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Abstract: With recent advances in the power conversion efficiency (PCE) of organic solar
cells (OSCs) based on novel donor and non-fullerene acceptor (NFAs), improving the
stability of these systems has become the most important issue for their practical applications.
Herein, an efficient and highly stable OSC, containing a novel polymer donor and a
non-fullerene acceptor system, is reported. The OSC is based on an inverted device structure
that utilizes a self-assembled fullerene monolayer (Cg-SAM) as the cathode modification
layer, an efficient and highly stable OSC composes of a polymer donor of
poly[4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b:4,5-b’]dithiophene-alt-3-fluorothie-n

o[3,4-b]thiophene-2-carboxylate] (PTB7-Th) and a non-fullerene acceptor of
(2,2'-((2Z2,2'2)-(((4,4,9,9-Tetrakis(4-hexylphenyl)-4,9-dihydro-sindaceno[ 1,2-b:5,6-b']dithiop

hene-2,7-diyl)bis(4-((2ethylhexyl)oxy)thiophene-5,2-diyl))bis(methanylylidene))bis(5,6-diflu



oro-3-0x0-2,3-dihydro-1H-indene -2,1-diylidene))dimalononitrile) (IEICO-4F) is presented,
showing a PCE of 10%. It further achieves an extrapolated Ty, lifetime (the time required to
reach 80% of initial performance) of 34,000 h, operating under one sun illumination
equivalent. Based on an estimated solar irradiance of 1500 kWh/(m? year) for China, a
potential lifetime of 22 years is inferred for the OSC. Further investigation reveals that the
reported Cgo-SAM modification stabilizes the OSC active layer morphology by lowering the
surface energy of the underlying ZnO electron transport layer and suppressing trap-assisted
recombination, thereby improving photostability. The results of this work establish important
guidelines for the development of non-fullerene based OSCs with enhanced stability and pave

the way for the commercialization of OSC technology.

Keywords: organic solar cell, non-fullerene acceptor, photostability, interlayer modification,

green solvent.
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1 Introduction

Organic solar cells (OSCs) have a wide range of promising future applications as a
photovoltaic technology due to their lightweight, flexible, aesthetically pleasing and non-toxic
nature. These applications include building-integrated photovoltaic and portable power
sources [1, 2]. Over the last few decades, tremendous improvements in the efficiency of OSCs
have been achieved as a result of the development of novel donor and acceptor materials. In
particular, small n-type molecules with fused ring structures have been developed that can
supersede the fullerene acceptors traditionally used in OSCs [3-5]. These kinds of
non-fullerene acceptors (NFAs) exhibit stronger light absorption properties than their
fullerene analogues and also allow for a wider tunability of spectral ranges and energy levels,
leading to breakthroughs in power conversion efficiencies (PCEs), which have grown from

~5% to over 16% [6-11] over the last few years. Among the novel NFAs, the family of



A-D-A type molecules (where A denotes an electron-poor acceptor moiety and D denotes an
electron-rich fused ring donor system, such as indacenodithienothiophene), have been the
most widely studied, and have shown great capacity to raise the PCEs of OSCs [3-5].

In addition to the advancement in device efficiency, stability improvement is equally
important for any practical application for OSCs [12-15]. Given this importance, more and
more studies have attempted to address the photostability issues associated with NFA-based
OSCs, with major efforts focused on identifying donor/acceptor systems that display
enhanced morphological stability [16-18]. As part of these efforts, we have reported recently
that donor/acceptor pairs with good miscibility can achieve stable morphologies with
enhanced photostability, and allow for OSC operating lifetimes (7gy) of over 2000 h [19].
Similarly, in a recent study, Du and coworkers reported an efficient OSC based on a PBDB-T
donor and an ITIC-2F acceptor with a PCE of 8% and a Ty lifetime of 11,000 h [13]. These
values represent one of the best reported stability results for OSCs in the literature. The
studies mentioned so far have improved the photostability of OSCs by tuning the chemical
characteristics of their donor/acceptor systems. An alternative strategy to improve OSC
stability is via “interface engineering”, such as the use of an inverted device structure for the
OSC that contains a stable electron transport layer (ETL), such as ZnO, inserted between the
indium tin oxide (ITO) and the light harvesting layer [20]. In this design, the ETL serves to
selectively collect electrons, which allows a more air stable, higher work function metal to be
used for the top anode of the OSC and results in a more stable system than those based on
conventional device structure [21]. The further tuning of interfacial properties, such as the
passivation of surface defects on the ZnO ETL to reduce rates of trap-assisted charge
recombination at the ZnO/bulk-heterojunction (BHJ) interface, has also been shown to
enhance the photostability of OSCs [20, 22, 23]. The efforts to improve the stability of OSCs
described so far have made important contributions to the technology; however, to develop
OSCs with both a high PCE and a sufficient photostability for practical applications, further

research is required.



In this work, we report an effective strategy to simultaneously improve the PCE and
photostability of OSCs via interfacial modification of the ETL. A polymer donor, PTB7-Th,
and a low bandgap small molecule acceptor, IEICO-4F [24], were chosen for the active layer
of the device because of the known broad range absorption of this system, which has been
incorporated into high performance OSCs with optical properties that are particularly suited to
application in semitransparent solar windows [24, 25]. To evaluate the effects of interfacial
modification on the performance and stability of the OSCs, a fullerene based self-assembled
monolayer (Cg-SAM) was used [26, 27]. The Cg-SAM has a dual function. It not only
stabilizes the morphology of the active layer by providing a ZnO/BHJ cathode interface with
a better matching of surface energies, but also increases device performance by improving
electron extraction properties and suppressing the charge recombination through passivation
of surface traps on the ZnO ETL. This Cg-SAM interfacial modification allowed us to
fabricate non-fullerene containing OSCs with a high PCE of 10% and a superior extrapolated
Ty lifetime of 34,000 h of continuous illumination, which corresponds to an operational
lifetime of 22 years. To the best of our knowledge, this is the best reported overall

performance of OSCs to date.

2 Materials and methods
2.1 Materials and solution preparation

PTB7-Th and Cg-SAM were purchased from 1-Material, Inc; IEICO-4F was purchased
from Solarmer Inc. The ZnO precursor was prepared by dissolving zinc acetate dihydrate
(Zn(CH;C00),-2H,0, Sigma, 99.9%, 0.4 g) and ethanolamine (NH,CH,CH,OH, Sigma,
99.5%, 110.8 pL) in 2-methoxyethanol (CH;0OCH,CH,0OH, sigma, 99.8%, 4 mL) under
vigorous stirring for 12 hrs in air. The Cg-SAM was dissolved in a mixed solvent (CB:THF =
2:1, v/v) in 1.5 mg/mL and stirred overnight. A mixture of PTB7-Th and IEICO-4F (D:A

=1:1.5, w/w) was dissolved in o-xylene and stirred overnight at 80 °C.

2.2 Device fabrication



The ITO glass substrates were cleaned sequentially by sonication using detergent,
deionized water, and isopropyl alcohol as the solvent. They were then dried at 65 °C in a
baking oven overnight. The ZnO layer was prepared by spin-coating a sol-gel ZnO precursor
solution onto the cleaned ITO substrates at 3000 rpm (revolutions per minute) for 30 s,
followed by annealing them in the air at 200 °C for 1 h. A C4-SAM solution was then spin
coated onto these ZnO containing substrates at 4000 rpm for 30 s, and annealed in the air at
100 °C for 10 mins. The thickness of the active layer was adjusted to approximately 100 nm
by spin-coating the film at 2000 rpm for 30 s. The substrates were then transferred to an
evaporative vacuum chamber with a pressure of 1x107¢ Torr. A thin layer (12 nm) of MoO;
was thermally deposited onto the samples to form the hole-selective layer, followed by a
further thermal deposition of 100 nm of Ag as the top electrode via a shadow mask. The

active area of all devices was measured as 0.04 cm?.

2.3 Device measurement and characterization

The current density-voltage (J-V) characteristics of the devices were measured under 100
mW/cm? air mass, AM 1.5G spectra with a solar simulator (SS-F5, Enlitech). Prior to the
performance measurement, light intensity was calibrated using a silicon photodiode with a
KGS5 filter certified by the National Renewable Energy Laboratory. The EQE spectra
measurements were performed on a commercial EQE measurement system (QE-R3011,
Enlitech). Light intensity dependent V. and J,. measurements were performed using the J-V
measurement system, and the light intensity was varied from 0.1 sun to 1 sun. The
illumination area was defined by a physical mask with an aperture of 0.04 cm?.

For photostability testing, the devices were encapsulated with a glass cover in a glove box
maintained under a dry N, atmosphere to exclude possible photochemical degradation effects
caused by the presence of oxygen and moisture. Light exposure was performed using a LED
source with an illumination wavelength that ranged from 380 to 1,000 nm and an illumination
equivalent of 1 sun [19]. The luminescent spectrum of the LED is presented in Fig. S2 (online).

The light intensity of the LED was calibrated to achieve the same device performance



measured by the standard AM 1.5 G solar simulator. Testing was performed in ambient
conditions (25-40 °C and 50%—60% humidity), and an air fan was used to maintain the
devices at close to room temperature during the testing. During the photoaging test, devices
were maintained in the V, state.

Transient photocurrent (TPC) measurements were carried out by photoexciting the OSC
devices with an attenuated 580 nm laser pulse. The pulse width was 120 fs. After excitation,
the sealed devices were serially connected to a Tektronix TDS 3052C digitizing oscilloscope
with an input impedance of 50 Q at the short-circuit condition and the data were recorded. For
transient photovoltage (TPV) measurements, a setup similar to that used for the photocurrent
measurements was employed, and the devices were connected to an oscilloscope using a 1
MQ input impedance at the open-circuit condition. A background illumination of 0.3 sun was
used and the laser pulse induced photovoltage perturbation was less than 5% of the V.
produced by the given background illumination intensity.

Electrochemical impedance spectroscopy (EIS) measurements were conducted using a
commercially available PAIOS 4.0 system (Fluxim AG). The measurements were performed
using conditions that had an applied bias of 0 V and a frequency ranging from 1 MHz to 10
Hz.

A grazing incidence wide-angle X-ray scattering (GIWAXS) study was performed using
the small-angle and wide-angle X-ray scattering beamlines at the Australian Synchrotron. A
Pilatus 1M two-dimensional detector with 0.172 mm x 0.172 mm active pixels was used in
the integration mode. The detector was positioned approximately 300 mm downstream from
the sample location. The precise sample to detector distance was determined with a silver
behenate standard. An 11 keV incident X-ray with a 0.25 mm % 0.1 mm spot was used to
provide a sufficiently large g space. The two-dimensional raw data were reduced and
analyzed with a modified version of Nika. The presented GIWAXS patterns were corrected to
represent real Q. and Q,, axes with consideration of the missing wedge. The critical incident
angle was determined by the maximized scattering intensity of the sample scattering with a

negligible contribution from bottom layer scattering. The shallow incident angle scattering



was measured at 0.02°, which rendered the incident X-ray an evanescent wave that ran along

the upper surface of the thin films.

3 Results and discussion

The chemical structures of PTB7-Th, IEICO-4F and Cg,-SAM, and the inverted device
structure used in this study, are shown in Scheme 1. We first tested the photo-stability of the
PTB7-Th:IEICO-4F based inverted devices fabricated from different solvents, including
chloroform (CF), chlorobenzene (CB), CB+DIO and also o-xylene. As shown in Fig. SI
(online), the o-xylene-processed device performed the best photo-stability and the one
processed with DIO additive was indeed suffering from much faster degradation, showing
that DIO is detrimental to the photostability in this case. The detail degradation mechanism of
the devices processed from halogenated solvents is out of the scope of this study as we
believe that they are technologically less relevant considering further large-scale production
of OSC requires a more environmentally benign solvent, such as o-xylene. Thus, a
non-halogen solvent o-xylene with less toxicity was chosen to process the active layers and
the corresponding devices show comparable PCEs as those processed from halogenated
solvent reported in previous study [24]. The J-V curves of the studied OSCs are shown in Fig.
la and their detailed photovoltaic parameters are summarized in Table 1. The pristine ZnO
based OSCs exhibited a PCE of 9.46% with a fill factor (FF) of 59.67%, an open-circuit
voltage (V) of 0.71 V and a short-circuit current density (J;.) of 22.47 mA/cm?, the latter
being consistent with the integrated J, values derived from external quantum efficiency
(EQE) spectra with an error of less than 5% (Fig. 1b and Table 1). To test the photostability of
the pristine ZnO based devices, we periodically recorded the J-V values of the devices under
the continuous illumination provided by a LED light source with a wavelength range of
380—-1000 nm (Fig. S2 online). During the test, the intensity of the LED was set to produce
the same J;. observed when the OSC was tested using an AM 1.5 G solar simulator.
Normalized PCEs expressed as a function of light-soaking time are shown in Fig. lc (the

corresponding photovoltaic parameters are summarized in Fig. 1). After 1,800 h of



light-soaking, the PCE of the pristine ZnO based device dropped by about 15% of its initial
efficiency.

With interfacial modification of the ZnO ETL by C¢-SAM, the PCE, V., J;. and FF of
the OSC devices were increased to 10.0%, 0.71 V, 22.92 mA/cm?, and 61.18%, respectively.
The relationship between the normalized PCE values and light soaking times is shown in Fig.
lc, and the detailed normalized J., FF and V. values are depicted in Fig. 1d to f, respectively.
During the first 100 h of illumination, a slight increase in the PCE was observed for the
Zn0O/Cg-SAM based devices. Similar increases have been reported by other researchers
studying inverted OSCs [28]. Subsequently, the PCE reached an almost steady state with a
very slow rate of degradation. The PCE can maintain nearly unchanged as the FF slowly
increased while the J,. decreased accordingly with illumination time (Fig. 1). From Fig. le,
we can observe that the FF increases rapidly during the first 100 hrs and then slowly increases
until it is stagnated at longer illumination time. To better understand this issue, see the Fig.
S3 (online), we extracted the slopes of normalized FF and J. versus the light-soaking time.
With the decrease of slope of normalized FF at the first 100 h and then approaching zero at
longer illumination time, indicating that the FF is stabilized and the morphology is likely to
reach the equilibrium state (Fig. S3a online). However, as for the J, it slightly increases at
the first 100 h due to the light soaking effect that commonly found in inverted cells. And then
the Js. continues to decrease with a more constant rate, which is reflected by the negative
slopes observed for most of time session plotted in Fig. S3b (online). Based on these analyses,
we believe that it is unlikely there will be an abrupt change of PCE after long time
illumination and the decrease in PCE is mainly attributed to the decrease of J,. owing to the
other possible factors such as the degradation of electrode or intrinsic photochemical
degradation of the active materials [15]. Furthermore, to exclude the possible error introduced
by the quick enhancement of FF and the slowly increase of J,. at the early stage of
photoaging, the Ty, lifetime were fitted based on the normalized PCE data after 100 h of

light-soaking time.



Thus, according to the linear fitting of the photoaging period ranging from 100-2000 h, an
extrapolated Ty, lifetime (the time required to reach 80% of the initial PCE) of 34,000 h was
determined (details of the linear fittings can be found in Fig. S4 (online)). Based on the
estimated solar irradiance of 1500 kWh/(m? year) for China [29], a potential operating
lifetime of 22 years was inferred from this Ty, value. In contrast, for OSCs based on a pure
Zn0O ETL, the extrapolated Ty lifetimes were found to be only 2500 h, which represents a
lifetime of less than 2 years. Thus, our study shows that a simple interfacial modification of
the ETL can extend the operating lifetimes of OSCs by a factor of 10. In addition to
photostability testing, thermal stability tests were carried out on the OSCs. The normalized
PCE values derived during this testing are shown in Fig. S5a (online, the detailed parameters
of the tested devices are presented in Fig. S5). After roughly 180 h of thermal annealing at
85 °C, performance degradation was seen to occur more quickly in devices without surface
modification than in those containing the ZnO/Cg-SAM based ETL. Therefore, the
Zn0/Cg-SAM based OSCs described in this study showed not only better photostability, but
also better thermal stability than the pristine ZnO based OSCs.

The performance improvements derived from the surface modification of the ZnO ETL
were possibly related to better surface energy matching and stronger molecular interactions
within the upper active layer of the OSC. Surface modification may have a further effect on
the phase separation, vertical composition and crystallinity of the BHJ films [30, 31]. Contact
angle measurements were carried out to calculate the surface energies of the ZnO,
Zn0O/Cg-SAM, PTB7-Th and IEICO-4F films. As shown in Table S1 (online, images of the
measurements are presented in Fig. S6), surface energies decreased in the order of ZnO >
Zn0/Cg-SAM > IEICO-4F > PTB7-Th. The pure ZnO surface contains polar groups such as
-OH, which display a high surface energy of 71.08 mN/m. The deposition of Cg-SAM not
only provides a possible passivation of surface hydroxyl groups via their condensation with
the carboxylic acid groups contained in the fullerene monolayer, but also reduces the surface
energy to 38.69 mN/m by forming a more hydrophobic surface as a consequence of the

non-polar nature of Cqy. IEICO-4F and PTB7-Th are both non-polar molecules, exhibiting



low surface energies with similar values of 26.57 and 25.88 mN/m, respectively. Larger
surface energy differences between the ZnO ETL and the active layer tend to result in a less
stabilized interface, with the active layer more easily de-wetting the oxide surface [30]. With
the Cq0-SAM modification, the surface energy difference was reduced significantly, and this
resulted in a stabilization of the morphology of the active layer. The fullerene surface may
also form m-m interactions with the conjugated rings in the donor and acceptor materials,
further strengthening interfacial interactions and forming a more stable interface. To evaluate
the morphological changes occurring within the ZnO and ZnO/Cg)-SAM based devices,
GIWAXS studies were performed on the corresponding BHJ layers before and after
photoaging. The GIWAXS diffraction patterns and the line-cut profiles are shown in Fig. 2a
and b. The detailed pole figures extracted from the (010) scattering peaks of the fresh and
aged samples are shown in Fig. S7 (online) and the full width at half-maximum (FWHM) of
the (100) and (010) peaks summarized in Table S2 (online). Generally, a wider FWHM means
weaker crystallization [32]. The fresh blend film coated ZnO substrates showed a strong (010)
reflection of the n-m stacking peak at 17.9 nm™! in the out of plane (OOP) direction, with a
FWHM of 0.607 A that increased to 0.634 A after about 2 months of continuous illumination.
This suggested that the crystallinity of the blend film became weaker after long periods of
illumination, and could be attributed to the subdued crystallization of IEICO-4F [32]. Based
on the pole figure of the (010) peak shown in Fig. S7 (online), we observed that the ratio of
edge-on to face-on orientation was increased, which is typically detrimental to the desired
charge transport in the vertical direction in OSCs and leads to lower device performance [15].
In contrast, the FWHM of the (010) peak of the blend film coated on the ZnO/Cg-SAM
substrate showed a smaller change during the photoaging test (from 0.645 to 0.638 A),
indicating the relatively stable nanoscale morphology of the active layer [30]. In addition, the
FWHM of the (100) peak decreased after photoaging, indicating a stronger lamellar stacking
in the blend film coated on the Cg-SAM modified substrate. We further observed that
increases in the intensity of the (100) and (010) peaks were accompanied by a similar increase

in the (200) peaks of both the donor and acceptor after photoaging, indicating that a higher



crystallinity of both phases was achieved. Based on these data, we plotted a scheme to
illustrate the morphology evolution of the PTB7-Th:IEICO-4F blend film coated on the
different substrates, as depicted in Fig. 3. The active layer coated on the ZnO substrate
displayed a deteriorated crystallinity of IEICO-4F after photoaging, which was associated
with decreases in FF and J values during the photoaging test. In the case of interlayer
modification with C4p-SAM, the crystallization of the blend film was slowly enhanced during
photoaging, and this explained the slightly increased FF of the aged ZnO/C¢-SAM based
devices. These subtle changes in the morphology of BHJs on the surfaces of the various ETLs
correlated well with the observed photostability results, which supported the hypothesis that
the most important factor affecting the long term stability of OSCs is morphological evolution
during device operation.

To further understand the effect of interfacial modification on charge recombination in the
studied OSCs, we measured the dependence of J-V characteristics on light intensity (/) [33].
Generally, the relationship between Jy. and / can be described as J,.o</*. When a is equal to 1,
it indicates that bimolecular recombination is negligible [32]. Fig. 4a shows the dependence of
Jsc on light intensity for the studied devices. In both cases, the slopes of their J. curves were
approaching 1 after photoaging. This effect was particularly pronounced in the ZnO/SAM-Cg
based OSCs, whose Jy. values increased from 0.978 to 0.998 after photoaging. We attributed
the observed reduction in bimolecular recombination to the improved crystallinity of the aged
film. Indeed, this factor partially contributes to the continual improvement of FF during
lifetime testing, as shown in Fig. le. In Fig. 4b, V. is linearly dependent on the natural
logarithm of light intensity with a slope of nk7/q, where k is the Boltzmann constant, n is the
ideality factor, T is the temperature in Kelvin and ¢ is the elementary charge. Generally, a
slope of kT/q suggests that charge recombination is dominated by the bimolecular mode,
while a slope of 2 k7/q indicates that recombination is dominated by the monomolecular mode
[33]. For OSCs, trap-assisted recombination is usually considered to be the major process for
monomolecular recombination [34]. As shown in Fig. 4b, the slope of the pristine ZnO-based
devices was increased from 1.087 kT/q to 1.286 kT/q after photoaging for 400 h. After
interlayer modification with Cg-SAM, the device showed a smaller post-photoaging change
in the observed slope, from 1.037 k7/g to 1.188 kT/q. These results demonstrated that
interlayer modification can effectively reduce the degree of trap-assisted recombination

induced by photoaging, thereby reducing the rate of degradation of OSC performance. We



attributed these lower rates of recombination to the inferred passivation effect of the C4-SAM

on the ZnO surface [26].

Transient photocurrent and transient photovoltage measurements were carried out to
further investigate the charge extraction and recombination properties of the studied OSCs.
Charge extraction properties can be studied via TPC measurement, which was performed on
the devices under short circuit conditions [33]. As shown in Fig. 4c, the charge extraction
time of the device without Cg)-SAM modification increased slightly from 0.35 to 0.37 ps after
photoaging testing. Subsequent to interlayer modification, the charge extraction time
decreased from 0.32 to 0.29 us after photoaging. The shorter charge extraction time of the
Zn0O/Cg-SAM based device suggested that the Cg-SAM modification can accelerate the
efficiency of charge extraction in the OSCs. The effect may be attributed to improved
crystallinity of the device films and the formation of more efficient charge transfer channels at
the cathode interface after photoaging. In addition to TPC measurement, TPV measurement
was performed to measure the voltage decay of OSCs held in open circuits under continuous
illumination with a small, disruptive light pulse. As shown in Fig. 4d, the carrier lifetime of
the pristine ZnO-based OSCs was reduced significantly, from 35 to 28.8 ps, indicating that
the carrier recombination of the pristine ZnO based OSCs became more pronounced after
photoaging. This observation is consistent with the results described in Fig. 4b, in which a
significantly increased rate of monomolecular recombination can be seen. In contrast, in the
case of the C40-SAM modified OSCs, a longer carrier lifetime of 47.1 us was observed for the
fresh samples that further increased to 53.5 ps after photoaging. This suggested that overall
recombination is indeed reduced in the aged devices, and is in good agreement with the
recombination analyses discussed above.

Finally, to further investigate the charge transport and recombination properties of the
OSCs, electrochemical impedance spectroscopy (EIS) was carried out to measure the
resistances displayed by the studied devices [35]. The EIS spectra were measured under zero
voltage bias conditions with a frequency range of 100 Hz to 1 MHz. The corresponding
Nyquist plots are shown in Fig. 4e. At this point, the equivalent circuit model shown in the

inset of Fig. 4e was employed to fit the resistances obtained from the EIS data. The results are



summarized in Table S3 (online). Regardless of whether the OSCs had been subjected to
photoaging, the devices based on the ZnO/C4)-SAM ETL displayed smaller series resistances
(Rs) and transport resistances (Ry.ns) but larger recombination resistance (R..) than the
ZnO-based devices. This result demonstrated that the Cg-SAM modified devices possessed
better electrical properties with lower rates of recombination. As shown in Table S3 (online),
after photoaging, the R, of the ZnO based OSC increased from 12.6 to 13.6 Q, while the R
decreased slightly from 1.33 to 1.31 kQ. The ZnO/Cg-SAM based OSC showed an opposite
trend, with Ry after photoaging slightly decreasing from 11.8 to 11.5 Q and R, increasing
from 1.71 to 1.73 kQ. These results are consistent with the TPC, TPV, and light intensity
dependence measurements discussed above. The morphological and electrical
characterizations and analyses discussed in this section demonstrate that, for the
Zn0O/Cgy-SAM based OSCs, a slow evolution of morphology with improving crystallinity for
both the donor and acceptor phases occurred upon photoaging. This led to a reduction in the
electrical resistance and recombination rates within the devices and a continuously increasing
FF, as shown in Fig. 1e. However, such a morphology change had also contributed to a slow
reduction in Ji (as shown in Fig. 1d) due to a possible reduction of the number of
donor/acceptor interfaces in the bulk heterojunction. We hypothesize that in order for the
acceptor molecules to form better crystallites, local reorganization and migration of the
molecules are required. That may lead to the reduction of exciton dissociation interfaces when
some of the IEICO-4F molecules migrate away from the donor/acceptor interface, resulted in
the reduction in J. Ultimately, these two trends compounded each other, yielding a steady

PCE during photoaging and the longest Ty, lifetime ever reported for an OSC.

4  Conclusions

We have described a simple and effective approach to simultaneously improving the
efficiency and stability of OSCs that uses a fullerene self-assembled monolayer to modify the
cathode interface of inverted OSCs. Our interface engineering approach enables the surface

energy and molecular interactions at the ZnO/BHJ junction of the OSC to be tuned, and



generates a device with increased morphological stability that is less susceptible to
photodegradation. The Cg-SAM modification can further improve the charge extraction
properties of OSCs, permitting the fabrication of PTB7-Th:IEICO-4F based devices with high
efficiency and stability. Based on a commonly used method to measure Tg, values, an
extrapolated operational lifetime of 34,000 hours, or 22 years, was measured. As summarized
in Fig. 4f, to the best of our knowledge, our work describes one of the best performing OSCs

ever reported, and paves the way for the commercialization of OSC technology.
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Scheme 1. (a) Chemical structures of polymer donor, PTB7-Th and non-fullerene acceptor,
IEICO-4F. (b) Chemical structures of Cg-SAM. (c) Device architecture of the

interface-modified organic solar cell.
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Figure 1. Photovoltaic characteristics and device stability of PTB7-Th:IEICO-4F based OSCs.
(a) J-V characteristics of the ZnO and ZnO/Cg-SAM based OSCs tested under 1000 W/m? air
mass and 1.5 global illumination. (b) The EQE spectra of the OSCs. Normalized (c) PCEs, (d)
Js, () FF and (f) Vo of the ZnO and ZnO/Cg-SAM based OSCs under extended light

illumination at 100 mW/cm?.
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Figure 4. Charge recombination and extraction characteristics of the fresh and photoaged

PTB7-Th:IEICO-4F based OSCs. Light intensity dependence of (a) short-circuit current and
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Table 1. Photovoltaic parameters of PTB7-Th:IEICO-4F (1:1.5, w/w) based inverted OSCs

with ZnO and ZnO/Cg,-SAM ETLs.

ETL Voe (V) Jy. (mA cm2) FF (%) PCE (%) Jse-EQE (MA
cm?)
Zn0O 0.71 22.47 59.67 9.46 22.13

(0.71£0.00)  (22.3540.12)  (58.55+1.12)  (9.30+0.16)
Zn0/Ce-SAM 0.71 22.92 61.18 10.00 22.40
(0.71£0.00)  (22.6840.24)  (60.06£1.12)  (9.86+0.14)

The data shown in brackets are averaged from over 10 devices and Jy. gk is the photocurrent

integrated from the EQE spectrum.



Graphical abstract

Interfacial modification of ZnO electron transparent layer with a fullerene self-assembled
monolayer can simultaneously improve the efficiency and photo-stability of organic solar
cells by improving the charge extraction property and stabilizing the active layer morphology,

leading to a state-of-the-art organic solar cell with extrapolated lifetime more than 20 years.
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