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1. Introduction

In the past decade, organic solar cells (OSCs) have made remark-
able progress and achieved power conversion efficiencies (PCEs)
exceeding 19% mainly owing to the rapid development of active
layer materials, especially non-fullerene acceptors (NFAs) and
device engineering.[1–8] However, most studies in the OSC com-
munity have focused on devices processed via spin coating with
areas below 0.1 cm2. With the continuous improvements in the
performance of OSCs, lab-to-manufacturing translation is neces-
sary for future applications. In recent years, much attention has

been paid to large-area OSC modules.[9–13]

Especially, the boosting efficiencies of
NFA-based OSCs have provided more
opportunities for high-efficiency large-area
modules and many promising results
have been reported.[13–28] Some recent rep-
resentative modules are summarized in
Table S1, Supporting Information.

Despite the impressive progress on effi-
ciencies, there are still some concerns
needed to be seriously addressed for organic
solar modules. One important concern is
stability. Although PCEs of OSCs have rap-
idly increased in the past years, stability
issues have received less attention, espe-
cially on modules.[29,30] Although some
OSCs with promising stabilities have been
reported,[31–33] only a few small area devices
show the combination of high efficiencies
and good stabilities.[34–38] Another concern
is the toxicity of solution-processed solvents.

Halogen solvents such as chlorobenzene and chloroform are cur-
rently the dominant solvents used for fabricating small-area devi-
ces and large-area modules. However, the toxicity and threat of
halogen solvents to human health and the environment will be
not acceptable for future large-scale manufacture of OSC
modules.[39] Consequently, non-halogen solvent (eco-friendly sol-
vent) processed OSCs have received increasing attention. Many
strategies, e.g., modifying the active layer material structures,[15]

additives,[40] ternary active layer,[14] have been proposed to fabri-
cate devices using non-halogen solvents. However, the efficiencies
of non-halogen solvent processed devices still fall behind those
processed from halogen solvents mainly due to the unfavorable
active layer morphologies. To date, only several prototype devices
processed with non-halogen solvents were reported with efficien-
cies of over 17%.[14,41–46] To our knowledge, only two cases with
efficiencies over 14% were achieved for non-halogen solvent-
processed modules.[14,15]

From the perspective of the application, it is necessary for a
module that simultaneously shows high efficiency, good stability,
and green solvents treatment. It is an attractive target but a
challenge for module fabrication, which requires strategies
and efforts from multiple perspectives, e.g., active layer design,
morphology control, interface layer engineering, module struc-
ture, process strategies, etc. Among them, active layer materials
always play critical roles in the preparation of high-performance
modules. To date, most state-of-the-art modules are fabricated
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(PCE) of 17.49%mainly due to the favorable active layer morphology. Based on the
small area device results, processed from OX, a 25.2 cm2 module is fabricated and
demonstrates a high PCE of 14.42% and good photo stability with maintaining
93% of its initial efficiency after 500 h continuous illumination. Moreover, the
module also shows decent thermal stability, maintaining with 82% of its original
efficiency after the thermal stress at 65 °C for 500 h.
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based on Y6 and its derivatives due to the high efficiencies of
their prototype devices. But, little attention is paid to stability
and green solvent treatment at the same time.

Recently, our group reported a series of acceptors with
extended conjugation central cores and achieved PCEs over
18% for prototype devices with normal device structures.[47,48]

In this work, to fabricate modules with high efficiency, good
stability, and non-halogen solvents treatment, we design an
acceptor CH7 long-branched alkyl chains on the dithie-
nothiophen[3.2-b]-pyrrolobenzothiadiazole central unit. The
design of this molecule is based on the following three consid-
erations. Firstly, high efficiency is expected for CH7-based
devices since CH7 has the same molecular skeleton and only
different lengths of alkyl chains compared with its parent mol-
ecules which showed PCEs over 18%.[47,48] Second, the long-
branched alkyl chains can enhance the solubility of CH7
and ensure it is processed in non-halogen solvents. Third,
the steric hindrance of long-branched alkyl chains can sup-
press molecular excessive aggregation and might be suitable
for the fabrication of devices with an inverted structure that
has higher stability than those of normal structure.[49]

As expected, the prototype inverted structure device based on
PM6:CH7 and processed with a non-halogen solvent o-xylene
(OX) showed a PCE of 17.49% after device optimization.
Based on the small-area device results, a large-area module with
an active layer area of 25.2 cm2 was fabricated with non-halogen
solvent OX. Themodule demonstrated a high PCE of 14.42% and
good photostability with maintaining 93% of its initial efficiency
after 500 h of continuous illumination. Moreover, the module
also showed decent thermal stability, maintaining 82% of its orig-
inal efficiency after the thermal stress at 65 °C for 500 h. Overall,

this work demonstrates a promising module case with high effi-
ciency, decent stability, and eco-friendly solvent treatment.

2. Results and Discussion

The chemical structure of CH7 is shown in Figure 1a. It was syn-
thesized following the method we have reported previously,[47]

and the detailed synthesis procedure is provided in Supporting
Information. As shown in Figure 1b, CH7 shows a maximum
absorption (λmax) peak located at 730 nm in chloroform (CF) solu-
tion. Compared with its solution absorption in CF, CH7 solid film
absorption processed from CF solution is red-shifted by 70 nm
with λmax at 800 nm. While the absorption peak of CH7 in OX
solution is located at 710 nm, which is slightly blue-shifted com-
pared with that in CF solution. But, the absorption peak of the film
processed from OX is at 799 nm, which is nearly the same as that
of CF, implying the similar aggregation behavior of CH7 in the
films cast from CF and OX solution. The energy levels of CH7
were investigated by cyclic voltammetry (CV). From the onset
reduction and oxidation potentials of the CV curves, the lowest
unoccupied molecular orbital (LUMO) and the highest occupied
molecular orbital (HOMO) levels of CH7 were estimated to be
�3.75 and �5.74 eV, respectively, which is well matched with
donor polymer PM6 (Figure 1c).

OSCs with the inverted structure of ITO/ZnO/NMA/PM6:
CH7/MoO3/Ag (Figure 1d) were fabricated to evaluate the pho-
tovoltaic performance of CH7. Herein, PM6 is selected as a
donor owing to its matched energy levels and complementary
absorption with CH7. NMA is a modification layer on ZnO that
we have reported recently.[36] Detailed device fabrication and

Figure 1. a) Chemical structure of CH7. b) Absorption spectra of CH7 in solutions and as thin films. c) Energy level diagram of PM6 and CH7. d) Device
architecture of PM6:CH7-based organic solar cells (OSCs). e) J–V and f ) external quantum efficiency (EQE) curves for devices processed with CF, OX, and
OXþDIB.
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optimization conditions are provided in Supporting Information.
First, the devices processed by CF and OX were fabricated and
compared to check the influence of the two solvents on the device
performances. The device processed from CF showed a PCE of
16.27% with a Voc of 0.890 V, a Jsc of 24.31mA cm�2, and a FF of
75.19%. In contrast, the OX-processed device demonstrated a
slightly higher PCE of 16.44%, which is ascribed to the enhanced
current due to the fine morphology of the active layer processed
from OX as will be discussed below. Thus, OX was used as a
solvent to further optimize device performances. With 1,4-di
iodobenzene (DIB) as an additive, the optimized device of
PM6:CH7 cast from OX solvent showed a PCE of 17.49% with
an improved Jsc and FF compared with the control device. The
current density–voltage (J–V ) curves of devices cast from CF,
OX, and OX with DIB (OXþDIB) are illustrated in Figure 1e,
and their corresponding photovoltaic parameters are summarized
in Table 1. As shown in Figure 1f, the external quantum efficiency
(EQE) curve of the device cast from OX with DIB demonstrated
higher photon response compared with the other two devices. The
integrated Jsc from EQE curves is in good agreement with the Jsc
from the J–V curves.

To understand the difference in the photovoltaic device per-
formances, the properties of the charge transport, exciton disso-
ciation, and charge generation of the three devices cast from CF,
OX, and OX with DIB were investigated and compared. The
space-charge-limited current (SCLC) method was employed to
measure the charge mobilities of the blend films. As shown
in Figure 2a, the electron/hole mobilities of the blend films cast

from CF and OX showed similar values of 1.50/2.26 and
1.56/2.31, respectively. But, the blend film cast from OX with
DIB yielded many improved mobilities with electron/hole values
of 1.96/2.60, which is due to the intense donor and acceptor pack-
ing as discussed below. The increased and balanced mobilities
contributed to the improved performance of the device cast from
OX with DIB. The dependence of photocurrent density (Jph) ver-
sus effective voltage (Veff ) was measured to investigate the exci-
ton dissociation and charge generation properties. The exciton
dissociation probability (Pdiss), calculated from Jph under the
short-circuit condition divided by the saturated photocurrent
density ( Jsat), were 95.57%, 95.91%, and 97.10% for the devices
cast from CF, OX, and OX with DIB, respectively. The results
demonstrate that the device casting from OX with DIB showed
higher efficient exciton dissociation compared with the other two
devices. To study the behavior of charge recombination of the
three devices, the dependence of the J–V characteristics on light
intensity (Plight) was measured. The plots of light-intensity depen-
dence (P) of Jsc ( Jsc∝ Pα), where the exponent of α being close to

Figure 2. a) Charge-carrier mobility histogram, b) Jph–Veff curves, c) dependence of Jsc, and d) Voc on the light intensity of the devices process with CF, OX,
and OXþDIB.

Table 1. Photovoltaic parameters of OSCs under AM 1.5G, 100mW cm�2.

Solvent Voc [V] Jsc [mA cm�2] Jcal. [mA cm�2] FF [%] PCE [%]

CF 0.890 24.31 23.72 75.19 16.27

OX 0.884 24.95 23.98 74.97 16.44

OXþDIB 0.881 25.82 24.68 76.88 17.49
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1 reflects a weak bimolecular recombination, were measured and
displayed in Figure 2c. The Jsc of the three devices was almost
linearly correlated with P, with the α values 0.972, 0.978, and
0.983 for the devices cast from CF, OX, and OX with DIB, respec-
tively, indicating the less bimolecular recombination in the three
devices, especially the device cast from OX with DIB. When
the slope of Voc versus the ln(Plight) is equal to 1 kT/q, where
k is the Boltzmann constant, T is the temperature in Kelvin,
and q is the elementary charge, the dominant recombination
mechanism is bimolecular recombination. Trap-assisted recom-
bination is dominant when the slope of Voc versus the ln(Plight) is
2 kT/q. As shown in Figure 2d, the slopes of Voc versus the
ln(Plight) are 1.22 kT/q and 1.19 kT/q, and 1.17 kT/q for the devi-
ces cast from CF, OX, and OX with DIB, respectively. The small
slopes implied the low trap density and weak trap-assistant
recombination in the three devices, especially the device cast
from OX with DIB.

The morphologies of the three devices were characterized by
atomic force microscopy (AFM) and transmission electron
microscopy (TEM). As illustrated in Figure 3, the three blend

films all showed smooth surface morphologies with fibrillar net-
works. The root-mean-square roughness (Rq) values are 1.27,
1.34, and 1.16 nm for the blend films cast from CF, OX, and
OX with DIB, respectively. The statistical fiber size in the three
blending films is around 29.7, 26.1, and 21.4 nm, respectively,
which are consistent with TEM results as shown in Figure 3g–i.
There are clearly larger fiber structures in the blending film cast
from CF (Figure 3g) than the other two blending films. The blend-
ing film cased from OX with DIB depicted a smooth fiber network
without clear large aggregation. The grazing incidence wide-angle
X-ray scattering (GIWAXS) was used to investigate the molecular
stacking and orientation of CH7 and its blend films cast under dif-
ferent conditions. As shown in Figure S4, Supporting Information,
the neat films of CH7 cast from CF and OX both show an obvious
π–π stacking diffraction peak (010) at around 1.60 Å�1 with a d
spacing of 3.9 Å in the out-of-plane (OOP) direction, indicating a
face-on orientation. The blend films of PM6:CH7 cast from CF,
OX, and OX with DIB all exhibit the face-on orientations with clear
π–π stacking diffraction peaks (010) in the OOP directions. As
listed in Table S11, Supporting Information, the blending film

Figure 3. a–c) Atomic force microscopy (AFM) height and d–f ) phase images, and g–i) transmission electron microscope (TEM) images of active layer
processed from CF, OX, and OXþDIB.
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cased from OX with DIB has a slightly larger crystal coherence
length (CCL) of 20.1 Å in the (010) OOP direction, which indicates
a relatively stronger crystallinity and is consistent with its enhanced
mobilities as discussed above.

We fabricated a module consisting of seven subcells con-
nected in series (Figure S5, Supporting Information) using
OX as the active layer processing solvent with DIB as an additive.
A photo of the module with an active area of 25.2 cm2 is depicted
in Figure 4a. As shown in Figure 4b, the module exhibits an
outstanding PCE of 14.42%, with a Voc of 6.01 V, a Jsc of
3.42mA cm�2, and a FF of 70.17%, which is the highest effi-
ciency for OSC modules fabricated with non-halogen solvents
and with an active area exceeding 20 cm2 (Table S1, Supporting
Information). The photostability of the module was tested under
1 sun illumination simulated white LED with max power point
(MPP) tracking in the N2-filled glove box with a temperature around
25 °C. As shown in Figure 4c, the module showed good photostabil-
ity, remaining 93% of its initial efficiency after 500 h continuing
illuminationMoreover, themodule also showed decent thermal sta-
bility, maintaining 82% of its original efficiency after the thermal
stress at 65°Cfor 500 h. The performance of the module is among
the best results for organic modules simultaneously with high effi-
ciency and decent stability (Table S1, Supporting Information). The
photocatalysis of ZnO in inverted structure devices is one of the
main factors that leads to the deterioration of photostability.[31] In
our case, NMA was used as the modified layer on ZnO to form
a hybrid electron transport layer, which could reduce the content
of defective oxygen on the surface of ZnO film and suppress
ZnO’s capacity for photocatalysis as we reported previously.[36]

Therefore, the module showed good photostability. Compared with
the good photostability, the relatively low thermal stability of the
module might come from the less densely packing of acceptor

CH7 with the large and long branched aliphatic side chains.[46]

In contrast, in view of the promising application for semitranspar-
ent OSCs as power-generating widows in building-integrated photo-
voltaics, green-house, etc.,[26,50] we fabricated a semitransparent
module based on the above active layer with an ultrathin transparent
Ag electrode and MoO3 anti-reflective layer (Figure 4e). After opti-
mization, the semitransparentmodule exhibits a PCE of 9.69%with
an average visible transmittance (AVT) 27.5% (Figure 4f ).

3. Conclusion

In summary, we have designed an acceptor CH7 with the
extended conjugation central core and long-branched side
chains. Based on PM6:CH7, the prototype small area OSCs with
the inverted structure were fabricated and showed a high PCE of
17.49%, which is mainly attributed to the high and balanced
mobilities and reasonable morphology. Based on the above
small-area device of PM6:CH7, a large-area module with an
active layer of 25.2 cm2 was fabricated using the non-halogen sol-
vent OX. The module exhibited an outstanding PCE of 14.42%
and demonstrated a promising photo-stability, maintaining 93%
initial efficiency after light aging for 500 h. This work has pro-
vided a promising case for organic solar modules with the com-
bination of high efficiency, good stability, and green solvent
treatment. It is also believed that higher performance organic
solar modules can be manufactured via the delicate design of
active layer materials and careful device optimizations.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.

Figure 4. a) Images of the opaque module based on PM6:CH7 with an active area of 25.2 cm2. b) J–V curve of the opaque module. c) MPP stability test of
the opaque module under MPP tracking with continuous illumination of 100mW cm�2 LED arrays. d) Thermal stability of the above opaque module at
65 °C. e) Image of the semitransparent module based on PM6:CH7. f ) Transmittance spectrum of the above semi-transparent module.
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