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Improved Light Soaking and Thermal Stability of Organic
Solar Cells by Robust Interfacial Modification

Mwende Mbilo, Muhammad Haris, Du Hyeon Ryu, Julius Mwakondo Mwabora,
Robinson Juma Musembi, Seungjin Lee, Chang Eun Song,* and Won Suk Shin*

The most widely used material in electron transport layers (ETL) of inverted
organic solar cells (iOSCs) is zinc oxide (ZnO). However, the brittleness,
inorganic nature, surface defects, and photocatalytic activity of ZnO lead to poor
stability in iOSCs. Herein, the light-soaking and thermal stability of iOSCs are
substantially improved by modifying ZnO surface with polyurethane diacrylate
(SAR) or urethane acrylate (OCS)-based ultraviolet (UV) resins. The UV resins
significantly reduce the energy barrier, suppress surface defects, and improve
interfacial contact between ZnO ETL and the organic photoactive layer. Notably,
the SAR and OCS resins mitigate the photocatalytic activity of ZnO, electrical
leakage, and interfacial resistance during photoaging of OSCs. As a result, iOSCs
based on modified ZnOs retain over 80% of initial efficiency under 1 sun
illumination for light soaking 1000 h. Furthermore, SAR and OCS resins on ZnO
surfaces form a robust crosslinked network with excellent solvent resistant
properties, which result in enhanced thermal stability. These results reveal
that this simple and effective approach is a promising procedure to fabricate

high-performance iOSCs.

1. Introduction

Recently, organic solar cells (OSCs) based on nonfullerene
acceptors (NFAs) have attracted considerable research interest
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owing to the realization of high power
conversion efficiencies (PCEs) surpassing
19%.1731 However, insufficient long-term
stability of OSCs remains a major obstacle
to their commercial applicability.[*! Ideally,
high-efficiency OSCs should present con-
sistent performance over lifetime opera-
tion. This has not been the case due to
degradation upon exposure to environmen-
tal changes.?! The instability of OSCs may
result from extrinsic factors such as
mechanical stress, light, heat, moisture,
and oxygen or from intrinsic factors includ-
ing unstable bulk heterojunction (BH])
morphology and diffusion of metal electro-
des and buffer layers to the photoactive sys-
tems.!® Thus far, most investigations have
emphasized improving the stability of
OSCs based on stable BH] morphological
optimization.”~" It noteworthy that charge
transport interlayers (CTIs) also play a role
in realizing highly stable OSCs.!""

A variety of materials have been synthesized and applied as
CTIs in OSCs, including polymers, small molecules, composites,
hybrids, metals, metal salts, complexes, and metal oxides.!'' ¢
In inverted NFA-based OSCs, zinc oxide (ZnO) is commonly
used as an electron transport layer (ETL) owing to its easy
solution processing, appropriate energy levels, low cost, excellent
visible transparency, and high electron mobility."”'® However,
ZnO ETL suffers from various shortcomings that must be
resolved to achieve high- and stable-efficiency OSCs. Typically,
ZnO is brittle in nature, which makes its interface with photo-
active films prone to delamination and punctures under environ-
mental stress.™ The inorganic nature of ZnO also results in
interfacial mismatch of surface energies with the organic photo-
active layer.””! This leads to interfacial defects, which affect the
molecular ordering and aggregation of the photoactive materials,
causing OSC instability.*” Moreover, ZnO is a renowned photo-
catalyst of organic compounds upon UV light illumination.*'~**!
ZnO absorbs UV light and generates electron-hole pairs, which
react with the oxygen and water absorbed on the surface to form
reactive oxygen species (ROS), called superoxide anions and
hydroxide radicals.**® These ROS have been reported to
decompose NFAs, leading to instability issues in OSCs.*? It
has also been reported that various surface defects including dan-
gling bonds, hydroxyl groups, and oxygen vacancies exist on the
surface of solution-processed Zn0.**" These surface defects
act as photogenerated charge recombination centers, resulting
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in limited efficiency and stability of OSCs. Replacement of ZnO
with photocatalytic-inert materials and insertion of suitable
interfacial layers between ZnO and organic photoactive film
have been reported as strategies to address these instability
issues.?>736

Although efforts to enhance the stability of OSCs reported this
far have significantly contributed to organic photovoltaic technol-
ogy, some studies have employed ETLs processed at high temper-
atures for long times and from halogenated solvents. Thermal
stress can distort plastic substrates, hindering their flexibility,
and reduce the conductivity of indium tin oxide (ITO) electro-
des.*”*®) In addition, the use of halogenated solvents such as
chloroform and chlorobenzene can lead to health and environ-
mental threats.?”!

Furthermore, a number of photostability tests were conducted
under 1sun, simulated by a light emitting diode light source,
which has a weaker spectral irradiance in the UV light region
compared to those of metal halide sources, bringing forth spec-
tral irradiance nonuniformity issues in photostability tests.[*”!
Also, for other reports, thermal stability tests were carried out
in nitrogen-filled gloveboxes in the dark where humidity is very
low (<20%). In the absence of oxygen and moisture, it is likely
that this stability test is not reasonable for thermally stable OSCs.

We therefore provide a simple and effective approach to
enhance the efficiency and stability of inverted NFA-based
OSCs utilizing the crosslinking strategy. Herein, commercially
available diacrylate and acrylate-based UV resins, referred to
as SAR and OCS, respectively, were employed to mitigate the
photocatalytic effect and surface defects of ZnO. Unlike reported
CTIs, the SAR and OCS resins used in this study were processed
from nonhalogenated solvent (2-methoxyethanol, 2-ME) under
ambient conditions and were crosslinked on the ZnO surface
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under UV lamp illumination within 5 min. The SAR and OCS
resins on the ZnO surface demonstrated a high solvent resis-
tance characteristic to solvent washing, which is beneficial for
forming the robust crosslinked networks. The ETL of SAR or
OCS resins crosslinked on the ZnO surface substantially
reduced the shunt path and leakage current, as well as providing
improved interfacial contacts and energy-level alignment
between ZnO and the photoactive layer. This phenomenon con-
sequently led to highly enhanced photovoltaic parameters with
superior light soaking and thermal stability in OSCs.

2. Results and Discussion

In this study, SAR and OCS UV resins based on urethane
acrylate with viscosities of 51400 and 3720 mPas, respectively,
were utilized. The device architecture and chemical structures
of the SAR and OCS are shown in Figure 1a. The presence of
acrylate groups in the chemical structures endowed the resins
with crosslinking capability. The resins possess reactive chemical
groups, mainly amines and isocyanate, which can react directly
with reactive hydroxyl groups on the ZnO surface, yielding func-
tionalization effects such as defect passivation.[*"** The amine
groups can further form an interfacial dipole between ZnO and
the photoactive layer, thus tuning the work function (WF).**) The
UV-vis absorption spectra of neat ZnO, SAR, and OCS were
measured and the corresponding bandgaps were obtained from
the Tauc plot, as shown in Figure S1, Supporting Information.
The UV resins showed weak absorption in the UV-visible region
of 300-800 nm and wide bandgaps (3.95 and 3.88 eV for SAR and
OCS, respectively), compared to those of bare ZnO, showing
strong absorption in the UV region (300-400 nm) with a bandgap
of 3.28 eV. Due to the wider bandgaps, the UV resins are unlikely
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Figure 1. a) Inverted device architecture of OSCs and chemical structures of SAR and OCS UV resins. Optical absorption spectra of fresh and crosslinked
b) ZnO/SAR and c) ZnO/OCS ETL before and after solvent washing with 2-ME. d) Transmission spectra of ZnO, ZnO/SAR, and ZnO/OCS ETL.
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to absorb light in the AM1.5 irradiation range;**! hence, it is
anticipated that modification of the ZnO surface with UV resins
will substantially reduce the photocatalytic effect and not inter-
rupt the light absorption of the photoactive layer.

The solvent resistance properties were determined according
to the reported literature!****) by monitoring the changes in the
light absorption intensities of the crosslinked resins on ZnO sur-
face after washing with processing solvent. Herein, both fresh
and crosslinked films were washed with 2-ME solvent by spin
coating at 5000 rpm for 60s twice to demonstrate the degree
of crosslinking. As shown in Figure 1b,c, the intensity of absor-
bance of the uncrosslinked films decreased to nearly that of bare
ZnO film, while the light absorption intensity of the crosslinked
films remained unchanged after solvent washing. These results
demonstrate that the crosslinked resins exhibit high solvent-
resistant properties, beneficial for the formation of a robust inter-
face as well as resistance to interfacial erosion between ZnO and
the photoactive layer due to various solution processing techni-
ques. Slightly enhanced absorbance in the UV region was
observed in the case of modified ZnO with SAR and OCS resins,
whereas there was no obvious optical transmittance loss in the
visible light region, as shown in Figure 1d.

The wettability of the ZnO surface without and with UV resins
was studied by measuring the contact angles in water and diiodo-
methane (DIM), with results displayed in Figure S2, Supporting
Information. The corresponding surface free energy (y) was cal-
culated according to the Owen—Wendt method, with results tab-
ulated in Table S1, Supporting Information.*® The contact
angles of water and DIM on ZnO are 34.9° and 26.8°, respec-
tively, and the calculated surface energy is 64.48 mjm™2
ZnO/SAR exhibits water and DIM contact angles of 58.4° and
29.0°, respectively, and a calculated surface energy of
51.95 mJ m™2. Similarly, the contact angles of water and DIM
on modified ZnO with OCS were 71.2° and 26.0°, respectively,
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and the corresponding surface energy was 47.93mJm > For
the PM6:Y6-BO BH]J film (molecular structures are depicted
in Figure S3, Supporting Information), the water and DIM con-
tact angles were 104.3° and 58.6°, respectively, and the calculated
surface energy was 29.74 mJ m 2. Compared with pristine ZnO,
ZnO/SAR, and ZnO/OCS possess hydrophobicity and surface
energy more similar to those of the organic photoactive layer,
whose qualities should decrease the mechanical driving force
for delamination and improve the interfacial contact between
the ETLs and the organic photoactive layer.!"”!

It is well known that the presence of interfacial modification in
OSCs affects the WF of electrodes, thus providing Ohmic contact
at the electrodes. Therefore, we measured the WFs of pristine
Zn0, ZnO/SAR, and ZnO/OCS using ultraviolet photoelectron
spectroscopy (UPS), with results shown in Figure S4, Supporting
Information. The WF values of neat ZnO, ZnO/SAR, and ZnO/
OCS were calculated and found to be ~3.83, 3.80, and 3.71eV,
respectively. The WF of modified ZnO decreased moderately
compared with that of bare ZnO, which can facilitate electron
extraction and block hole transportation to the cathode through
improved Ohmic contact due to the generation of amine-induced
dipole moments, which line up in a direction pointing out from
the ZnO surface. This phenomenon has frequently been used to
explain the enhanced open-circuit voltage (Voc) in other studies
dealing with interfacial modification of buffer layers. Actually,
our inverted OSCs with SAR and OCS showed greater Voc
values, in line with the upshifted WF of the modified ZnO, max-
imizing the obtainable Vo)

To gain insight into the chemical states of the ZnO surface
before and after crosslinking of UV resins, X-ray photoelectron
spectroscopy (XPS) measurements were carried out. Figure 2
shows the variation of the core-level XPS spectra of Zn2p;),
and O1s for the ZnO surfaces. The binding energy of the
Zn2p3;, peak for pristine ZnO as prepared on ITO/glass

(b)

Intensity (counts)

528 530 532 534
Binding Energy (eV)

Figure 2. XPS spectra for bare ZnO, ZnO/SAR, and ZnO/OCS on the ITO substrate. a) Zn 2p3,; and b) O 1s core level.
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substrate was nearly in agreement with the reported values,?"
corresponding to Zn—O bonds of the ZnO bulk phase with
plenty of exposed surfaces. When the ZnO surface was cross-
linked by UV resins, the maximum peak position of Zn 2ps,
shifted significantly (by about 0.2 eV) toward a lower binding
energy. This implies that Zn atoms were less exposed to the sur-
face and bound to more surrounding O atoms; this binding is
ascribed to electron transfer from crosslinked UV resins (in
accordance with UPS results). The XPS spectrum of the O 1s core
level resolved into two components for the bare ZnO surface, as
shown in Figure 3b. The peak with the lowest binding energy is
generally assigned to O” ions surrounded by Zn atoms of ZnO
crystals with a normal wurzite structure, that is, bulk-phase oxy-
gen (Zn—O). In contrast, the other peak with highest binding
energy can be attributed to O~ ions in the oxygen vacant sites
(Vo) of the ZnO matrix. After modification of the ZnO surface
with UV resins, ZnO/SAR and ZnO/OCS revealed a new peak
located between the Zn—O and V,, peaks. This peak is attributed
to the formation of chemical bonding (Zn—O-C), in which the
carbon atom from the carbonyl group (C=0) of the UV resins
replaces the hydrogen of the hydroxyl (-OH) on the ZnO sur-
face.>1*®) It was thus found that analysis of the intensity ratio
of the V5 to Zn—O peaks showed a decrease from 0.81 for neat
ZnO surface to 0.64 and 0.53 for ZnO/SAR and ZnO/OCS,
respectively, demonstrating that the surface defects on bare
ZnO surface were considerably suppressed after UV resin
modification.

Further study on surface defect passivation of neat ZnO was
conducted by steady-state photoluminescence (PL) spectroscopy,
with results presented in Figure S5, Supporting Information.
The PL spectra of pristine ZnO exhibited two major emission
peaks. The near-band-edge strong emission peak at ~393 nm
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can be ascribed to exciton recombination in ZnO, while the
low-intensity broad emission peak in the visible region arose
from the surface defects on ZnO.2%*'*? The ratios of the
near-band-edge and the visible region PL intensity were 0.92,
0.89, and 0.88 for ZnO, ZnO/SAR, and ZnO/OCS, respectively.
A decrease in the fluorescence intensity ratio after modification
of the ZnO surface by UV resins implied effectively suppressed
surface defects, which is in good agreement with previous XPS
results (Figure 2).

To evaluate the ETL-dependent device performance, we fabri-
cated OSCs with inverted device architecture of ITO/ETL/PM6:
Y6-BO/MoO3/Ag, according to the procedure described in the
Supporting Information. The best current density-voltage
(J-V) characteristics and external quantum efficiency (EQE)
spectra of OSCs without and with UV resins under illumination
of AM1.5G, 100 mW cm ™ are displayed in Figure 3a,b; the cor-
responding photovoltaic parameters are summarized in Table 1.
Clearly, the photovoltaic performances of the OSCs were sub-
stantially enhanced when modified ZnO ETLs were used instead
of pristine ZnO. The OSC based on PM6:Y6-BO with bare ZnO
ETL showed a PCE value of 14.2%, with a V¢ of 0.80 V, a short-
circuit current density (Jsc) of 25.2 mA cm ™2, and fill factor (FF)
of 70.0%. In the case of the OSC with ZnO/SAR, the PCE sub-
stantially improved to yield a PCE of 16.1%, with a Voc 0f0.83 V,
a Jsc of 26.0 mA cm ™2, and FF of 74.5%. In addition, the inverted
OSC fabricated with ZnO/OCS yielded a photovoltaic perfor-
mance of Voc=0.83V, Jsc=26.0mA cm 2, and FF=74.2%
(PCE=16.1%). The overall enhanced PCE values of devices
incorporating crosslinked ZnO with UV resins are apparently
due to simultaneous increases in the three photovoltaic param-
eters, (Voc, Jsc, and FF) relative to those without the modifica-
tion. Integrating the product of the measured EQE under photon
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Figure 3. a) Best -V characteristics of optimized OSCs under illumination of 100 mW cm 2 and b) EQE curves of the corresponding devices. ¢) Jon—Vefr
characteristics of OSCs based on different ETLs. Dependence of d) Voc and e) Jsc on incident light intensity of OSCs with different ETLs.
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Table 1. Summary of the photovoltaic parameters of inverted BH) OSCs based on different ETLs under the illumination of AM 1.5G, 100 mW cm™~.

www.advenergysustres.com

2

ETL Voc M Jsc [mAcm™? Jsc [mAcm ™3 FF [%] PCE [%]
ZnO 0.80 25.2 24.2 70.0 14.2
0.79 +£0.1)® (25.14+0.2)® (69.7 +0.4)® (14.0£0.2)®
ZnO/SAR 0.83 26.0 25.0 74.5 16.1
(0.83+0.1)® (25.8+0.2)® (742+0.2)® (16.0+0.1)®
Zn0/OCS 0.83 26.0 25.0 742 16.1
(0.82+0.1)® (25.9+0.1)® (74.0+0.3)® (16.0+0.1)®

IThe integrated current density values calculated from the EQE spectra; YIn-parentheses, statistical values obtained from average of over six independent devices.

flux density of the AM 1.5G solar spectrum yielded Jscs of 24.2,
25.0, and 25.0 mA cm ™2 for bare ZnO, ZnO/SAR, and ZnO/OCS
ETL, respectively, which were consistent, within experimental
errors of ~5%, with the Jsc value measured under AM 1.5G con-
ditions. Enhancement of the EQE response in the wide region of
350-900 nm after modifying the ZnO surface with the SAR and
OCS resins implied improved photon-to-electron conversion effi-
ciency, which is one of the reasons for the enhanced Jsc value.
Interestingly, OSCs based on UV crosslinking resins exhibit
improved Voc compared to that of bare ZnO-based device, which
is attributed to mitigated interfacial defects and well-aligned
energy level between the ZnO and photoactive layer, leading
to the minimized energy loss.

To determine the reason for the improved photovoltaic
performance in resin-employing OSCs, electron-only devices
with ITO/ETL/PM6:Y6-BO/ZnO/Ag architecture were fabri-
cated. The electron transport properties of OSCs with pristine
ZnO and crosslinked ZnO were evaluated by measuring the elec-
tron mobility (u.) in the space—charge-limited current (SCLC)
regime (Figure S6, Supporting Information) using the Mott—
Gurney relation of ,ue:8]SCLCL3/9V2850,[50'51] where ]/V2 is
the slope of current density Jscic versus voltage (V= Vpp—
Voi—Vr, where V., is the applied voltage, Vi; reveals the
built-in potential determinedby electrode WF difference, and
V; indicates the voltage drop, which occurred due to contact resis-
tance and series resistance across the electrodes) in the child’s
region, L is the thickness of the photoactive film, ¢ is relative
dielectric constant of the photoactive layer, and ¢, is the dielectric
constant in vacuum. The SCLC device based on pristine ZnO
showed a low p. of 4.37 x 10 *cm?V~'S™%. In contrast, the
ye values of the ZnO/SAR- and ZnO/OCS-based device
increased to 5.53 x 10 * and 5.70 x 10 *cm? V' S™, respec-
tively. The enhancement of u. values due to UV resin modifica-
tion of ZnO surface reveals that the electron transport capability
in OSCs improved, leading to higher values of FF and Jsc.

The enhanced electron transport and extraction in modified
ZnO devices were further supported by the dependence of
photocurrent density Jon (Jph =Jlight—Jdark» Where Jign: and
Jaark are the current density under 1.5 AM illumination and dark-
ness, respectively) versus effective voltage Vegr (Vegr= Vo~ Vappl,
where Vq is the voltage at J,n equal to zero and V,pp is the
applied voltage) characteristics (Figure 3c)."? The exciton disso-
ciation probability, P(E,T), in OSCs was obtained from the nor-
malized value of [, with respect to the saturated current density
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(Jsat) (Jpn/Jsar) under short-circuit conditions. P(E,T) values,
which are related to the charge transfer efficiency, were found
to be 95.5%, 97.4%, and 97.2%, for devices incorporating
ZnO, ZnO/SAR, and ZnO/OCS, respectively. The enhanced
P(E,T) of the crosslinked OSCs implied that the morphology
of photoactive films can be readily altered by surface properties
of ETLs underneath. As shown in Figure S7, Supporting
Information, the uniform and homogeneous morphology of
PM6:Y6-BO films coated on ZnO/SAR and ZnO/OCS with
smaller root mean square roughness (RMS) compared with that
of neat ZnO/PM6:Y6-BO film, which resulted in the improved
P(E,T) values.

Additionally, the charge carrier recombination properties were
investigated by evaluating the dependence of the values Jsc and
Voc on the incident light intensity (Pygpn). The bimolecular
charge recombination is termed dominant, when the slope of
Voc versus Piign: (1) approaches kT/q,”*! while the trap-assisted
charge recombination dominates when the slope of Vo versus
Piighe (1) approaches 2 kT/q.*Y Here, k is the Boltzmann con-
stant, T is absolute temperature, and q is elementary charge.
As depicted in Figure 3d, higher values of n=1.28 kT/q in bare
ZnO-based OSCs led to more trap-assisted charge recombination
compared to the case of OSCs with ZnO modified by SAR
(n=1.10 kT/q) and OCS (n = 1.11 kT/q). The charge recombina-
tion status in these OSCs is also investigated via the dependence
of Jsc on the incident light intensity (Figure 3e). The power law
equation Jsc o (Plighy)” is used to describe the correlation
between Jsc and Pyign., where o is an exponential factor. A weak
bimolecular recombination is indicated by an a value close to 1.
The a values for the OSCs with bare ZnO, ZnO/SAR, and
ZnO/OCS range from 0.94, 0.97, and 0.98, respectively. Thus,
the crosslinking of UV resins on ZnO surface benefits from
the substantially reduced trap-assisted and bimolecular recombi-
nation, leading to improved photovoltaic performance of OSCs.

Considering the lower enthalpy of the ZnO/Y6-BO interface in
comparison to that of the ZnO/PM6 interface, Y6-BO NFAs are
expected to preferentially distribute on the ZnO surface, making
them prone to immediate attack by ROS generated by ZnO.
Therefore, the UV-vis absorption spectra were measured for
UV light stability by monitoring the photochemical degradation
behavior of Y6-BO NFAs coated on ZnO under UV lamp
(365 nm, 8 W) illumination (Figure 4a—c). The evolution of the
Y6-BO absorption intensity peaks at ~840 nm was monitored
with respect to changes in the irradiation time, as illustrated

© 2024 The Authors. Advanced Energy and Sustainability Research
published by Wiley-VCH GmbH

85U80|7 SUOWWOD BA 81D 3|edl|dde 8y Aq pauenob ae 3o e YO 88N JO S3|NI 0 Are1qIT 8UIIUO AB]IM UO (SUORIPUOD-PUE-SWBY/W0D A8 1M Alq 1 [BulUO//SANY) SUORIPUOD Pue swi | 8u}38s *[202/2c0/2e] uo Ariqiauluo A|im ‘dure® ABojosAUd 108sU| Jo 81UBD [eUOIRURIU| Y AN M - dSVNI AQ 0TZ00€20Z 1598/200T 0T/I0p/W0o" A3 | im* Areaq 1 putjuo//sdny Wwo. papeojumoq ‘0 ‘ZTy66692


http://www.advancedsciencenews.com
http://www.advenergysustres.com

ADVANCED
SCIENCE NEWS

DVANCE
ENERGY & SUSTAINABILITY
RESEARCH

www.advancedsciencenews.com

www.advenergysustres.com

(a) (b) (©) (d)
ZnO/Y6-BO ZnO/SAR/Y6-BO Zn0O/0OCS/Y6-BO 1.0}
——O0hrs —O0hrs _.|=—0hrs
S |—20hrs S |—20hrs i ——20 hrs
8 | ——40hrs 8 | —40hrs % —40 hrs g 0.8
Y | —60hrs Y | —60hrs 9 | —60hrs 2
c < © < &)
© ] a =
£ 2 H = 0.6}
s s & 2 ——2Zno
3 2 e < —o—ZnO/SAR
—9—Zn0/0OCS
04}
300 400 500 600 700 800 900 1000 300 400 500 600 700 800 900 1000 300 400 500 600 700 800 900 1000 0 10 20 30 40 50 60
Wavelength (nm) Wavelength (nm) Wavelength (nm) Irradiation Time (hours)
(e) () )
ZnO/Y6-BO ZnO/SAR/Y6-BO Zn0O/OCS/Y6-BO
A120——0 hrs 120F _ ohrs - 1200 ohrs
.2 ——60 hrs .2 ——60 hrs t ——60 hrs
3
3 8o} 3 80 S sof
L L b
7] [ c
g 40P - 40 g 40
£ £ £
0 i i 0 L N L . 0 L . .
1480 1520 1560 1600 1480 1520 1560 1600 1480 1520 1560 1600
Raman Shift cm”) Raman Shift cm™ Raman Shift cm™)

Figure 4. The UV-vis absorption spectra of Y6-BO coated on a) ZnO, b) ZnO/SAR, and c) ZnO/OCS ETL as a function of UV lamp illumination time.
d) Comparison of the changes in the absorption intensity of Y6-BO coated on various ETLs as a function of UV lamp irradiation time. The Raman spectra

of fresh and photoaged Y6-BO on e) ZnO, f) ZnO/SAR, and g) ZnO/OCS

in Figure 4d. The absorption intensity of Y6-BO on pristine ZnO
film decreased dramatically within 60 h of UV irradiation. On the
contrary, Y6-BO on the ZnO/SAR and ZnO/OCS showed a slower
absorption intensity decay trend. These results indicate that the
UV resins with wide bandgaps shielded the photocatalytic effect
of ZnO from direct contact with the photoactive layer, thus
mitigating the photodegradation of Y6-BO. This is speculated to
be the reason that the UV light stability of Y6-BO on the modified
ZnO surface improved compared to that on bare ZnO.

The UV light stability of Y6-BO coated on ZnO-based ETLs
was further investigated using Raman spectroscopy, according
to processes in the literature.?? As shown in Figure 4e—g, the
peak in the Raman spectra at 1553cm™" as a result of the
C=C bond joining the donor to acceptor moieties in Y6-BO
NFA were largely quenched after 60 h UV irradiation for the case
of bare ZnO film. In contrast, the intensity peak of the C=C bond
of Y6-BO on ZnO films modified with SAR and OCS exhibited a
substantially slower decay, which is in accordance with the
UV-vis spectroscopy results, which showed that the photocata-
lytic effect of ZnO was effectively mitigated by UV resin modifi-
cation. When the UV lamp is replaced with a xenon arc source,
the Y6-BO film on bare ZnO is also unstable compared to that
based on UV crosslinked resins with changed absorbance
(Figure S8, Supporting Information). This suggests that the deg-
radation of Y6-BO by photocatalytic effect of ZnO is attributed to
the UV spectral region of the AM1.5 spectrum. Consequently,
the ZnO/UV resin ETLs are expected to deliver exceptional pho-
tostability for the inverted OSCs.

In addition to the device efficiency, the light-soaking stability
was investigated by monitoring the PCE evolution of glass-to-
glass-encapsulated OSCs based on bare and modified ZnO
ETLs under continuous 1sun illumination (100 mW cm ?)
using metal halide light source. Figure S9, Supporting
Information, shows the light spectrum of metal halide lamp used
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ETL.

for the photodegradation test. Optimization of the light soaking
stability based on the various UV resin concentrations was car-
ried out, as depicted in Figure S10, Supporting Information.
With 0.52wt% of UV resin, the electrical current leakage in
OSCs was found to reach its lowest level and highest photostabil-
ity performance after 90 h. The light-soaking test was further
investigated for up to 1000 h under the optimized conditions;
decay curves of inverted OSCs without and with UV resin
modification are shown in Figure 5a. Performance of UV
resin-processed OSCs with SAR and OCS remained remarkably
stable, with decreases in efficiency of only 19% over a period of
1000 h under continuous 1 sun light exposure. In sharp contrast,
the control device decayed very rapidly, showing a 44% decline in
initial PCE. These results were in agreement with improved UV
light stability for OSCs with SAR- or OCS-based interfacial
modification. The main contribution to the stable performance
observed in the modified devices during the photostability
test can be attributed to the enhanced values of FF and Jsc
(Figure S11 and Table S2-S4, Supporting Information).
Changes of dark current behavior in OSCs before and after
the photostability test were also investigated, as shown in
Figure 5b. It is important to mention that the origin of the dark
current density (J4ak) can be mainly explained by bimolecular
charge recombination at the interface, which is directly deter-
mined by the FF values of the relevant devices. Compared to
the control OSC, leakage or dark currents were significantly sup-
pressed in the fresh OSCs with crosslinked UV resins, leading to
improved diode characteristics and rectification ratios (current
density at 2 V divided by the current density at —2 V) of the devi-
ces. More encouragingly, the dark characteristics of the photoag-
ing devices with modified ZnO surface were similar to those of
fresh OSCs. In contrast, the neat ZnO-based device exhibited low
shunt resistances, high value of J4,.1., and reduced rectification of
diodes after the photostability test.
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Figure 5. a) Normalized PCE decay curves of OSCs with different ETLs as a function of light-soaking time and b) corresponding dark J—V curves before
(filled symbols) and after (blank symbols) photostability test. c) EIS spectra of OSCs with different ETLs before (filled symbols) and after (blank symbols)

light soaking for 100 h.

To further understand the reason for the enhanced light-
soaking stability, we subjected the unencapsulated OSCs to
light-soaking stress for 100h and then measured the exciton
dissociation probability and charge recombination property, as
shown in Figure S12, Supporting Information. After the photo-
stability test, the pristine ZnO-based OSCs showed a substantial
10.0% decrease in exciton dissociation probability, while the
OSCs based on ZnO/SAR and ZnO/OCS ETL exhibited only
2.8% and 1.9% declines. Similarly, logarithmic dependence of
Voc on incident Pjg. with slope increments of 0.49, 0.16,
and 0.10 kT/q for OSCs with ZnO, ZnO/SAR, and ZnO/OCS
ETL, respectively, was observed, compared with those of fresh
devices. Furthermore, electrochemical impedance spectroscopy
(EIS) was used to determine changes in charge transport resis-
tance of unencapsulated OSCs based on various ETLs before and
after light-soaking test for 100 h (Figure 5c). The equivalent cir-
cuit model used to fit the EIS is presented in Figure S13,
Supporting Information. Comparisons of the series resistance
before and after photoageing for 100 h revealed that OSCs based
on ZnO/SAR (3.8 Q) and ZnO/OCS (2.8 Q) had subtle variations
in charge transport resistance compared to that of the control
device (12.4 Q). From the above results, we can deduce that inter-
face charge accumulation between modified ZnO ETLs and the
photoactive layer was effectively reduced compared to the case
of OSC with bare ZnO ETL, leading to the remarkable

improvement of light-soaking stability in OSCs based on modi-
fied ZnO ETLs. To the best of our knowledge, among OSCs with
ZnO ETL, this study presents the best photostability under metal
halide light source 1sun illumination. (Table S5, Supporting
Information).

Apart from the photostability, the thermal stability in OSCs is
also critical for practical applications of this emerging technol-
ogy. We conducted a thermal-stress stability test for PM6:Y6-
BO-based unencapsulated OSCs without and with SAR or
OCS UV resin on a hot plate in ambient air at 120°C/55
~68% relative humidity for 200h. Dependences of PCE on
annealing time of the three OSCs based on various ETLs
and corresponding changes of the -V curves before and
after the thermal stress are depicted in Figure 6a,b. As shown
in Figure 6a, the percentages of the initial PCE losses
were 42%, 27%, and 22% for devices with bare ZnO, ZnO/
SAR, and ZnO/OCS ETL, respectively. The performance
drop is more severe for the control OSC than that for the
devices with ZnO modification. The photovoltaic parameter
that contributed most to the stable performance of OSCs under
thermal stress was FF (Table S6-S8, Supporting Information).
These results indicate that crosslinked ZnO with UV resins
may have played a significant role in mitigating thermally
induced interfacial charge recombination and morphological
degradation.

(a) (b) (c)
1.0k ~ 25 10°F —---0-Zn0 - —-ZnO/SAR
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Figure 6. Thermal stability characteristic. a) Normalized PCE decay curves as a function of thermal stress time at 120 °C for unencapsulated OSCs with
different ETLs. b) Best J-V curves under (b) 1.5 AM illumination and c) dark OSCs with different ETLs before (filled symbols) and after (blank symbols)

thermal stress test for 200 h.
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Figure 7. AFM height images of a—c) fresh and d—f) thermal-aged ETL surface based on (a,d) bare ZnO, (b,e) ZnO/SAR, and (c,f) ZnO/OCS.

To determine the reason for the enhancement of thermal
stability of OSCs with UV resins, we first analyzed the values
of Jaark Of the relevant devices; the measurement of this value
can be considered a direct and unambiguous measurement of
the charge recombination loss in OSCs, where recombination
loss is a fundamental process determining the photovoltaic per-
formance. The dark J-V characteristics of the OSCs before and
after 200h of thermal aging were measured, as shown in
Figure 6¢c. Notably, the large variation in Jg.u of the bare
ZnO-based OSCs before and after thermal degradation corre-
sponded to poor thermal stability. Therefore, the observed insta-
bility of the bare ZnO ETL should be ascribed to an increased
interfacial charge recombination rate and substantial concomi-
tant dark saturation current. Conversely, minor variations can
be seen in the values of 4, of OSCs based on UV resin modifi-
cation; compared to control device, J4. values are lower by
orders of magnitude and there is a larger rectification ratio. It
is worth mentioning that the subtle change in Jg,—V character-
istics of OSCs based on modified ZnO ETLs under thermal stress
is one of the reasons for the improved thermal stability.

To further establish reasons for the different thermal stabili-
ties of OSCs induced by ETLs, we monitored changes in water
contact angles (WCAs) and surface roughness of ETLs before and
after thermal stress at 120 °C for 3 h. The WCAs of the ETLs sub-
jected to thermal stress (Figure S14, Supporting Information)
were compared to those of the fresh films (Figure S2,
Supporting Information). The ZnO films modified with SAR
or OCS resins exhibited negligible changes in WCA values
(0.3° and 0.6° for ZnO/SAR and ZnO/OCS, respectively), while
pristine ZnO ETL showed an obvious change (4.8°) upon thermal
stress. In the atomic force microscopy (AFM) analysis (Figure 7),
a similar trend was observed in the surface roughness of ETLs:
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neat ZnO film showed a larger change (0.36 nm) in surface
roughness after 3 h of thermal aging at 120 °C. On the contrary,
morphologies of ZnO surfaces with the modification of UV res-
ins were not significantly altered under thermal stress, with RMS
values slightly decreasing from 2.49 to 2.42nm for ZnO/SAR
and from 2.28 to 2.25nm for ZnO/OCS. Both the WCA and
AFM results indicate that the ZnO surface with SAR or OCS
resins formed a robust and firmly crosslinked network that
was highly resistant to thermal stress. More importantly, both
light soaking and thermal stability of OSCs remarkably improved
after modifying ZnO ETL with UV resins.

3. Conclusion

In summary, we have developed a simple and effective approach
to enhancing the efficiency and stability of inverted OSCs utiliz-
ing SAR and OCS UV resins for modification of the ZnO/PM6:
Y6-BO interface. Our findings reveal that crosslinked SAR or
OCS on ZnO led to higher solvent resistance, upshifted WF, sup-
pressed surface defects, and reduced surface energy. Utilizing
ZnO/SAR and ZnO/OCS ETL, a remarkable PCE of 16.1%
was attained in inverted OSCs based on PM6:Y6-BO photoactive
system. Notably, the photocatalytic activity of ZnO, which
decomposes Y6-BO under UV irradiation, was substantially mit-
igated by SAR or OCS interfacial modification. As a result, OSCs
based on SAR or OCS resins retained over 80% of their initial
values of PCE, while the control OSC maintained 56% of its ini-
tial efficiency after light soaking for 1000 h. Similarly, OSCs with
ZnO/SAR and ZnO/OCS ETL retained 73% and 78% of their
initial PCE values under thermal stress at 120°C for 200h,
whereas neat ZnO-based OSCs retained only 58% of their initial
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PCE values. This work successfully addresses and tackles the
instability problem of inverted OSCs; the key findings pave
the way for upscaling of these devices and, perhaps, of related
organic electronic devices.

Supporting Information

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