth of acceptor domains,
which is beneficial for higher electron mobility in blended films.
The intermixing domain sizes of J71-based (2D) films are also
larger than those of FTAZ-based (1D) films, indicating that the
conjugated side chains on the donor increase the miscibility of
the donor and acceptor. However, when mixing the 2D donor of
J71 with the 2D acceptor of ITIC2, the film exhibits the largest
intermixing domain size, suggesting that the increased misci-
bility may originate from the interactions between the side chains
of the donor and acceptor. Compared to the FTAZ:ITIC1 (1D/1D)
system, FTAZ:ITIC2 (1D/2D) shows relatively larger acceptor
domains and a smaller intermixing domain, contributing to the
higher electron mobility and less recombination, which improves
JSC, FF, and PCE. J71 and ITIC1 show better miscibility relative to

FTAZ and ITIC1, which is beneficial to efficient charge generation
and balanced charge transport, and thus higher JSC and FF.
Finally, the extra miscibility between J71 and ITIC2 leads to the
largest intermixing domain size and thus more recombination
and lower performance.

Conclusions

In summary, we choose two polymer donors with the same
molecular backbone, FTAZ and J71, and two nonfullerene
acceptors with the same molecular backbone, ITIC1 and ITIC2,
to investigate the effects of conjugation dimension (1D and 2D)
on the performance of OSCs. FTAZ and ITIC1 have 1D conju-
gation (i.e. only along backbone), while J71 and ITIC2 have 2D
conjugation due to conjugated thienyl side chains. By pairing
each of the different donors and acceptors together, a better
understanding of the 1D/2D conjugation effect can be illus-
trated. First, 2D conjugated side chains slightly red-shift the
absorption spectra and lower the bandgap for both the donor
and acceptor materials. J71 (2D) exhibits lower LUMO energy
levels relative to FTAZ (1D) due to the s inductive effect of
silicon atoms on thienyl substituents, while ITIC2 (2D) shows
higher LUMO energy levels relative to ITIC1 (1D) owing to the
electron-donating property of thienyl side chains. Furthermore,
2D conjugated side chains on the acceptor induce self-aggregation
of the small molecule acceptors, leading to larger acceptor
domain size. Conjugated side chains on the polymer donor
improve the miscibility of the donor and acceptor, and thus
increase the intermixing domain size. Large pure domain facili-
tates charge transport but restrains exciton splitting, while large
intermixing domain is beneficial to exciton splitting but unfa-
vorable to charge transport. Additionally, the 2D conjugated side
chain can effectively adjust the crystallinity and miscibility of
donors and acceptors simultaneously, thus reaching a balance
between charge transport and exciton dissociation, and finally
achieving better performance. In this work, the combinations of
1D donor/2D acceptor (FTAZ/ITIC2) and 2D donor/1D acceptor
(J71/ITIC1) achieve balance relative to the 1D/1D and 2D/2D
blends, thus showing higher PCEs. Therefore, this work suggests
that pairing mixed conjugation systems (i.e. 1D and 2D) might be
a technique to achieve higher efficiency in OSCs.
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Table 3 Domain sizes calculated from GISAXS

Intermixing (nm) Acceptor (nm) FTAZ (nm)

FTAZ:ITIC1 26.2 21.0 4.26
FTAZ:ITIC2 24.4 22.0 4.48
J71:ITIC1 30.7 5.74 —
J71:ITIC2 36.3 7.14 —
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