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Remove the water-induced traps toward improved
performance in organic solar cells
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Wei Wang', Yao Wu', Guohua Xie', Tao Wang’, Long Ye” and Jie Min

ABSTRACT Clusters of water molecules have low ionization
energies because of stabilization of charge from the dipole
moment of surrounding molecules, and thus can form po-
tential traps resulting in the undesirable photovoltaic per-
(OSCs).
demonstrated a solvent-water evaporation (SWE) strategy,

formance in organic solar cells Herein, we
which can effectively remove the water-induced traps that are
omnipresent in photoactive layers, leading to a significant
improvement in device performance. A higher power con-
version efficiency of 17.10% and a better device photostability
are achieved by using this SWE method, as compared with the
untreated binary PM6:Y6 system (15.83%). We highlight the
water-related traps as a limiting factor for carrier transport
and extraction properties, and further reveal the good uni-
versality of the SWE strategy applied into OSCs. In addition,
organic light-emitting diodes and organic field-effect tran-
sistors are investigated to demonstrate the applicability of this
SWE approach. This strategy presents a major step forward

for advancing the field of organic electronics.

Keywords: non-fullerene acceptor, water-induced traps, charge
transport, device stability, organic semiconductors

INTRODUCTION

The promise of low-cost manufacturing, mechanical
flexibility, colorful patterning and versatility in material
synthesis makes organic solar cells (OSCs) very attractive
as an important area of the renewable energy application
[1-4]. Currently, single-junction OSCs have reached the
milestone power conversion efficiencies (PCEs) of over
18% [1,5-7], approaching to the theoretically predicted

I,5,6%

record value [1,8-10]. The achievement of the milestone
PCEs benefits from the innovations in the design and
synthesis of p-type polymer donors and n-type non-
fullerene acceptors (NFAs) [1,5,9,11-14]. However, see-
mingly rational and carefully argued molecular design
guidelines, such as the use of heteroatom substitutions,
weak non-covalent interactions and large m-conjugated
central skeletons [1,8,15,16], fail to result in the desired
performance improvements. Often such non-ideal device
performance, such as unbalanced charge transport
properties, high non-geminate recombination losses or
environmental degradation, is attributed to the factors
mainly including twists and kinks in the polymer skeleton
[17], remnant impurities acting as trap sites [18], con-
tamination from solvents, the synthesis and processing
conditions [19], or donor/acceptor (D/A) miscibility
[15,20]. What is normally understated is, however, that
environmental contaminants such as water (H,0O), oxy-
gen (O,) and solvent species with tiny amounts of water
can create discrete trap states and they may play a role in
influencing the device performance. In particular, it was
overlooked how the effects due to extrinsic species can
mask more intrinsic structure-property correlations. For
instance, water molecules or clusters have significantly
low ijonization energies and hence can form potential
electron or hole traps [21,22], demonstrated by the recent
results of electron-only and hole-only diodes made of
several organic photovoltaic materials [21,23]. Also in
OSCs, water molecules can either act as traps for charge
carriers or cause redox reactions, but their influence on
the photovoltaic performance is often ignored [24,25]. A
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full analysis and fundamental understanding of how the
presence of water-related traps affects the device perfor-
mance have not been reported yet, which is an urgent
need to solve this dilemma under current research trends
and for future OSC applications.

It is well known that the presence in the active layer of
charge carrier traps (e.g., water-induced defects)-localized
state in the organic semiconductor material bandgap is a
main factor that heavily deteriorates the corresponding
performance parameters of organic light-emitting diodes
(OLEDs) [26], organic field-effect transistors (OFETSs)
[23,27,28], and sensors [23]. For instance, the unbalance
of carrier mobilities caused by water-induced traps, which
can be more likely to form the intermolecular voids in
semiconductor films in OLEDs [22], can cause inevitable
non-radiative recombination, thus reducing the quantum
efficiency [29]. In addition, it has been demonstrated that
water-related traps in semiconductor films are one of the
main origins for inefficient transfer characteristics and
bias stress instabilities in OFETs [28,30,31], even the
reason for nonideal performance of new molecular de-
signs. Apart from the above-mentioned fundamental
understanding of water-related traps resulting from the
ambient environment and processing solvents [21-23,26],
some promising strategies such as the use of molecular
additives [27,30,31], thermal annealing (TA) [32] and
solvent vapor annealing (SVA) approaches [21] have been
introduced to effectively remove the water molecules
enclosed in nanoscopic voids in the thin films, and thus
improve the device performance of organic semi-
conductor layers. Unlike the organic functional layers of
organic electronics as mentioned above, the photoactive
layers of organic photovoltaics are generally the bulk
heterojunction (BHJ) or layer-by-layer (LbL) archi-
tectures [8,32-34]. And the optimized BHJ and LbL blend
morphologies, known as a thermally activated metastable
state, can be easily tuned by the applications of solid and
solvent additives, TA and SVA treatments [8,19,35,36].
Undoubtedly, these strategies can also negatively influ-
ence the nanoscale phase-separated blends [37-39], re-
sulting in the undesired photovoltaic performance. It can
be seen that the obtained photovoltaic performance is
highly uncertain, which significantly limits the applica-
tions of the above-mentioned methods in OSCs. Of
particular note is that a real approach of removing water
molecules while maintaining the inherent morphology
without loss of device performance has not been reported
so far. Thus, finding an effective strategy to avoid water
molecules into the blend morphology as much as possible
is necessary, which will attract more attention from the
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scientific and industrial communities.

Herein, we focus our endeavor to solve this dilemma.
We employed the commercially available polymer donor
PM6 (poly[(2,6-(4,8-bis(5-(2-ethylhexyl-3fluoro)thio-
phen-2-yl)-benzo[1,2-b:4,5-b]dithiophene))-alt-(5,5(1',3'-
di-2-thienyl-5',7"-bis(2-ethylhexyl)benzo[1',2'-c:4",5'-¢']
dithiophene-4,8-dione)]) [40] and non-fullerene small
molecule acceptor Y6 ((2,2'-((2Z,2'Z)-((12,13-bis(2ethyl-
hexyl)-3,9-diundecyl-12,13dihydro-[1,2,5]thiadiazolo
[3,4-e]thieno[2’,3":4",5']thieno[2',3":4,5] pyrrolo[3,2-g]thie-
nol[2',3"4,5]thieno[3,2-b]indole-2,10-diyl)bis(methanyly-
lidene))bis(5,6-difluoro-3-o0x0-2,3-dihydro-1H-indene-
2,1-diylidene))dimalononitrile)) [41] as the control BHJ
system. Optimized binary PM6:Y6 devices show a high
PCE of 15.83%, which is comparable to the reported re-
sults [5,6,40]. Encouragingly, a promising strategy,
namely solvent-water evaporation (SWE) approach, is
developed, which can significantly avoid the presence of
water molecules in the blend morphology and maintain
its initial metastable microstructure while improving its
charge transport and extraction properties, achieving a
maximum PCE of 17.10% with a maximum fill factor
(FF) of approximately 79%. As compared with the control
ones, this SWE-based morphology also possesses higher
operational stability in inverted devices for 400 h light-
soaking. In particular, the unique advantage of SWE ap-
proach, which can play a dual role in removing water
molecules in active layers while improving their device
performance, was also confirmed in other four photo-
voltaic systems. Notably, we demonstrate that this SWE
strategy as a simple and universal processing approach
can also improve the device performance of the in-
vestigated OLEDs and OFETs.

EXPERIMENTAL SECTION

Materials

PM6 and J101 were synthesized by Wang T. Y6 and
TBFT-TR were synthesized by Wu Y. Luo Z provided the
MelC. J71, PTB7-Th, ITIC and PC;,BM were purchased
from Solarmer Materials Inc. and used without further
purification. Chloroform (CF) of analytical reagent (AR)
grade was purchased from Sinopharm Chemical Reagent
Beijing Co., Ltd and CF of HPLC grade was purchased
from Solarmer Materials Inc.

Solvents (CF and chlorobenzene (CB)) were dried and
distilled from appropriate drying agents prior to use. The
processes of the purification of solvents are as followed:
washing with water for several times to remove the
ethanol, drying with potassium carbonate, refluxing with
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calcium chloride, and then distilling to remove the water
molecules and achieve the anhydrous solvents. The dis-
tilled CF and CB were stored in the dark to avoid pho-
tochemical formation of phosgene.

Device fabrication and testing

Solar cells were fabricated in the configuration of the
traditional sandwhich structure with an indium tin oxide
(ITO) glass positive electrode and a perylene diimide
functionalized with amino N-oxide (PDINO)/aluminum
(Al) negative electrode. The ITO-based substrates were
pre-cleaned in an ultrasonic bath of detergent, deionized
water, acetone and isopropanol, and ultraviolet (UV)-
treated in UV-ozone chamber (Jelight Company, USA)
for 15 min. A thin layer of PEDOT:PSS (poly(3,4-ethylene
dioxythiophene):poly(styrene sulfonate)) (Baytron PVP
Al 4083, Germany) was filtered through a 0.45-pm poly
(tetrafluoroethylene) (PTFE) filter and spin-coated at
3500 r min ' for 30 s on the ITO substrate. Subsequently,
PEDOT:PSS film was baked at 150°C for 15 min in the
air, and the thickness of the PEDOT:PSS layer was ap-
proximately 40 nm. The system PM6:Y6 (16 mg mL ' in
total, 1:1.2) was dissolved in CF (AR-CF and HPLC-CF)
and 1-chloronaphthalene (CN) with a concentraion of
0.5%. Subsequently, a thin layer of PM6:Y6 blend was
deposited through spin-coating at 2500-4000 r min ' for
30 s on the PEDOT:PSS layer and annealed at 110°C for
10 min in nitrogen glovebox. In addition, for the SVA
and TA treatments, the above-mentioned samples were
annealed by 55 puL CF sovlent deposted into a glass dish
with a diameter of 6 cm, and on a 110°C hotplate for
heating as a fucntion of annealing time. Notably, this
SWE method was expressed in the main text. Besides, the
system J10L:ITIC (16 mgmL " in total, 1:1), J71:MelC
(15mgmL" in total, 1:1) and TBFT-TR:PC,BM
(14 mg mL ™" in total, 1:0.8) were dissolved in HPLC-CF,
PTB7-Th:PC,,BM (25 mgmL ' in total, 1:1.5) was dis-
solved in o-dichlorobenzene (HPLC-ODCB) and all sys-
tems spin-cast onto the PEDOT:PSS layer. In addition to
introducing anhydrous CF (HPLC grade) as processing
solvent, in this strategy we firstly evaporated the CF
solvent with small amounts of water molecules slowly
stirred for twenty minutes in a snap-cap glass bottle at
110°C on a hot plate, and then added fresh CF solvent for
the next step of film preparation. The thickness of the
active layer was approximately 100 nm and the thickness
of the photoactive layer was measured by a surface pro-
filer (Alpha-Step 500, KLA-Tencor, USA). A PDINO
layer via spining-coating a solution concentration of
1.0 mg mL ™ was deposited on the top of active layer.
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Finally, the top Al electrode of 100 nm thickness was
evaporated in vacuum onto the cathode buffer layer at a
pressure of 5 x 10 ° mbar (1 mbar = 100 Pa). The typical
active area of the investigated devices was 4 mm".

The current-voltage characteristics of the solar cells
were measured under AM 1.5 G irradiation on an Enli
Solar simulator (100 mW cm ). Before each test, the
solar simulator was calibrated with a standard single-
crystal Si solar cell (made by Enli Technology Co., Ltd.,
calibrated by the National Institute of Metrology (NIM)
of China). Short circuit currents under AM 1.5 G
(100 mW cm °) conditions were estimated from the
spectral response and convolution with the solar spec-
trum. The external quantum efficiency (EQE) was mea-
sured by a Solar Cell Spectral Response Measurement
System QE-R3011 (Enli Technology Co., Ltd.). A cali-
brated silicon detector was used to determine the absolute
photosensitivity at different wavelengths.

Stability measurements: We performed the long-time
light stability of PM6:Y6 system for 400 h in this study.
To insight the long-time stability of this device, we con-
ducted the device structure of ITO/ZnO/active layer/
MoO;/Ag. The solar cells were fabricated in a glovebox
and aged under high vacuum, excluding the well-known
effects of oxygen degradation from our experiments. The
stability test was carried out under open-circuit condi-
tions. The devices were not encapsulated.

OLED devices were fabricated on pre-patterned ITO
substrates. The ITO-based substrates were pre-cleaned in
an ultrasonic bath of detergent, deionized water, acetone
and isopropanol, and UV-treated in UV-ozone chamber
(Jelight Company, USA) for 15min. A thin layer of
PEDOT:PSS (Baytron PVP Al 4083, Germany) was fil-
tered through a 0.45-pm PTFE filter and spin-coated at
3500 r min ' for 30 s on the ITO substrate. Subsequently,
PEDOT:PSS film was baked at 150°C for 15 min in the
air, and the thickness of the PEDOT:PSS layer was ap-
proximately 40 nm. The super yellow poly(phenylenevi-
nylene) (SY-PPY, 5 mg mL " in total) was dissolved in CB
and spin-cast onto the PEDOT:PSS layer. Then a me-
thanol solution of poly[[2,7-bis(2-ethylhexyl)-1,2,3,6,7,8-
hexahydro-1,3,6,8-tetraoxobenzo[lmn] [3,8]phenanthro-
line-4,9-diyl]-2,5-thiophenediyl[9,9-bis[3'((N,N-di-
methyl)-N-ethylammonium)]propyl]-9H-fluorene-2,7-
diyl]-2,5-thiophenediyl] (PNDIT-F3N-Br) at a con-
centration of 1.0 mg mL ' was blade-coated onto the ac-
tive layer at 3500 rmin = for 30s. To complete the
fabrication of the devices, 100 nm of Al was thermally
evaporated through a mask under a vacuum of
5 x 10 ° mbar.

2631



ARTICLES

SCIENCE CHINA Materials

OFET devices were fabricated by top gate/bottom
contact (TGBC) structures. Source (S) and drain (D)
electrodes were patterned on a glass substrate by photo-
lithography and deposited onto the substrate through
thermal evaporation. Electrodes were photo litho-
graphically patterned to have 10-50 and 1000 um channel
length and width, respectively. FeCl; (3 nm) was ther-
mally evaporated as the hole injecting layer on the
cleaned substrates. PDPP2TBT (5 mg mL ) solutions in
CF were spin coated onto the S/D patterned substrate and
annealed at 250°C for 30 min in a N, purged glove box.
Poly(methyl methacrylate) (PMMA) (80 mg mL” in n-
butyl acetate) was spin-coated as the gate dielectric at
2000 r min ' for 60 s and annealed at 80°C for 2 h in a
N,-purged glove box. The PMMA dielectric layer thick-
ness was ~500 nm. Device fabrication was completed by
thermally evaporating 50 nm Al as the gate electrode
using a metal shadow mask.

Instruments and characterization

Space charge limited current (SCLC) measurements
Single carrier devices were fabricated and the dark cur-
rent-voltage characteristics were measured and analyzed
in the SCLC regime following the Ref. [1]. The structure
of hole-only devices was glass/ITO/PEDOT:PSS/active
layer/MoQOj; (10 nm)/Ag (100 nm). For the electron-only
devices, the structure was glass/ITO/ZnO/active layer/
PDINO/AI (100 nm), where both Al and Ag were eva-
porated. Mobilities were extracted by fitting the current
density-voltage curves using the Mott-Gurney relation-
ship. The reported mobility data are average values over
six devices of each sample.

Photo-induced charge carrier extraction by linearly
increasing the voltage (photo-CELIV) measurements

The investigated solar cells are illuminated with a 405-nm
laser diode. A fast electrical switch was applied to isolate
the device in order to prevent carrier extraction or sweep
out. After the variable delay time, the switch connected
the device to a function generator. In addition, current
transients were recorded across the internal 50 Q) resistor
of our oscilloscope. To investigate the carrier mobility in
the corresponding devices, the photo-CELIV curves were
conducted using different experimental conditions, dif-
fering in delay time.

Transient photovoltage (TPV) measurements

For TPV measurements, devices were directly connected
to an oscilloscope in open-circuit conditions (1 MQ).
Then the device was illuminated with a white light LED at
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different light intensities. A small optical perturbation
was applied using a 405-nm laser diode which was ad-
justed in light intensity to produce a voltage perturbation
of AV, < 10 mV V,_(open-circuit voltage). The amount
of charges generated by the pulse was obtained by in-
tegrating a photocurrent measurement (50 3) without
bias light.

Charge extraction (CE) measurements

CE measurements can be used to determine the charge
density in the active layer of the device at any point in the
current density-voltage (J-V) curve. The devices were
held at a specified voltage in the dark or under illumi-
nation. At a certain time t;, the light was switched off, the
cell was switched to short-circuit conditions, and the
resulting current transient was recorded with an oscillo-
scope. Most of the charge was extracted in a few micro-
seconds due to a high internal electrical field at short
circuit conditions. In addition, a fast analog switch from
Texas Instruments (TS5A23159) was used to perform the
switching from the specified voltage to short circuit
conditions. It provided a very quick switching time
(50 ns), a low on-state resistance (1 Q), high off-state
resistance (> 1 MQ) and a very low charge injection
(<<10”em’ Vs h. A Keithley 2440 source-measure-
ment unit was used to set the initial device voltage.

Transient photocurrent (TPC) measurements

Relevant solar cells were excited with a 405-nm laser
diode. The TPC response of the devices was recorded at a
short circuit condition to a 200 s square pulse from the
LED with no background illumination. The current traces
were recorded on a Tektronix DPO3034 digital oscillo-
scope by measuring the voltage drop over a 5-Q sensor
resistor in series with the solar cell. A direct-current (DC)
voltage was applied to the solar cell with an MRF544
bipolar junction transistor in common collector amplifier
configuration.

Capacitance spectroscopy Characterizations

Capacitance measurements were performed using a
ModuLab XM electrochemical workstation (AMETEK,
UK) under a series of voltages with the amplitude of
60 mV from 1 MHz to 10,000 Hz under one AM 1.5 G
illumination conditions and in the dark.

RESULTS AND DISCUSSION
Photovoltaic performance based on various film formation

strategies
The presence of water in various guises in photovoltaic
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materials has been suggested to be traps [21], which have
thus far been related to impurities remaining from the
synthesis, reception from the moisture environment and/
or contamination from the common organic solvents. In
this study we firstly investigated the effects of water-
related traps on the photoelectric properties of OSCs. In
parallel, we also addressed the question what is the right
way to effectively reduce the water-related trap con-
centration of the photoactive layers and simultaneously
enhance their bulk charge transport properties and device
efficiencies. The device structure is based on the config-
uration consisting of an ITO/PEDOT:PSS/PM6:Y6/PDI-
NO/AL The details of device fabrication procedures are
described in the EXPERIMENTAL SECTION. The PMé:
Y6 photoactive layers were spun from various processing
conditions and subsequently annealed for only 20 min to
remove the residual CF solvent in the photoactive layers.

In order to determine the effects of water molecules in
common solvents on device performance, we studied the
photovoltaic performance of PM6:Y6 devices using two
types of CF solvents for the film formation (Fig. 1b),
including AR grade CF (AR-CF; assay percent range,
>99.0%) and HPLC grade CF (HPLC-CF; assay percent
range, >99.8%). The J-V curves of the corresponding
best-performing OSCs are plotted in Fig. 1c, and the
detailed photovoltaic parameters are summarized in Ta-
ble 1. As was expected to use the AR-CF solvent con-
taining a tiny bit of dissolved water, the optimized PM6:
Y6 device obtained a poor PCE of 15.25% with an V. of
833 mV, a short-circuit current density (J,) of
25.39 mA cmfz, and a low FF of 72.11%. Based on the
same optimized process conditions (Fig. S1 and Table S1),
the relevant device processed with HPLC-CF exhibits an
enhanced PCE of 15.83%, which is comparable to the
results of Refs [5,6,40]. The V,. and J,. values remain
almost unchanged at 833 mV and 25.41 mA cm ’, re-
spectively. The FF is slightly increased to 74.79%. Since
these two types of devices were fabricated by the same
material batches and preparation processes, the poor
performance of the AR-CF-processed devices is obviously
due to the high sensitivity of the interaction between
photovoltaic materials and water molecules. To further
clarify the SWE effect on the blend morphological char-
acteristics and device performance, we conducted two-
dimensional grazing-incidence wide-angle X-ray scatter-
ing (GIWAXS) measurements, as presented in Fig. S2.
Obvious (010) diffractions located at g, = 1.750 A" were
observed in these three PM6:Y6 blends, and their crys-
tallite correlation lengths (CCLs) in the out-of-plane
(OOP) direction are comparable, as provided in Fig. S2e
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and Table S2. Moreover, these three blends also showed
similar diffractions in the in-plane (IP) direction (see
Fig. S2f and Table S3). It should be noted that although it
is very difficult to exclude that there are not in fact subtle
differences in blend microstructure that could provide an
explanation for the observed low performance of the AR-
CF devices, we would like to offer here a tentative, al-
ternative explanation within the framework of water-
induced traps. It is also because that the statistical pho-
tovoltaic metrics and PCE histograms directly demon-
strate the influence of water-related traps on device
performance, as depicted in Fig. 1d.

In previous studies [21,27,30,31], some strategies, in-
cluding SVA and TA methods as well as solvent and solid
additives, have been demonstrated to remove the (ma-
jority of) water-filled nanovoids acting as generic charge
trap in organic semiconductors [21], improve the charge
transport properties and/or lead to a significant im-
provement in OFET and OLED performance [27,30,31].
In order to remove the water molecule clusters and im-
prove the device efficiencies, we also tried to use these
approaches for the OSC fabrication. However, the im-
plementation of these strategies caused great morpholo-
gical evolutions, resulting in the reduced photovoltaic
parameters, as exhibited in Figs S3 and S4. The SVA- and
TA-treated PM6:Y6 active layers (15.47% for SVA-treated
blend for 60s and 15.77% for TA-treated blend for
5-10 min) exhibit the slightly lower device efficiencies
than those of the control devices (15.83%), even though
there may be fewer water-related traps in the treated
blends. Further extending the TA and SVA time, the J
and FF values as well as the PCEs decreased gradually
(Tables S3 and S4). Of note is that the performance dif-
ference of OFET and OSC devices is mainly associated to
the TA and SVA treatments investigated in this work,
which possess high susceptibility to interact with BHJ
blend microstructure [19,36]. As shown in Fig. S5, we also
conducted the GIWAXS measurements of the blends
without and with the SVA and TA post-treatments. And
the calculated results of the g, direction (IP, g,, =
0.296 A™") and g, direction (OOP, g, = 1.750 A are
summarized in Table S5. The (100) peaks in the q,, di-
rection in the SVA- and TA-treated are more intense than
that for the HPLC-CF casted active layer, indicating that
the molecular stacking order of Y6. In the meanwhile,
obvious (010) diffractions located at g, = 1.750 A" were
observed in these three blends, and the strength was
improved in the SVA- and TA-treated blends. The CCLs
of m-mt scattering were increased from 27.54 A for the
HPLC-CF casted blend to 28.94 A for the SVA-treated
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Figure 1 Effect of water removal through various strategies on device performance. (a) Molecular structures of PM6 and Y6. (b) Left: the presence of
water-induced traps (red) in the microstructures of polymer (light orange) and small molecule acceptor (lavender) materials. Middle: methods of
water removal in BHJ OSCs, including using AR-CF, anhydrous HPLC-CF and SWE method. Right: (i) AR-CF-processed PM6:Y6 blend initially
containing residual water after spin-coating. (ii) HPLC-CF-processed PM6:Y6 blend initially containing residual water after spin-coating. The residual
water molecules result from the photovoltaic materials that absorbed the water during the preparation and transportation in air. (iii) HPLC-CF-
processed PM6:Y6 blend prepared with the SWE method. A short anneal for 20 min is used, which removes the solvent and water molecules in the
bottle. (c) J-V characteristics of the relevant devices based on the various blends coated according to the above-mentioned solution preparation
conditions. (d) Histograms of the PCE counts for 26 individual AR-CF devices, 26 individual HPLC-CF devices, and 26 individual SWE devices.

blend and 28.04 A for the TA-treated blend, respectively,  gregation strength in the annealed blends and thus the
indicating the higher molecular crystallinity and ag-  changes of the corresponding bulk microstructures. Be-
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Table 1 Summary of photovoltaic parameters of the optimized PM6:Y6 solar cells, measured under the illumination of AM 1.5 G at 100 mW cm

Processing conditions Voe (V) Jsc (mA cm™?) Jsceqe (MA cm %) FF (%) PCE,,.x (PCE,,) (%)
AR-CF 0.833 25.39 24.57 72.11 15.25 (14.97b)
HPLC-CF 0.833 25.41 24.74 74.79 15.83 (15.59h)
SWES 0.833 25.99 2521 78.98 17.10 (16.73%)
SWE (AR-CF) 0.832 25.59 24.81 74.14 15.79 (15.46°%
SWE (HPLC-CF) 0.836 25.77 25.04 75.84 (15.81d)

a) Jsc, rqe represents the integrated current density obtained from EQE spectra. b) The average PCE values with standard deviations were obtained
from twenty devices. ¢c) The anhydrous HPLC-CF purified in our lab was used to conduct the SWE method. d) The average PCE values with standard

deviations were obtained from eight devices.

sides, we suspect that some high boiling-point solvents
and small molecule additives can also remove water
molecules from the coated film. Given however, our
current understanding of how solvent and solid additives
behave and affect the construction of a BHJ blend mi-
crostructure during the film formation in OSCs [8,42,43],
this may also be questionable in the OSCs for the removal
of water molecules or clusters [27].

Factually, the small amount of water molecules or
clusters in the photoactive layer, generally inducing poor
charge transport properties of both holes and electrons,
not only comes from the processing solvents but also is
closely related to the photovoltaic materials themselves. It
is because the molecular structures of photovoltaic ma-
terials containing strong hydrogen accepting groups have
extremely high sensitivity to the interaction with water
molecules. In order to effectively remove water molecules
or clusters contained in the photovoltaic materials and
minimize the morphological changes of optimal BHJ
blends, here we successfully developed an SWE strategy
for the removal of water-related traps, as depicted in
Fig. 1b. Of note is that the purchased HPLC-CF is further
dried and dehydrated to obtain the anhydrous CF solvent
(namely, anhydrous HPLC-CF in this work). Instead of
using the HPLC-CF prepared solution to directly form
the active layer, in the SWE strategy we first remove the
anhydrous HPLC-CF and water molecules by heating the
glass bottle and then add anhydrous HPLC-CF again to
achieve the same concentration for fabrication of BH]J
thin films. Of particular note is that the boiling point
(56.3°C) of the azeotrope (e.g., 97% CF and 3% water) can
be lower than that of any of the constituents (61°C for CF
and 100°C for water, respectively), referred to as a posi-
tive azeotrope [27]. Thus, this SWE treatment can remove
water more efficiency than that of drying active layer
materials in the oven. In addition, because of the more
polar nature of the orthogonal solvents allowing CF
molecules to interact with water molecules more strongly,
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the SWE method will make it easier to remove water
molecules entirely resulting in the overall better photo-
voltaic performance observed. As shown in Fig. 1c and
Table 1, the SWE devices showed a high PCE of 17.10%
(V,.=0.833V, J,. = 25.99 mA cm ’, FF = 78.98%), which
is the best performance reported for the pure binary PMé:
Y6 devices to date [5,6,41]. Relevant statistical photo-
voltaic metrics are also provided in Fig. 1d, which man-
ifest great reproducibility of the high PCE output using
the SWE method. Besides, in order to investigate the
molecular pre-aggregation and analyze the effect of stir-
ring time of the final solutions on device performance, we
extended the stirring time from 15 min to 15 h for device
fabrication. The J-V curves of the devices based on var-
ious solution stirring time periods are shown in Fig. S6,
and the corresponding photovoltaic parameters are
summarized in Table S6. Both devices based on different
stirring time periods showed the comparable device effi-
ciencies, indicating that molecular pre-aggregation may
not exist in the final solution when fresh anhydrous
HPLC-CEF solvent is added. So molecular pre-aggregation
is not a factor that improves the corresponding perfor-
mance investigated in this work.

To further investigate the effects of trace water on de-
vice performance, we added the purchased AR-CF and
HPLC-CF solvents into the dried bottles containing an-
hydrous active layer materials, respectively, and then
fabricated the relevant devices under the same conditions.
As shown in Fig. S7 and Table S1, the efficiencies of the
SWE-treated devices processed by the AR-CF and HPLC-
CF solvents are higher than those of the untreated de-
vices, but still lower than that of the SWE-treated devices
processed by the anhydrous HPLC-CF solvent purified in
our lab. The results indicate that removing water mole-
cules in the photovoltaic materials and relevant solvents
can effectively improve the device performance. The EQE
spectra of the relevant devices are exhibited in Fig. S8,
and display a similar photo-response in the region from
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300 to 950 nm. Table 1 also provides the integrated J,.
values associated with the EQE data, which well match
the tested J,. values. Apart from the J,, the FF values in
the relevant devices also show an obvious difference
(72.11% for AR-CF device, 74.79% for HPLC-CF device,
78.98% for SWE device, 74.14% for AR-CF-based SWE
device and 75.84% for HPLC-CF-based SWE device).

The above photovoltaic parameters of the correspond-
ing devices drive us to further explore the light-soaking
stability of the devices held under a protective atmo-
sphere. The lamp provides an illumination intensity of
100 mW cm ~ and has a close spectral match to the AM
1.5 G spectrum over the visible wavelengths (Fig. S9).
Fig. S10 shows the degradation trends of the normalized
photovoltaic performance of the corresponding devices
based on different processing conditions. The average
PCEs of the PM6:Y6 devices maintained approximately
79% (AR-CF), 80% (HPLC-CF), and 83% (SWE) of the
corresponding initial performances, respectively, after
approximately 400 h light-soaking under one sun. Among
these, the SWE-based devices possess slightly better
photo-stability, strongly indicating the benefit of this
SWE strategy. Notably, the difference in light-soaking
stabilities of these three types of devices can be partially
due to the synergistic effects of the slight morphology
evolution and interface attenuation, while quantitative
evaluation of their photo-stability performance is beyond
the scope of the present work. Despite, the recent results
indicate that our water trap passivation strategy not only
provides significant enhancements in device performance
but may also offer a practical route to improving long-
term stability of OSCs.

Removing water-induced traps to improve J. and FF

To systematically investigate the specific effects of water-
related traps on device performance, we firstly fabricated
hole-only and electron-only devices with the structures of
ITO/PEDOT:PSS/active layer/MoOs/Ag and ITO/ZnO/
active layer/PDINO/AI, respectively. The hole-only and
electron-only mobilities of the relevant blends were in-
vestigated by analyzing the J-V characteristics of single-
carrier devices (Fig. 2a for hole-only devices and Fig. 2b
for electron-only devices), and their results are sum-
marized in Table 2. Applying the model method as in Ref.
[23], the fitting to the experimental results shows that the
hole mobilities of the blends are 1.346 x 10 *cm’ V 's |
for AR-CF, 1.380 x 10 ‘ecm’V''s ' for HPLC-CF, and
1468 x 10 *cm’ V' s ' for SWE method, respectively. In
addition, the electron mobilities of the corresponding
blends are 1.222 x 10 *em® V' 's ' for AR-CF, 1.335 x
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10 em’V's' for HPLC-CF, and 1503 x
10 *em’V''s ' for SWE method, respectively. Notably,
the SWE-processed blends show higher and slightly more
balanced hole and electron mobilities compared with the
AR-CF- and HPLC-CF-processed blends. The results
suggest that charge carriers can be transmitted more ef-
ficiently, leading to high FF values as aforementioned in
Table 1. Apart from the SCLC data, we also employed
photo-CELIV to determine the ambipolar CE from an
actual photovoltaic device. As shown in Fig. S11, photo-
CELIV curves have been measured using different ex-
perimental conditions, differing in delay time. In addi-
tion, Fig. 2c exhibits the photocurrent transient recorded
by applying a 2 V/60 ps linearly increasing reverse bias
pulse to the relevant devices after a 0.5 ps delay time. The
average mobilities in devices are provided in Table S7,
calculated from Figs S11 and S12. The average mobility of
SWE devices (4.02 x 10 *cm’ V's ') is still higher than
those of AR-CF (1.12 x 10 *ecm’ V''s ') and HPLC-CF
(2.00 x 10 *ecm’ V' s') devices. The results confirm the
mobility trends observed by SCLC measurements.

To experimentally determine whether, indeed, minute
trace of water is somehow involved in the observed trap
formation, we further repeated the J-V curves of relevant
devices (Fig. 2a, b), which shows the logarithmic slopes,
slope = d(logj)/d(logV) [21,30,44]. The double-log re-
presentation exhibits weak humps in the J-V curves of the
corresponding devices around 1V, highlighting the trap-
filling regime [21]. Importantly, we find that the use of
anhydrous HPLC-CF instead of AR-CF to prepare pho-
toactive layers can slightly suppress the pronounced peaks
at low bias, which reveals the presence of energetic traps
(e.g., water-induced traps) [21,22,45]. This also illustrates
that other sources of water-induced traps in the anhy-
drous CF-processed blends are likely to be present. No-
tably, the humps in the J-V curves of SWE-treated hole-
only and electron-only devices are not obvious at low
bias, indicating that this approach can more effectively
remove the water-induced traps, carried by the material
itself in the active layer. Following the previous studies
[22,44,46], the peaks can map out the effective trap depth
(E), the total concentration of electron traps (N,), and the
Gaussian trap density of states (DOS) (0pgg) values in the
photoactive layers. Thus, we derived these corresponding
parameters by directly fitting the J-V curves [23], as
summarized in Table 2. Of note is that N, and, to a lesser
degree, E; depend on the amount of water molecules as
discussed in more detail in Ref. [21]. Obviously, the SWE
method can effectively suppress water-induced traps, re-
duce the N, and E, values and thus lead to a significant
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Figure 2 Charge transport, extraction and recombination in blends. The corresponding current-voltage (I-V) curves from (a) hole-only devices
(symbols) or (b) electron-only devices (symbols) and model fits (dashed lines) for the PM6:Y6 blends with different processing conditions. Slope
versus relevant voltage curves for the PM6:Y6 blends with different processing conditions. (c) The photo-CELIV traces for the devices after a delay
time of 0.5 ps. (d) Charge carrier lifetime 7, obtained from TPV measurements, as a function of charge density n, calculated from CE curves under V.
conditions (from 0.15 to 2.50 suns). The dashed lines represent linear fits of the data. (e) Photocurrent versus Vg in the relevant devices based on
different processing conditions. (f) Normalized TPC data for the relevant devices. The illumination pulse intensity was 150 mW cm ~ (light pulse of
50 us). Inset: the figure of the comparison of charge carrier lifetime 7 (obtained from TPV tests) and charge extraction time 7 (obtained from TPC
tests). The bulk-heterojunction systems of AR-CF, HPLC-CF and SWE of (g) charge carrier density n, determined via capacitance spectroscopy,
(h) recombination current density J,.. and fitting curves, and (i) competitive factors 6, determined via effect extraction time 7, and charge carrier
lifetime 7.

Table 2 Summary of the relevant physical parameters of the analysis of current-voltage characteristics, as well as the data of transient spectroscopic
measurements

Hole-only devices Electron-only devices Solar cells
Processing /
conditions Mobility (x10™* N, E,  0pos Mobility (x10™* N, E, Opos  [hiHe R " 7’
em’ Vs (x10Pm7) (eV) (eV) m’V'shH  (x10°m7) (eV) (eV) (us) (us)
CF (AR) 1.346 2.359 0.375 0.140 1.222 2.553 0.377  0.141 1.10 2.17 3.83 0.393
CF (HPLC) 1.380 2.311 0.374 0.140 1.335 2.373 0.375  0.140 1.03 2.14 3.65 0.369
SWE 1.468 2.196 0.373 0.140 1.503 2.150 0.372  0.140 0.98 2.06 2.86 0.326

a) Charge carrier lifetime 7, achieved from the TPV spectra measured under one sun. b) CE time 7, obtained from TPC tests.
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improvement in device performance (Fig. 1lc and
Table 1). Besides, inspired by the findings in Ref. [21], we
also tried SVA and TA post-treatments to remove the
water-filled nanoscopic voids in the disordered mor-
phology of the active layer. Unfortunately, these methods
may not significantly reduce the (majority of) water-filled
nanovoids (Fig. S13 and Table S8), but will change the D/
A microstructures of BHJ blends, resulting in the poor
photovoltaic performance (Fig. S14 and Table S9)
[19,36,47]. It should be noted that the minor effects of
SVA and TA on removing the water-related traps, which
is beyond the scope of this work, suggests that either
incomplete removal and/or reuptake of water limits the
effectiveness of this processing step. In stark contrast, the
effect of SWE pre-treatment method is much stronger,
leading to almost complete removal of the trapping peaks
(holes and electrons) and a significant increase in current
density.

To further understand the effects of SWE method on
the water-related traps in BHJ blends, we studied the
carrier recombination dynamics and the collection pro-
cesses in the three devices by employing transient spec-
troscopic techniques. Here we combined TPV (Fig. S15)
and CE (Fig. S16) techniques to achieve the charge carrier
lifetime 7 as a function of charge carrier density n under
open-circuit conditions, 7 (n). Further employing the
equation:

= 1y(ny/ ), (1)

where A is the so-called recombination exponent, and #,
and 7, are constants [5,35], a non-geminate recombina-
tion order R (R = A + 1) can be calculated as shown in
Fig. 2d and Table 2. A lower recombination order value
(R = 2.06) for the SWE device with a shorter charge
carrier lifetime 7, (7, = 2.86 ps) measured under one sun,
as compared with the AR-CF device (R = 2.17 and 7, =
3.83 us) and HPLC-CF device (R = 2.14 and 7, = 3.65 ps),
can be found, suggesting that the SWE method can ef-
fectively reduce the carrier recombination loss in blend
morphology and thus yield overall improved ], and FF
values (Table 1). In addition, the correlation between V.
or Ji and light intensity (Pjg,) were studied [48], as
provided in Fig. S17, respectively. The relationships be-
tween the ] or V.. and Py, as well as the detailed for-
mula descriptions are deliberately the same as used in Ref.
[9]. The results as provided in Supplementary Note 1
indicate the more balanced charge transport and less
trap-assisted recombination in the SWE devices when
compared with AR-CF and HPLC-CF devices, thus
leading to improvements in ] and FF.
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Here we further calculated the exciton dissociation
probabilities (P(E, T) as exhibited in Fig. 2e, P(E, T) = ],/
Jap» Where J, is the saturation current density) [35],
which can be used to assess the exciton dissociation and
charge collection efficiency in the corresponding devices.
The P(E, T) for the three types of devices were 95.3%
(AR-CF device), 96.9% (HPLC-CF device) and 98.1%
(SWE device), respectively. Among these three devices,
the SWE device shows the highest J,,//;, value of 98.1%
under short-circuit and maximum output power condi-
tion, indicating the more efficient processes of exciton
dissociation and charge collection in the photoactive
layer. We also conducted the TPC technique to in-
vestigate the dwell time of charges in the active layer prior
to CE at the electrodes. As provided in Fig. 2f, the ex-
traction time of the relevant devices was extracted to be 7,
= 0.393 ps for the AR-CF device, 7, = 0.369 us for the
HPLC-CF device, 1, = 0.326 us for SWE devices, respec-
tively. The shorter carrier lifetime in the SWE device can
be ascribed to less charge recombination and fewer water-
induced traps within the blend supported by the char-
acterizations of the above-discussed transient spectro-
scopic techniques (Fig. 2c, d) and the analysis of SCLC
measurements (Fig. 2a, b). Note that the trend of ex-
traction lifetime is almost consistent with the trend of
carrier lifetime measured by TPV measurements (an inset
figure in Fig. 2f).

To quantitatively confirm the effects of water-related
traps on device performance, the capacitance spectro-
scopy was used to calculate the carrier density # and other
extension parameters such as the effective mobility yg or
recombination coefficients k.. [49-52]. Detailed de-
scriptions are provided in the Supplementary Note 2. The
chemical capacitance Cg,, derived from the capacitance
difference between dark and illumination (Fig. S18) and
the charge carrier density n derived from the Cg,,, in-
tegral, are shown in Fig. S19 and Fig. 2g [53]. All mea-
sured carrier density n values are in the range of
10°-10" cm’, while under the same reverse bias, AR-CF
equipped the maximum carrier density, followed by
HPLC-CF, while the carrier density of SWE system was
relatively small. Apart from the carrier density n ob-
tained, the effective mobility y.q associated with # is also
known, as provided in Table S10 [54]. As shown in
Fig. S20, the variation trend of average mean values of
effect mobility p.¢ of three systems associated with carrier
density n (5.80 x 10 *cm’ V 's ' for AR-CF devices, 1.03
x 10 'em’V's' for HPLC-CF devices, 1.69 x
10 *em’ V''s ' for SWE-anhydrous CF devices, respec-
tively) can be well matched with the electron and hole
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mobility obtained from SCLC measurements (see

Table 2).

In order to further quantitatively analyze of the FF
difference caused by water-induced recombination, the
recombination current density (J...) superposed by three
recombination mechanism currents (bimolecular re-
combination (J.cpn), bulk trap assisted recombination
(Jreepun) and surface trap-assisted recombination (Jccgurf))
was fitted to obtain the recombination coefficient (k,,),
k., Langevin coefficient (§), bulk and surface trap density
(Nip> Nig) (Fig. 2h) [52]. The bimolecular recombination
coefficient ky,,, for three systems has a relatively small
difference (AR-CF: ky,, = 3.31 x 10 * cm’s ', HPLC-CF:
kyn = 806 x 10 "cm’s ', SWE: k,, = 880 x
10 " cm’s ™), which suggested that performance differ-
ences between devices would be due to the contribution
of trap-assisted recombination. These similar values of
surface trap density N, for AR-CF, HPLC-CF and SWE
systems indicate that surface trap-assisted recombination
has less effect on the performance (9.56 x10 ", 7.46 x
10 " and 2.72 x 10 "’ cm 7, respectively). Moreover, the
value of N, with magnitude difference (1.96 x 10 * cm >
for AR-CF, 3.11 x 10 “cm’ for HPLC-CF and
7.27 x 10 " cm > for SWE) and the value of k,;, with a
large multiple difference (6600.73, 3570.07 and
1133.41s ', respectively) indicate that the recombination
caused by bulk trap-assisted is an important factor af-
fecting the performance difference. Furthermore, the
charge carrier lifetime (7,.) can be calculated by the re-
combination coefficients kyy, k¢, and k., (V.,,), and the
effect extraction time (7.) can also be quantized with
carrier density n obtained from J-V curves [54]. By cal-
culating the ratio of the 7, to the 7, the voltage-related
competitive factors 6 can be obtained (0 = 7,../7.,), which
are generally considered to be related to the FF and Jsc of
the devices [49,55-57]. As shown in Fig. 2i, compared
with the blends treated with AR-CF, HPLC-CF and SWE-
processed blends had lower competitive factor 8-V,
curves, which illustrate more extraction and less re-
combination. Overall, the SCLC analysis coupled with the
carrier recombination dynamics and CE properties as
well as the capacitance spectroscopy measurements finally
underpin the influence of water-induced traps on device
performance as outlined above and provide detailed in-
sight into special effects of water-induced traps being
responsible for photovoltaic parameters.

Universality of SWE method applied into OSCs

As discussed above, the SWE approach can efficiently
reduce water-related traps, suppress carrier recombina-
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tion loss and thus improve photovoltaic performance of
the binary PM6:Y6 system. If the method proposed above
is conceptually correct, it should work well in other
photovoltaic systems. Thus, four other photovoltaic sys-
tems, including J101:ITIC [58], J71:MeIC [34], PTB7-Th:
PC,,BM [59] and TBFT-TR:PC,,BM [60] (Fig. 3a), were
introduced to further explore its versatility and effec-
tiveness in OSCs. The J-V curves of the corresponding
best-performing devices are depicted in Fig. 3b. The de-
tails of device fabrication are described in the EXPERI-
MENTAL SECTION and the detailed photovoltaic
parameters are summarized in Table S11. Unsurprisingly,
on the basis of their photovoltaic parameters, it is quite
clear that the same trend as we observed in PM6:Y6
system was obtained. After SWE processing treatments,
the PCE of J101:ITIC system improves from 12.39% to
13.19%; the PCE of J71:MelC system improves from
12.20% to 13.09%; the PCE of PTB7-Th:PC,,BM system
improves from 8.86% to 10.04%; the PCE of TBFT-TR:
PC,BM system improves from 8.70% to 9.25%, sur-
passing 6.5%, 7.3%, 13.3% and 6.3% their original average
values, respectively (Fig. 3¢, top figure). The higher PCEs
of SWE devices compared with HPLC-CF devices are
mainly attributed to the improvement of J. and FF
(Table S11).

Furthermore, we also conducted the hole-only and
electron-only mobilities of the four photovoltaic systems
fabricated with and without SWE treatments to analyze
the J-V characteristics of single-carrier devices (Fig. S21
for hole-only devices and Fig. S22 for electron-only de-
vices). The calculated results, including charge carrier
mobilities, N,, E, and oppg values, are summarized in
Tables S12 and S13, respectively. As exhibited in Fig. 3c
(bottom figure), the SWE strategy effectively reduced the
trap density of these fullerene and non-fullerene-based
hole-only devices. After the SWE treatments, the N, of the
SWE-based J101:ITIC system decreases from 2.763 x 10>
to 2.201 x 10° m > the N, of the SWE-based J71:MeIC
system decreases from 2.828 x 107 to 2.249 x 10* mfs;
the N, of the SWE-based PTB7-Th:PC,,BM system de-
creases from 2.810 x 10” to 2.167 x 10° m ; the N, of the
SWE-based TBFT-TR:PC,BM system decreases from
2.851 x 107 to 2.543 x 10”> m °, respectively. In addition,
the SWE method also reduces the total concentration of
electron traps in the relevant electron-only devices. The
N, of the SWE-based JIOL:ITIC system decreases from
2.787 x 10” t0 2.231 x 10” m > the N, of the SWE-based
J71:MeIC system decreases from 2916 x 10 to
2390 x 10° m ’; the N, of the SWE-based PTB7-Th:

PC,,BM system decreases from 2.716 x 107 to
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Figure 3 Chemical structures, device performance and transport properties. (a) Molecular structures of the four photovoltaic systems, including
J1I0L:ITIC, J71:MeIC, PTB7-Th:PC70BM, and TBFT-TR:PC70BM. (b) J-V characteristics of the four types of devices with and without SWE
approaches. (c) Top: average PCEs of the five photovoltaic systems without and with SWE treatments; bottom: the electron traps of hole-only devices
and electron-only devices for the relevant blends without and with SWE treatments.

2309 x 10 m’; the N, of the SWE-based TBFT-TR:
PC,)BM system decreases from 2.661 x 107 to
2.325 x 107 m’, respectively. Besides, in all these five
photovoltaic systems, it can be easily found that E, and
Opos parameters were reduced by employing the SWE
strategy in the relevant film formation, and thus PCEs
increased obviously, as summarized in Table 1 and
Fig. S11. These results not only further demonstrate the
SWE approach to be very efficient to remove the water
molecules or clusters in photoactive layers, but also
strongly highlight its good generality, indicating that the
SWE approach is a superior alternative to the common
processing technique in fabricating highly-efficient and
stable OSCs.

Characterization of SWE-based OLEDs and OFETs
To further verify the effect of SWE methods on perfor-
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mance of organic electronics, we fabricated OLEDs
(Fig. 4a) and OFETs (Fig. 4c) from the reported polymer
SY-PPY and PDPP2TBT (Fig. 4b) with the film spun
from various solutions. The details of device fabrication
procedures of OLEDs and OFETs are described in the
EXPERIMENTAL SECTION. Fig. 4d exhibits the current
density-voltage-luminance (J-V-L) characteristics of SY-
PPY OLEDs without and with SWE treatment. Table S14
summarizes the device performance of these two OLEDs.
It can be found that the level of leakage current in HPLC-
CF device is higher than that of the SWE device. The
HPLC-CF device also shows lower luminance
(788 cd m °) than the SWE device (1037 cd m *) at 5.5 V.
In addition, Fig. 4e exhibits the luminous and power ef-
ficiencies as a function of the applied bias of the relevant
SY-PPV OLEDs. The device efficiency is obtained with
the SWE method; 1.4 cd A at 5.5V and 0.851m W ' at
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Figure 4 Improving the performance of OLEDs and OFETs with SWE approaches. (a) Device structure of an SY-PPY OLED, (b) chemical
structures of SY-PPY and PDPP2TBT. (c) Device structure of a PDPP2TBT OFET. (d) J-V-L characteristics of SY-PPV OLEDs without and with SWE
treatments. (e) Luminous (cd A™") and power (I m W) efficiencies as a function of the applied voltage of the SY-PPV OLEDs. (f) Representative
transfer and (g) output characteristics, respectively. The transfer curve was collected with a voltage sweep rate of 50 mV s .

5.0 V. The HPLC-CF device in contrast shows the lower
efficiencies of 0.9 cd A™ at 55V and 0.52lm W' at
5.0 V, indicating that the water-related traps as inter-
molecular voids in films are known to cause non-radia-
tive Shockley-Read-Hall recombination, decreasing the
quantum efficiency. The results highlight the fact that this
SWE method can effectively remove the water-related
traps and offer better electron injection for polymer-
based OLEDs.

Apart from the investigated OLEDs, we also fabricated
the PDPP2TBT-based OFETs for investigating the prac-
ticability of SWE approach. These two types of devices
were prepared using the same processing conditions.
Fig. 4f, g show the transfer and output plots of the bot-
tom-contact/top-gate OFET devices under nitrogen at-
mosphere at room temperature. The average field effect
mobility (¢,,) was calculated using standard metal-oxide-
semiconductor FET (MOSFET) equations from the
transfer characteristics of eight devices in the saturation
region [61]. Table S15 summarized the g, on/off current
ratio (I,,/I,g), and threshold voltage (Vy,) of the devices
without and with SWE treatment. The electrical perfor-
mances of PDPP2TBT are similar to those obtained
previously [62]. The u,,, (0.78 em’ V' s7) of the device
with SWE treatment is higher than that of the HPLC-CF
device (0.48 cm® V 's '), but there are no specific trends
in I,,/I,¢ and Vy,. The enhanced carrier mobility in SWE
devices further confirms the remarkable impact of SWE
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treatment on the charge transport of semiconducting
polymers, resulting from the removal of water-related
traps in PDPP2TBT polymers. This is also demonstrated
by the SCLC analysis, as shown in Fig. $23 and Table S16.
On the one hand, the humps in the J-V curves of hole-
only and electron-only devices with SWE treatments are
lower than those of the untreated devices at low bias. On
the other hand, the treated diodes show the lower density
of electron traps, further suggesting the removal of water-
induced traps carried by PDPP2TBT. Accordingly, it can
be concluded that for all these organic electronics, the
presence in the active material of water-related traps is
known factor that obviously deteriorates device perfor-
mance. Nevertheless, this demonstrates that our water
trap passivation technique may offer a practical route to
suppress the water-related trap concentrations in organic
semiconductor materials and provide significant en-
hancements in device performance.

CONCLUSIONS

Water-related defects are energetically favorable in or-
ganic conjugated materials and are more likely to form
the intermolecular voids in films, resulting in the worse
charge-transport properties of both holes and electrons.
In this work we developed an SWE strategy for reducing
the water-related trap concentration in OSCs. Taking the
PM6:Y6 system as an example, we found that this water
trap passivation technique not only provides significant
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enhancements in device efficiencies, but may also offer a
practical route to slightly improving long-term stability of
OSCs. Of note is that a high PCE of 17.10% was achieved
in the SWE-treated OSCs, which is the highest value
among the corresponding binary PM6:Y6 devices. Fur-
thermore, the removal of water-related traps to achieve
the reduction of carrier recombination losses in photo-
active layers and the improvement of CE properties in
devices were confirmed by the analysis of SCLC method,
the investigations of exciton dissociation probabilities and
the applications of transient spectroscopic techniques
(including photo-CELIV, CE, TPV, TPC and capacitance
spectroscopy measurements), which is in great ac-
cordance with the enhancements of J, and FF in SWE
devices. Additionally, the increased photovoltaic para-
meters of the other four fullerene- and non-fullerene-
based photovoltaic systems, including J101.ITIC, J71:
MeIC, PTB7-Th:PC,BM, and TBFT-TR:PC,BM, in
combination with the comparative analysis of relevant
hole-only and electron-only mobilities strongly showed
us to pin down the universality of SWE strategy. Notably,
we also found that the SWE method can improve the
device performance of the SY-PPY-based OLEDs and the
PDPP2TBT-based OFETs. Overall, simultaneously redu-
cing the water-related trap concentration and enhancing
the charge transport of organic functional materials
through SWE approach appears to be a promising route
towards water-tolerant OSC, OLED and OFET devices. In
particular, this strategy presents a major step forward for
advancing the field of organic electronics in which charge
transport plays a role.
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