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ABSTRACT 

It remains challenging to design efficient bifunctional semiconductor materials in organic photovoltaic and 
photodetector devices. Here, we report a butterfly-shaped molecule, named WD-6, which exhibits low 

energy disorder and small reorganization energy due to its enhanced molecular rigidity and unique assembly 
with strong intermolecular interaction. The binary photovoltaic device based on PM6:WD-6 achieved an 
efficiency of 18.41%. Notably, an efficiency of 19.42% was achieved for the ternary device based on 
PM6:BTP-eC9:WD-6. Moreover, the photodetection device based on WD-6 demonstrated an ultrafast 
response speed (205 ns response time at λ of 820 nm) and a high cutoff frequency of −3 dB (2.45 MHz), 
surpassing the values of most commercial Si photodiodes. Based on these findings, we showcased an 
application of the WD-6-based photodetection device in high-speed optical communication. These results 
offer valuable insights into the design of organic semiconductor materials capable of simultaneously 
exhibiting high photovoltaic and photodetective performance. 

Keywords: organic photovoltaics, organic photodetectors, electron acceptor, efficiency, response speed 
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communication [5 ]. In fact, state-of-the-art OPDs 
based on the diode structure and bulk heterojunc- 
tion active layer share very similar material systems 
with OPVs. However, it is worth noting that organic 
semiconductor materials with good photovoltaic 
performance may not necessarily show good pho- 
todetective properties. Thus, designing organic 
semiconductor materials with high performance in 
both OPVs and OPDs remains challenging. 

Compared to inorganic semiconductors with 
highly ordered structures, organic semiconductor 
materials, particularly those processed in solution for 
device fabrication, commonly exhibit more struc- 
tural defects and amorphous phases, resulting in 
large trap densities [6 ,7 ]. In the case of OPVs, trap 
sites in photoactive films serve as trap-assisted re- 
combination centers, contributing to non-radiation 
recombination under i l lumination, thus reducing the 
short circuit current density ( JSC ) and decreasing 
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NTRODUCTION 

s technology evolves, particularly wearables, soft
obotics, the Internet of Things and other emerging
echnologies, the demand for sustainable energy
nd high-speed data transmission continues to in-
rease [1 –3 ]. One potential approach to addressing
his challenge is the development of flexible and
ightweight devices that simultaneously provide
enewable energy and transmit data at high speeds.
rganic optoelectronic devices, such as organic
hotovoltaics (OPVs) [4 ] and organic photodetec-
ors (OPDs) [1 ] based on organic semiconductors
ith π -conjugated molecular backbones, have made
ignificant strides in promising applications for
enewable energy sources and information recep-
ion. Moreover, wireless optical communication
ystems utilizing high-speed OPDs are considered
ne of the most compelling wireless communication

echnologies for high-speed and large-capacity data 
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Figure 1. (a) Chemical structures of WD-6. (b) The surface electrostatic potential contour of WD-6. (c) UV–vis absorption (abs.) and photoluminescence 
(PL) spectra of acceptors in the films. (d) FTPS-EQE of the WD-6-based devices at the absorption onset. (e) 2D GIWAXS patterns of WD-6-based neat 
film. (f) Line-cut profiles of WD-6 neat film. 
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he maximum achievable open circuit voltage ( VOC )
8 ]. In OPD devices, trap sites narrow the thermal
arriers for charges in the dark, thus leading to a high
ark current and noise current [9 ,10 ]. Moreover,
hermally excited charges can jump from the highest
ccupied molecular orbital (HOMO) of donors to
he lowest unoccupied molecular orbital (LUMO)
f acceptors via the trapping and de-trapping pro-
ess with the assistance of trap states, which fur-
her improves the noise current and limits charge
obilities of organic photoactive films [11 ,12 ]. Con-
equently, OPDs exhibit low sensitivity and slow re-
ponse speed, hindering their applications in optical
ommunication. Therefore, it is crucial to minimize
he trap state to fabricate high-efficiency OPVs and
igh-speed OPDs for renewable energy and high-
peed data communication. 
Although the trap state is determined by many

omplicated factors in bulk heterojunction (BHJ)
lms, the chemical structures and molecular con-
gurations of active layer materials always play a
undamental role. Several studies have been re-
orted to reduce the trap density of photovoltaic
ctive layer materials by designing and optimizing
he molecular configuration through extending
-conjugation. For example, Baran et al. demon-
trated that extending π -conjugation along with
olecular backbones increased the molecular
acking, coherence length and domain purity,
nd thus decreased the trap-assisted charge re-
Page 2 of 11
combination [13 ]. Zhao et al. also found that the 
π -conjugation of the donor core in non-fullerene 
acceptors from heptacyclic units to nonacyclic units 
could efficiently reduce the trap density in OPVs 
[14 ]. Compared to 1D conjugation, 2D conjugation 
expansion can strengthen intermolecular inter- 
actions and improve the electronic coupling and 
charge transfer ability, thus providing more oppor- 
tunities to reduce trap densities [15 –18 ]. Recently, 
dimers and trimers based on the Y6 skeleton have 
been extensively studied and have shown promising 
photovoltaic performance [17 ,19 –22 ]. However, 
most of them are linked by small aromatic units or 
alkyl chains and cannot form planar and rigid con- 
jugations [23 ,24 ]. In addition, few studies focused 
on the correlation between the molecular structure, 
trap density and device performance. 

Recently, our group reported a series of central 
core conjugation extension acceptors (CH-series) 
[18 ]. Owing to the 2D conjugation extension, 
those acceptors show multimodal and strong 3D 

intermolecular packing, leading to reduced energy 
disorder and small reorganized energy compared 
with Y6. In this study, based on the CH molecule 
design rationale, we have designed and synthe- 
sized a molecule, named WD-6 (Fig. 1 a), which is 
characterized by a 2D extended conjugation and 
rigid molecular backbone. WD-6 demonstrates 
low energy disorder with impressive low Urbach 
energy ( EU ) (21.7 meV) and small reorganization 
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Figure 2. (a) The top view and side view for the single crystal structure of WD-6. (b) Single-crystal 3D-packing topological 
structures. (c) Intermolecular packing modes. E and b represent end and bridge units, respectively. (d) π–π stacking distances 
of the interlayer including all the main molecular packing modes. 
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nergy ( λelectron = 96.38 meV, λhole = 108.44 meV),
ndicating efficient intermolecular interactions in
he neat film. Notably, the PM6:WD-6 blend film
hows a trap density of 6.77 × 1015 cm−3 , lower than
hat of organic semiconductors in OPVs with a value
f 1016 –1018 cm−3 [25 ], which facilitates charge
ransport and suppresses charge recombination. As
 result, WD-6-based binary OPVs using PM6 as the
onor achieve a power conversion efficiency (PCE)
f 17.44%, which was further improved to 18.41%
ith 2PACz as the hole transport layer. Then, with
D-6 as a guest acceptor, the PM6:BTP-eC9:WD-

 ternary device achieves an impressive PCE of
9.42%. Besides, the WD-6-based binary OPD also
chieves a response time of 205 ns when operating in
elf-powered mode. Notably, this marks the highest
fficiency ( Table S1) and fastest response speed
chieved so far in binary optoelectronics based on
igid multi-arm small-molecule acceptors. These
ndings provide new perspectives for designing
rganic semiconductor materials simultaneously
xhibiting high photovoltaic and photodetective
erformance. 
Page 3 of 11
RESULTS 

The synthetic route of WD-6 is i l lustrated in
Scheme S1, and the detailed procedures for synthe- 
sis and characterizations are provided in the sup- 
plementary data. The molecule exhibits good solu- 
bility in common solvents such as chloroform and 
chlorobenzene, and shows high thermal stability, 
with a decomposition temperature (Td ) of 318°C 

from the thermal gravimetric analyzer (TGA) anal- 
ysis ( Fig. S1). The surface electrostatic potential 
(ESP) distribution and dipole moment of the model 
molecules was analyzed. As shown in Fig. 1 b, most of
the surfaces of the molecule show positive ESP, indi- 
cating its electron affinity characteristics. And com- 
pared to Y6, with a small dipole moment ( μ) of
0.87 Debye [26 ], WD-6 exhibits a large μ of 3.22
Debye, indicating that the molecular skeleton is not 
planar, confirmed by the single crystal analysis dis- 
cussed below. The large dipole moment is benefi- 
cial for the formation of the intense intermolecular 
packing [27 ]. On the molecular level, reorganization 
energy is used to characterize the deformations of 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae409#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae409#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae409#supplementary-data
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Figure 3. (a) Absorption spectra of PM6 and WD-6 in solid films. (b) The alignment of energy levels. (c) J –V curves for OPVs. 
(d) EQE plots and integrated JSC curves. (e) Light intensity ( Plight ) dependence of JSC and VOC . (f) Jph versus Veff curves indicating 
Pdiss and Pcoll . (g) Transient photocurrent measurement of the PM6:WD-6-based device. (h) FTPS-EQE of the PM6:WD-6 device 
at the absorption onset. (i) Mott–Schottky plots (dashed lines represent the linear fitting). 
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he molecular structure during the electron-transfer
rocess [28 ]. According to Marcus charge-transfer
heory, a small reorganization is conducive to reduc-
ng the driving force required for exciton dissocia-
ion and improving charge mobility [29 ]. Notably,
D-6 shows a very low computed electron reorga-
ization and hole reorganization energy with values
f 96.38mev and 108.44mev, respectively ( Fig. S2),
hich are lower than that of most Y6 derivatives re-
orted to date [30 ,31 ]. The small reorganization en-
rgy of WD-6 is further confirmed by the narrow
tokes shift of WD-6 in film. As displayed in Fig. 1 c,
he Stokes shift value of WD-6 is only 52 nm, also
maller than that of most Y6 derivatives [28 ,32 ,33 ]. 
The EU , an important parameter to characterize

he energetic disorder, was quantificationally investi-
ated in the WD-6 thin film using Fourier transform
hotocurrent spectroscopy-external quantum effi-
iency (FTPS-EQE) [34 ,35 ]. The calculation for-
ula of EU is: 

EU ( E) =
[
dln ( EQ E ) 

d E 

]−1 

, (1)
Page 4 of 11
where E is the photon energy and EQE is the 
external quantum efficiency. We fabricated a single- 
component device with the structure of indium tin 
oxide (ITO)/poly(3,4-ethylenedioxythiophene)- 
poly(styrenesulfonate) (PEDOT:PSS)/WD-6/ 
PNDIT-F3N/Ag. The EU is calculated to be 21.7 
meV through the exponential fitting of the sub- 
bandgap FTPS-EQE spectrum (Fig. 1 d). To our 
knowledge, the value of 21.7 meV is among the low- 
est EU reported for organic semiconductor materials 
[8 ,36 ]. The low EU of WD-6 can be attributed to the
molecular rigidity and intermolecular interaction 
of WD-6 owing to its 2D conjugate extension and 
multi-arm structure. These characteristics favor the 
promotion of carrier transport, thereby improving 
the performance of organic semiconductors. 

The intermolecular packing morphology and 
crystallinity of the WD-6 neat film were studied 
using grazing incidence wide-angle X-ray scattering 
(GIWAXS) (Fig. 1 e). As plotted line-cut profiles in 
Fig. 1 f and summarized parameters in Table S2 show, 
the WD-6 neat film exhibits strong π−π stacking 
(010) diffraction peaks in the out-of-plane (OOP) 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae409#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae409#supplementary-data
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Figure 4. (a) AFM phase images of blended film. (b) Statistical distribution of fibril 
diameters. (c) 2D GIWAXS patterns of blended film. (d) Extracted line-cut profiles from 

2D GIWAXS patterns of blended film. 
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irection. The π−π distance and π−π stacking
rystalline coherence length (CCL) of WD-6 are cal-
ulated to be 3.88 Åand 18.18 Å, respectively, indicat-
ng that WD-6 possesses ordered molecular packing
nd good crystallinity, which contributes to its low
U [36 –38 ], small reorganization energy and high
lectron mobility of 3.39 × 10–4 cm2 V–1 s–1 ( Figs S3
nd S4, average electron mobility is 3.38 × 10−4 cm2 

−1 s−1 ). 
The single crystal of WD-6 was obtained through

olve diffusion. As shown in Fig. 2 a, the top view
ndicates that the backbone of WD-6 is constituted
y two w ings, giv ing it the appearance of a but-
erfly. These two wings are not coplanar with each
ther, as indicated by the side view showing a twist
f 23.92°. This twist should be caused by the large
teric hindrance between the long side chains on
he thiophene units. The butterfly-shaped and rigid
keleton structure can benefit the formation of
trong intermolecular interaction. Figure 2 b shows
hat a distinctive 3D packing network is well formed,
acilitating charge transport in the corresponding op-
oelectronic devices. Notably, the particularity of the
D-6 butterfly-shaped skeleton structure gives rise

o different intermolecular packing modes. As i l lus-
rated in Fig. 2 c and d, and Fig. S5, seven main pack-
ng modes can be observed for WD-6, including a
ual end-to-end mode (dual E/E), three types of
nd-to-end modes (E/E) and three types of dual
nd-to-bridge modes (dual E/b). Among them, ‘dual
/E (mode 1)’ for WD-6 is a distinctive mode newly
bserved in organic photoelectric materials, in which
Page 5 of 11
each WD-6 molecule undergoes efficient π–π stack- 
ing with the adjacent molecules through the two 
terminal groups with a π–π stacking distance of 
3.371 Å. In short, a unique and condensed 3D pack-
ing network is formed in the crystal of WD-6 primar-
ily owing to its butterfly-shaped and rigid skeleton 
structure, which explains why it shows low energy 
disorder and small reorganization energy. 

As i l lustrated in Fig. 3 a, the maximum absorption 
peak of the WD-6 neat film is located at 800 nm.
It shows a redshift with 73 nm from its solution to
film, suggesting strong intermolecular π–π interac- 
tions ( Fig. S6). The energy levels of WD-6 were esti-
mated by cyclic voltammetry (CV) ( Fig. S7). From 

the CV curves, the HOMO level and the LUMO en-
ergy levels are determined to be −5.67 and −3.79 eV,
respectively (Fig. 3 b). Considering the complemen- 
tary absorptions and matched energy levels, PM6 
was selected as the donor polymer material to 
study the photovoltaic performance of WD-6. OPVs 
with the structure of ITO/PEDOT:PSS/PM6:WD- 
6/PNDIT-F3N/Ag were fabr icated. The detailed 
device fabrication process is provided in the supple- 
mentary data and the structures of PM6, PEDOT: 
PSS and PNDIT-F3N are shown in Figs S8 and S9. 
After optimization, WD-6-based OPV devices ex- 
hibited an excellent PCE of 17.44%, with a short- 
circuit current density ( JSC ) of 24.29 mA cm−2 , an
open-circuit voltage ( VOC ) of 0.937 V and a fil l fac-
tor (FF) of 76.61% (Fig. 3 c). The EQE curve of
the optimized device is depicted in Fig. 3 d. The
integrated current density from the EQE curve is 
23.20 mA/cm−2 , matching well with that measured 
in the current density-voltage ( J-V ) test. 

The exciton and charge dynamic analysis was 
conducted to investigate the PM6:WD-6-based 
OPV device. Firstly, charge mobilities of the blend 
film were measured by the space charge limited cur- 
rent (SCLC) method. As depicted in Fig. S10, the 
blend film exhibited the hole mobility and electron 
mobility to be 4.59 × 10−4 and 3.88 × 10−4 cm2 

V−1 s−1 , respectively. The average hole mobil- 
ities (4.53 × 10−4 cm2 V−1 s−1 ) and electron 
mobilities (3.65 × 10−4 cm2 V−1 s−1 ) of the 
blended film were also provided for fair compari- 
son, respectively ( Fig. S4). The high and balanced 
hole/electron mobility ratio for PM6:WD-6 blend 
film favored the high FF and JSC in the photovoltaic 
device. Next, the charge recombination under 
the short-circuit condition was quantified by the 
power-law dependence of JSC on light intensity. 
The equation is JSC ∝ Plight α . If α approaches 1, 
bimolecular recombination is almost negligible. 
The difference of recombination mechanisms in the 
open-circuit condition can be characterized by the 
dependence of VOC and the natural logarithm of 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae409#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae409#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae409#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae409#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae409#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae409#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae409#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae409#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae409#supplementary-data
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Figure 5. (a) Chemical structures of BTP-eC9. (b) J-V characteristics of OPVs based 
on PM6:WD-6, PM6:BTP-eC9 and PM6:BTP-eC9:WD-6. (c) EQE spectra and the in- 
tegrated JSC of OPVs based on PM6:WD-6, PM6:BTP-eC9 and PM6:BTP-eC9:WD-6. 
(d) Statistical histograms of PCEs of OPVs based on PM6:WD-6, PM6:BTP-eC9 and 
PM6:BTP-eC9:WD-6. 
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ight intensity. The slope is nkT/q (k is Boltzmann
onstant, T is thermodynamic temperature and
 is elementary electronic charge); the closer n is
o 1, the less trap-assisted recombination [39 ]. As
hown in Fig. 3 e, the result indicates less bimolec-
lar recombination ( α = 0.994) and trap-assisted
ecombination ( n = 1.25) in the device. Benefitting
rom high carrier mobilities and less carrier recom-
ination, the OPV device showed a high exciton
issociation probability ( Pdiss = 0.98) and charge
xtraction efficiency ( Pcoll = 0.87), as shown by
he photogenerated current density ( Jph ) versus
ffective voltage ( Veff) curves [40 ] (Fig. 3 f). 
The transient photocurrent (TPC) test was used

o further explore the carrier dynamics. As plotted in
ig. 3 g, the charge extraction time is only 0.14 μs,
hich is also one of the reasons for the high PCE
f the WD-6-based device. Furthermore, the EU of
M6:WD-6 blend film was obtained by exponen-
ially fitting its sub-bandgap FTPS-EQE spectrum
Fig. 3 h). The blend film has an impressively low EU 
f 20.5 meV, which is among the lowest EU values
ver reported for the OPV device [30 ,36 ,41 ]. The
ecreased EU in the blend film may be attributed
o the improved thin-film crystallinity and tight-
ess after introducing the highly crystalline polymer
M6 into the amorphous organic system [8 ]. Mott–
chottky analysis at various bias voltages (Fig. 3 i)
howed that the PM6:WD-6 film had a low trap den-
ity of 6.77 × 1015 cm−3 . The low EU and trap den-
ity imply less disorder in the blend film. Then, con-
idering the impact of energy disorder on voltage
Page 6 of 11
loss, a detailed energy loss (Eloss ) analysis was con- 
ducted ( Fig. S11, Table S3). PM6:WD-6-based OPV 

has a small �E2 (radiative recombination loss be- 
low the bandgap) of 0.040 eV, which agrees with the 
small reorganization energy of WD-6 and low ener- 
getic disorder of PM6:WD-6. Moreover, the device 
showed a low non-radiative energy loss ( �E3 ) with 
a value of 0.215 eV. 

To investigate the correlation between the mor- 
phology and device performance, atomic force mi- 
croscopy (AFM) and GIWAXS were conducted on 
the blending film of PM6:WD-6. As i l lustrated in 
Fig. 4 a and b, and Fig. S12, the blend film has
a distinct fibri l lar network interpenetrating struc- 
ture with a statistic diameter of 9.6 nm. In addi- 
tion, the blend film also has relatively smooth sur- 
faces with a surface roughness of 1.24 nm. Note that 
the smooth surfaces, and these nanofiber structures, 
are expected to decrease charge recombination and 
promote charge separation and transport. From the 
GIWAXS analysis of the blend film of PM6:WD-6 
(Fig. 4 c and d; Table S4), the film has a strong π–
π stacking peak in the OOP direction at 1.65 Å−1 

(d = 3.8 Å) and a strong lamellar peak in the in-
plane (IP) direction at 0.296 Å−1 (d = 21.19 Å), 
which indicates that the blend film adopts a prefer- 
ential face-on stacking pattern. Furthermore, in the 
IP direction, the CCL for the lamellar stacking of the 
blend film is 87.00 Å, which is larger than that of neat
film (49.60 Å). Thus, blend film exhibits less disor- 
der and higher crystallinity which contributes to the 
low EU in the blend film. 

Considering that 2PACz ( Fig. S9) as a hole trans- 
port layer (HTL) can mitigate parasitic absorption 
loss and induce lower contact resistance [42 ,43 ], we 
employed 2PACz to replace PEDOT:PSS in fabri- 
cating binary devices in order to achieve higher de- 
v ice efficienc y. A s a result, the PCE of the dev ices
based on PM6:WD-6 could be further improved to 
18.41%, marking the highest PCE reported for rigid 
multi-arm small molecule acceptors. In addition to 
interface engineering strategies, efforts focused on 
the ternary blend active layer can significantly con- 
tribute to enhancing device performance [44 ,45 ]. 
Here, we fabricated ternary devices using BTP-eC9 
as the second acceptor as it has broader absorp- 
tion than WD-6. The chemical structure of BTP- 
eC9 is i l lustrated in Fig. 5 a. The device structure
of the ternary solar cell is ITO/2PACz/PM6:BTP- 
eC9:WD-6 (1 : 1 : 0.2)/PNDIT-F3N/Ag. After de- 
vice optimization, a remarkable PCE of 19.42%, with 
a Voc of 0.873 V, a Jsc of 28.72 mA cm−2 and an FF of
77.47% was achieved for the ternary device. The J-V 

curves for the two binary and the ternary devices are 
provided in Fig. 5 b and the photovoltaic parameters 
are listed in Table 1 . Figure 5 c shows the EQE curves

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae409#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae409#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae409#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae409#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae409#supplementary-data
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Table 1. Summary of photovoltaic parameters for OPVs. 

Active layers VOC (V) JSC (mA/cm2 ) JSC EQE (mA/cm2 ) FF (%) PCE (%) a 

PM6:WD-6 0.948 
(0.946 ± 0.003) 

25.77 
(25.73 ± 0.15) 

24.84 75.37 
(74.56 ± 0.50) 

18.41 
(18.15 ± 0.17) 

PM6:BTP-eC9 0.869 
(0.857 ± 0.007) 

27.52 
(27.98 ± 0.29) 

26.34 79.51 
(78.64 ± 0.78) 

19.01 
(18.87 ± 0.09) 

PM6:BTP-eC9:WD- 
6(20%) 

0.873 
(0.873 ± 0.003) 

28.72 
(28.37 ± 0.30) 

27.47 77.47 
(77.69 ± 0.47) 

19.42 
(19.24 ± 0.10) 

a The average values in parentheses were obtained from 10 independent devices. 
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f the binary and ternary devices, from which the
ntegrated current densities were calculated. These
urrent densities are consistent with the JSC values
rom the J - V test. Moreover, these devices exhibited
ood reliability, as shown in Fig. 5 d, a conclusion ar-
ived at by measuring 10 independent devices. 
According to the Shockley-Read-Hall (SRH) the-

ry, in the dark, electrons are thermally excited from
he edge of the donor HOMO (charge-transfer (CT)
round state) to the acceptor LUMO with the assis-
ance of trap states, which contributes to the noise
urrent in OPDs [11 ,46 ]. Additionally, charge trans-
ort in highly disordered amorphous organic films
enerally occurs via the hopping process, requiring
ufficient energy to overcome the barriers caused by
nergetic disorders, as described by the Arrhenius-
ike law [47 ]: 

μ0 = μ∞ 

exp 
(

− �

kB T 

)
. (2)

ere, � represents the activation energy, which in-
reases with the number of disorders. Assuming that
he traps are homogeneously dispersed, the mobility
an be expressed as: 

μ = μ0 α exp 
(

− Et 
kT 

)
, (3)

here Et is the trapping energy and α is the ratio of
he density of delocalized levels available for trans-
ort to the density of traps. Therefore, reducing trap
tates and energetic disorder in photoactive films can
ffectively suppress the noise current and enhance
harge mobilities, thus leading to high sensitivity and
esponse speed in OPDs. 
Benefitting from the low trap density and min-

mal energetic disorder in the PM6:WD-6 blend
lm, the WD-6 has great potential in OPDs with a
igh sensitivity and fast response. To validate this
ssumption, we fabricated OPDs with an inverted
evice structure of ITO/ZnO/NMA/PM6:WD-
/MoO3/Ag. The detailed device fabrication pro-
ess is presented in the supplementary data. To sup-
ress the noise current and improve the sensitivity
Page 7 of 11
of the OPDs, we conducted all the measurements of 
the OPDs in the photovoltaic mode. As displayed 
in Fig. 6 a, the OPD with WD-6 shows a low dark
current of 6.8 × 10−11 A/cm2 in the self-powered 
mode, ensuring a low shot noise. Responsivity ( R ) is
a crucial parameter for assessing the sensitivity of an 
OPD, which is calculated via the following equation 
[48 ]: 

R = EQ E 
100% 

×
λinput 

1240 ( nm W A−1 ) 
, (4) 

where λinput is the incident light wavelength. As 
shown in Fig. 6 b, the WD-6-based OPD exhibited a
high responsivity from the UV region (300 nm) to 
the near-infrared (NIR) region (878 nm) under 0 V, 
peaking at 0.50 A W−1 in 800 nm, which is close to
the commercial high-speed Si photodetectors (PDs) 
within the same spectrum [5 ] (Model S1133-01). 

The specific detectivity ( D* ) is another key fig-
ure of merit to evaluate the sensitivity of OPDs for
detecting ultraweak incident light signals. Combin- 
ing the responsivity and noise current, the D* can be
extracted using the following equation [48 ]: 

D∗ = R
√ 

AB 

in 
, (5) 

where A is the effective device area, B is the band-
width and in is the noise current. The noise current 
in the OPD, encompassing shot noise ( ishot ), ther- 
mal noise ( ithermal ) and frequency-dependent flicker 
noise ( i1/f ), plays a substantial role in the D* . The
total noise current ( in ) can be calculated as follows
[49 ]: 

in =
√ 

i2 shot + i2 thermal + i2 1 
f 
, (6) 

ishot =
√ 

2 eIdark B , (7) 

ithermal =
√ 

4kB T B 
Rsh 

, (8) 

where e represents the elementary charge, Id is the 
dark current, kB is the Boltzmann constant, T is the 
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of PM6:WD-6-based OPD. (e) −3 dB cutoff frequency under 820 nm illumination. (f) Summarization of high-speed OPDs, 
with references 1–11 relating to high-speed OPDs operating without external bias ( Table S6). (g) Schematic of the optical 
communication system. (h) The input information and output signals under NIR light (820 nm). 
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bsolute temperature and Rsh is the shunt resistance
f the device. To accurately measure the total current
oise ( in ), it is common to measure the dark current
f OPD, followed by detracting the in using Fourier
ransform approach , with the D* subsequently cal-
ulated using Equation (5) . As shown in Fig. S14, the
easured in reached 1.31 × 10−13 A Hz −1/2 in self-
owered mode, along with an average D* of 1011 Jones
cross a range of 300–870 nm, with a peak value of
.7 × 1011 Jones at 800 nm (Fig. 6 b). 
The linear dynamic range (LDR) is commonly

tilized to assess the adaptation ability of OPDs un-
er a series of light intensities from highly dark to
right environments, which heavily depends on the
esponsivity and noise current of OPDs. The LDR is
xtracted from the following equation [48 ]: 

LDR = 20 log 
(
Jmax 

Jmin 

)
. (9)
Page 8 of 11
As shown in Fig. 6 c, the WD-6-based OPD 

exhibits a linear response covering nine orders of 
magnitude under a light irradiation of 820 nm, which 
is over 144 dB due to the high responsivity and low
noise current. 

In the wireless optical communication system, 
the response speed of OPD plays the most crucial 
role in receiving high-capacity and high-speed data. 
Here, we measured the response/recover time of the 
OPD via the steady-state analysis technique instead 
of transient photocurrent measurement. As shown 
in Fig. 6 d, under a pulsatile illumination of 820 nm,
the response/recover times of the OPD-based WD- 
6 achieve 205 and 148 ns at zero bias, respectively, 
which are some of the fastest responses among bi- 
nary OPDs processed using the solution technique. 
Moreover, the OPD exhibits an impressive response 
speed across the whole spectrum, from visible to 
NIR regions ( Fig. S15). It is worth noting that the 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae409#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae409#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae409#supplementary-data
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esponse/recover speed of WD-6-based OPDs even
urpasses most of the popular commercial Si PDs,
emonstrating great potential in high-speed wireless
ptical communication [50 ]. Theoretically, the data
ransit volume and speed are primarily determined
y the OPD’s −3 dB cutoff frequency (f-3 dB). As
hown in Fig. 6 e, the f-3 dB of an OPD with WD-6
chieves 2.45 MHz, which is one of the superior
ata of OPDs reported recently. As summarized in
ig. 6 f, the OPD based on PM6:WD-6 has the high-
st response speed among the reported devices in
he 600–820 nm wavelength range. All these supe-
ior performances are attributed to the low energetic
isorder and low trap states in the photoactive films
ased on PM6:WD-6. 
To verify the feasibility of the high-speed Vis-
IR OPD in practical wireless optical communi-
ation, we integrated the OPD as an optical signal
eceiver into the optical communication system for
ata transmission. Figure 6 g displays the schematic
f the optical communication system, which com-
ines the signal generator, LED, OPD and osci l lo-
cope. By programming information using the sig-
al generation that converts data between high and
ow voltage levels, driving the LED to emit lights
ith different intensity, the OPD receives the op-
ical signal and converts it into electric signals,
hich are then collected and displayed on the os-
i l loscope. Figure 6 h presents the input informa-
ion and output signals under NIR light (820 nm),
howing a high level of consistency. Leveraging the
igh-speed response of our OPD, we designed and
ssembled a text communication system by combin-
ng modern radio communication technology with
he optical communication system, achieving high-
peed wireless optical communication via NIR light
 Supplementary Video). By sending text informa-
ion from a mobile phone to the microcontroller that
an modulate the NIR LED, the LED wi l l emit an op-
ical signal that the NIR OPD collects and converts
nto electric signals. 

ISCUSSION 

n summary, we designed and synthesized a new
utterfly-shaped dimer with a 2D conjugation ex-
ension and rigid core. The molecule exhibits a low
U and small reorganization energy due to its rigid
nd large conjugated backbone, ordered molecular
acking and good crystallinity. A WD-6-based bi-
ary photovoltaic device achieved an efficiency of
8.41%, one of the highest values among binary cells
ased on rigid multi-arm small-molecule acceptors.
mpressively, a PCE of 19.42% was achieved for
he ternary device based on PM6:BTP-eC9:WD-6.
urthermore, the WD-6-based OPD demonstrated
Page 9 of 11
a fast response/recover speed across the spectrum, 
from 600 to 850 nm, which even surpasses the pop-
ular commercial Si PD. We have also showcased the 
potential practical application of WD-6-based OPDs 
with a rapid response and a high cutoff frequency of 
−3 dB in next-generation optical communication 
technology. Overall, our result demonstrates a new 

molecular design strategy involving rigid and large 
conjugated acceptors, and provides valuable molec- 
ular design guidelines for developing efficient OPVs 
and high-speed OPDs. 

MATERIALS AND METHODS 

Detailed materials and methods are available in the 
online supplementary data. 

SUPPLEMENTARY DATA 

Supplementary data are available at NSR online. 
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