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Electron transport layers (ETLs) play a pivotal role in determining the efficiency and stability of inverted structure organic solar
cells (OSCs). Zinc oxide nanoparticles (ZnO NPs) are commonly used as ETLs due to their mild deposition conditions and
compatibility with flexible plastic substrates, facilitating scalable manufacturing. In this study, we introduce a molecule called
NMO, which serves a dual purpose: efficiently dispersing ZnO nanoparticles and acting as a surface modification layer for ZnO
NPs thin films. The hybrid ETL created by blending and surface modification with NMO significantly enhances both the
efficiency and stability of OSCs. Inverted structure OSCs, based on the PM6:Y6 system and utilizing the hybrid ETL, achieve
impressive power conversion efficiency (PCE) of 18.31%. Moreover, these devices demonstrate exceptional stability during
shelf storage (T80 = 19,650 h), thermal aging (T80 = 7783 h), and maximum power point tracking (T80 = 3009 h). Importantly, the
hybrid ETL exhibits good generality, as all tested OSCs utilizing it display significantly improved efficiencies and stabilities.
Notably, a PCE of 19.23% is attained for the PM6:BTP-eC9-based device, marking the highest reported efficiency for inverted
single-junction OSCs to date.
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1 Introduction

With the advantages of flexibility, low cost, and large-area
printing, organic solar cells (OSCs) have broad application
prospects in building integration, wearable electronic de-
vices, and other fields [1–5]. In recent years, there has been a
rapid increase in the power conversion efficiencies (PCEs) of
OSCs, surpassing 20% [6–9]. However, achieving both high
efficiency and stability remains a formidable challenge, es-
sential for the commercialization of OSCs [10–13]. Typi-
cally, OSCs with an inverted architecture offer improved

stability and compatibility with roll-to-roll printing. How-
ever, their efficiencies are generally lower than those of
devices with a normal structure [14–16]. This underscores
the pressing need to develop inverted OSCs with high per-
formance and stability. The electron transport layers (ETLs)
play a pivotal role in fabricating inverted structure devices.
Among commonly used ETLs, zinc oxide (ZnO), especially
when prepared via the sol-gel method, has found widespread
use in inverted OSCs due to its high electron mobility and
straightforward preparation [17,18]. Nevertheless, the high-
temperature (usually 200°C) post-treatment required for sol-
gel ZnO significantly hinders its application in flexible de-
vices and roll-to-roll OSCs manufacturing. Furthermore,
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ZnO exhibits a photocatalytic effect that compromises de-
vice photo-stability [19,20]. ZnO nanoparticles (ZnO NPs)
offer the advantage of being easily prepared and treated at
lower temperatures. However, OSCs based on ZnO NPs ty-
pically exhibit lower efficiencies than those using sol-gel
ZnO, primarily due to the presence of surface defects [21–
25]. Additionally, ZnO NPs tend to aggregate in processing
solutions, leading to inferior device performance. Numerous
efforts have been made to address these ZnO-related chal-
lenges, particularly through surface modification, but the
results have fallen short of achieving satisfactory OSC per-
formance in terms of efficiency and stability, especially
when mild processing conditions are used with ZnO NPs as
the ETL [14,26–30].
In this study, we have designed and synthesized a molecule

named NMO. It can anchor onto ZnO NPs and effectively
prevent their aggregation in alcohol solution. Importantly,
through blending and film surface modification with NMO,
the work function, conductivity, and interfacial properties of
ZnO NPs based film can be substantially optimized. As a
result, utilizing the hybrid ETL composed of ZnO NPs and
NMO, the typical PM6:Y6-based device achieves an im-
pressive efficiency of 18.31% and exceptional stability
during shelf storage (T80 = 19650 h), thermal aging (T80 =
7783 h), and maximum power point (MPP) tracking (T80 =
3009 h). Notably, this hybrid ETL exhibits good generality,
as all tested OSCs employing it demonstrate significantly
improved efficiencies and stabilities compared to control
devices. Particularly noteworthy is the attainment of a PCE
of 19.23% for the PM6:BTP-eC9 system, marking the
highest reported efficiency for inverted single-junction OSCs
to date [10,11,15,25,31–41].

2 Results and discussion

The chemical structure of NMO is depicted in Figure 1a. It
can be readily synthesized in a single step using commer-
cially available reagents. The detailed synthesis procedure is
provided in the supporting information. NMO features al-
koxy chains, allowing it to dissolve easily in alcohol solvents
such as methanol and ethanol. Importantly, it does not dis-
solve in halogen solvents like chloroform and chlor-
obenzene, which are commonly used as solvents for active
layer materials. This property makes it suitable for use as a
modified layer on ZnO films. As illustrated in Figure 1a,
ZnO NPs in methanol form a white cloudy solution. How-
ever, after adding NMO at a weight ratio of 15% compared to
ZnO NPs, the solution becomes transparent. Dynamic light
scattering (DLS) measurement (Figure 1b) shows that the
addition of NMO effectively disperses ZnO NPs in the me-
thanol solution. Even after 70 days, the size distribution of
ZnO NPs with NMO remains unchanged in the blended so-

lution (10 ± 1 nm ). In contrast, the control ZnO NPs without
NMO aggregate into clusters, leading to a significant in-
crease in particle diameters from 23 to 120 nm. The effective
and stable dispersion of ZnO NPs with NMO is primarily
attributed to the strong interaction between the carboxyl acid
groups on NMO and the hydroxide groups of ZnO NPs. As
revealed in the Fourier transform infrared spectroscopy
(FTIR) spectra (Figure 1c), the vibrational peaks of the C=O
group in NMO shift from 1700 to 1615 cm−1, and simulta-
neously, the hydroxyl (O–H) vibration peak of NMO dis-
appears in the NMO and ZnO NPs blend. In this study, we
refer to the blend of ZnO NPs and NMO as ZnO:NMO.
These results indicate that the carboxyl groups on NMO
chemically passivate ZnO NPs. Furthermore, X-ray photo-
electron spectroscopy (XPS) characterization was performed
on the films of bare ZnO NPs and ZnO: NMO. As shown in
Figure 1d–f, clear C=C and COO− peaks originating from the
NMO molecule are observed at binding energies of 285.9
and 288.1 eV, respectively, in the film of ZnO: NMO [42].
Meanwhile, the Zn 2p peaks at 1044.7 and 1021.6 eV shift
towards lower energy both by 0.2 eV. Moreover, after
blending with NMO, the signal of lattice oxygen in ZnO
remains unchanged. However, the peak corresponding to
defect oxygen, including oxygen vacancies and oxygen ad-
sorbed on the surface of ZnO NPs, shifts from 531.7 to
531.9 eV. Importantly, the peak intensity of lattice oxygen
increases while that of defect oxygen decreases. The ratio of
lattice oxygen to defect oxygen changes from 0.25 to 3.17
before and after modification, calculated from the corre-
sponding peak areas. These findings indicate a significant
reduction in oxygen defects in ZnO NPs after blending with
NMO.
To assess the potential of ZnO:NMO as an ETL, we fab-

ricated OSCs with an inverted structure of ITO/ETL/Active
layer/MoOx/Ag. The device architecture is illustrated in
Figure 2a. We chose PM6:Y6, a representative OSC system,
as the active layer. After optimization, the device employing
ZnO:NMO as the ETL achieved an efficiency of 16.53%,
surpassing that of the control device using bare ZnO NPs
(15.50%). Remarkably, when the ZnO:NMO film was fur-
ther surface-modified with NMO (ZnO:NMO/NMO) and
used as the ETL, the device exhibited an impressive PCE of
18.31%, marking the highest efficiency reported for PM6:
Y6-based inverted OSCs to date. The optimized photovoltaic
parameters are summarized in Table 1, and the correspond-
ing J-V and EQE curves are displayed in Figure 2b and c. It is
worth noting that surface modification with NMO on bare
ZnO NPs or sol-gel ZnO had a modest, though not sig-
nificant, effect on improving device efficiencies compared to
control devices (Figure S6, Table S1). These results suggest
that the combination of ZnO NPs dispersion and film surface
modification played a crucial role in enhancing device per-
formance.
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Figure 1 (Color online) (a) Chemical structure of NMO, and photo images of ZnO NPs with and without NMO (15%wt). (b) DLS measurement results,
where the insert is the size change with time. (c) FTIR spectra of ZnO NPs, NMO and their blending film. (d–f) XPS of ZnO NPs with and without NMO.

Figure 2 (Color online) (a) Photovoltaic device architecture in this work. (b) J-V curves. (c) EQE spectra. (d) UPS characterizations of the three films.
(e) Energy levels of ITO, ZnO NPs, ZnO:NMO, ZnO:NMO/NMO, PM6, Y6, MoOx, and Ag. (f) Conductivity measurement J-V curves of the three films.
(g–i) Atomic force microscopy (AFM) height images of the films of ZnO NPs, ZnO:NMO and ZnO:NMO/NMO, the inserts are the contact angle
measurement results on water.
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To understand the mechanism responsible for the enhanced
device performance using the hybrid ETL ZnO:NMO/NMO,
we conducted ultraviolet photoelectron spectroscopy (UPS)
measurements on films of ZnO NPs, ZnO:NMO, and ZnO:
NMO/NMO. From the secondary electron cutoff (Ecutoff)
edges (Figure 2d), we determined the work functions (WF)
of these films to be 3.79, 3.84, and 3.86 eV, respectively. The
valence band maximum (VBM) values calculated from the
Fermi level and the highest occupied state (HOS) were
−7.03, −7.11, and −7.24 for ZnO NPs, ZnO:NMO, and ZnO:
NMO/NMO, respectively. To estimate the conduction band
minimum (CBM), we used the VBM and optical bandgap,
resulting in values of −3.62, −3.67, and −3.83 eV for ZnO
NPs, ZnO:NMO, and ZnO:NMO/NMO films. As illustrated
in Figure 2e, ZnO:NMO/NMO films exhibited the shal-
lowest energy levels, minimizing interfacial barriers between
the active layer film and the electrode, thereby facilitating
charge extraction and carrier transport in inverted devices
[14,21]. We measured the conductivity of the three films
using the device structure ITO/ETL/Ag (Figure 2f). Calcu-
lated from the slope of the J-V curves, the conductivity of
ZnO NPs, ZnO:NMO, and ZnO:NMO/NMO films were
determined to be 8.76 × 10−4, 9.44 × 10−4, and 1.14 ×
10−3 S cm−1, respectively. The enhanced conductivity of
ZnO:NMO and ZnO:NMO/NMO films suggests fewer sur-
face defects in ZnO NPs and reduced series resistance, which
benefits the improvement of the device fill factor (FF).
In addition to tuning the work function and conductivity

properties, ETLs can influence the morphology of bulk
heterojunction active layers, as the surface properties initiate
the morphological framework. To investigate this, we ana-
lyzed the surface properties of bare ZnO NPs, ZnO:NMO,
and ZnO:NMO/NMO films. As depicted in Figure 2g–i, the
ZnO:NMO/NMO film displayed a smoother and more uni-
form surface with a root-mean-square roughness (Rq) of
2.37 nm, compared to the roughness of bare ZnO NPs
(4.81 nm) and ZnO:NMO (3.61 nm) films, and NMO is
evenly distributed on the ZnO:NMO surface from the energy
dispersive X-ray spectroscopy (EDS) measurement (Figure

S7). Furthermore, we tested the contact angles of these films
with water and glycerol and calculated surface tension (γs)
values following Wu’s model [43]. The results in Table S2
show that bare ZnO NPs and ZnO:NMO films had similar γs
with values of 63.8 and 62.1 mJ m−2, respectively. In con-
trast, the ZnO:NMO/NMO film exhibited a lower γs of
53.3 mJ m−2. PM6 and Y6 had γs values of 27.5 and
29.3 mJ m−2, respectively, under the same conditions. The
reduced γs of the hybrid ETL ZnO:NMO/NMO is beneficial
for Y6 aggregation near the ETL, facilitating charge trans-
port in inverted structure OSCs. To confirm this assumption,
we investigated the vertical phase distribution of the active
layer in devices using bare ZnO NPs and the hybrid ETL
ZnO:NMO/NMO through time-of-flight secondary ion mass
spectrometry (TOF-SIMS). CN− serves as an indicator of Y6,
while F− represents the total component of PM6 and Y6. The
ratio of CN− intensity to F− intensity partially represents the
amount of Y6 at a specific location/height in the vertical
direction [44,45]. As shown in Figure S8, a higher CN−/F−

ratio was observed in the region near the bottom ETL (1.32
vs. 2.73), indicating that more Y6 was accumulated near the
cathode in the hybrid ETL-based device, consistent with the
surface energy analysis results mentioned earlier.
To gain a deeper understanding of the enhanced perfor-

mance of devices utilizing the hybrid ETL ZnO:NMO/NMO,
dynamic measurements were conducted to investigate the
exciton dissociation process, charge transport properties, and
recombination. Firstly, we measured the dependence of
photocurrent density (Jph) on effective voltage (Veff) for both
devices (Figure 3a). The exciton dissociation probability
(Pdiss) was calculated by dividing Jph by the saturated pho-
tocurrent density (Jsat). Under short-circuit current and
maximal power point conditions, the control and hybrid
ETL-based devices exhibited Pdiss values of 95.8% vs.
97.7%, and 79.5% vs. 89.5%, respectively. The larger Pdiss
values in the hybrid ETL-based device indicate a more ef-
fective exciton dissociation process compared to the control
device. We also employed transient photocurrent (TPC) and
transient photovoltage (TPV) characterizations to investigate

Table 1 Optimized photovoltaic parameters of the PM6:Y6 based devices with different ETLsa)

ETL Voc [V] Jsc [mA cm–2] Jsc
cal [mA cm–2]b) FF [%] PCE [%]

ZnO NPs
0.824 25.11 24.80 74.68 15.50

(0.822 ± 0.002) (24.71 ± 0.46) (74.82 ± 0.90) (15.26 ± 0.19)

ZnO:NMOc) 0.829 26.40 25.95 75.45 16.53

(0.827 ± 0.003) (26.21 ± 0.33) (75.37 ± 0.27) (16.32 ± 0.21)

ZnO:NMO/NMOd) 0.846 27.65 27.14 78.08 18.31

(0.844 ± 0.003) (27.47 ± 0.29) (77.70 ± 0.63) (18.01 ± 0.26)

a) Optimal results and statistical results are listed outside of parentheses and in parentheses, respectively. The average parameters were calculated from 10
independent devices. b) Integrated short-circuit current (Jsc) from EQE curve. c) ZnO NPs blended with NMO. d) ZnO NPs blended with NMO and then the
corresponding film modified with NMO.
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charge extraction and recombination properties (Figure 3b
and c). In comparison to the control device, the hybrid ETL-
based device displayed a shorter charge extraction time
(0.46 μs vs. 0.76 μs) and a significantly longer carrier life-
time (80 μs vs. 17 μs). These results suggest that the hybrid
ETL effectively improves charge extraction efficiency and
transport in inverted devices, which aligns with the observed
enhancements in FF and Jsc. Furthermore, we examined the
J-V curves of the control and hybrid ETL-based devices
under dark conditions (Figure 3d). The device with the hy-
brid ETL demonstrated reduced leakage current under re-
verse bias voltage and an enhanced rectification ratio when
compared to the control device. These findings indicate a
more efficient carrier injection process. To study the inter-
face resistances of the two devices, we conducted electro-
chemical impedance spectroscopy (EIS) measurements
(Figure 3e). The hybrid ETL-based device exhibited series
and surface resistances of 33.6 and 19.4 Ω, respectively,
which were lower than those of the device based solely on
bare ZnO NPs, which had values of 35.2 and 44.0 Ω, re-
spectively. The reduced values of series resistance (Rseries)
and surface resistance (Rsurface) signify fewer interfacial de-
fects and improved contact between the active layer and
ETL, favorably suppressing interfacial charge recombination
and enhancing charge extraction. In addition, the photo-
luminescence (PL) spectra of PM6 spin-coated on the ZnO
NPs and ZnO:NMO/NMO films are shown in Figure 3f. The
PL of PM6 was substantially quenched on the ZnO:NMO/
NMO film, indicating more efficient exciton dissociation and
electron extraction from the donor to the hybrid ETL.
Moreover, the excellent electron transport and extraction

capabilities of ZnO:NMO/NMO ETL guarantee its layer
thickness can be adjusted in the large range (from 20 to
50 nm), without significantly affecting device performance
(Table S3).
Achieving long-term stability remains a significant chal-

lenge for OSCs. In inverted structure OSCs, which com-
monly employ sol-gel and nanoparticle ZnO as ETLs, the
issue of photoinduced catalysis poses a serious threat to
OSCs stability. Despite substantial efforts dedicated to ad-
dressing this problem, it remains a challenge to simulta-
neously achieve high efficiency and good stability in
inverted OSCs using ZnO-based ETLs. To assess the impact
of the hybrid ETL ZnO:NMO/NMO on device stability, we
conducted measurements involving shelf storage, thermal
aging, and operation at the MPP for devices utilizing the
hybrid ETL compared to those using bare ZnO NPs. As
depicted in Figure 4a, the PM6:Y6 device employing the
hybrid ETL demonstrated outstanding shelf stability, with
the efficiency of the leading device remaining at 99.5% after
1000 h of storage in a glove box filled with N2. The cham-
pion device exhibited a fitting T80 of 19,650 h, significantly
higher than that of the device based on bare ZnO NPs, which
had a T80 of 2628 h. Moreover, the device utilizing the hybrid
ETL displayed commendable thermal stability. As shown in
Figure 4b, the power conversion efficiency (PCE) of the
PM6:Y6 device with the hybrid ETL retained 96.6% of its
initial value after 1000 h of thermal treatment at 65°C, with a
T80 of 7783 h. In contrast, the PCE of the bare ZnO NPs-
based device dropped to 87.9% of its initial efficiency, with a
T80 of 1481 h. Crucially, we also evaluated the light stability
of the device operating at the MPP under continuous illu-

Figure 3 (Color online) (a) Photocurrent density versus effective voltage (Jph-Veff) characteristics for the devices based on ZnO NPs and ZnO:NMO/NMO.
(b) Transient photocurrent and (c) transient photovoltage measurements of devices based on ZnO NPs and ZnO:NMO/NMO. (d) J-V characteristics in the
dark of devices based on ZnO NPs and ZnO:NMO/NMO. (e) Nyquist plots of devices. (f) PL spectra of PM6 spin-coated films on the ZnO NPs and ZnO:
NMO/NMO layer under 400 nm excitation.
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mination from a 100 mW cm−2 LED. As depicted in Figure
4c, the device employing the hybrid ETL exhibited robust
photostability, retaining 92.1 % of its initial efficiency after
750 h of continuous illumination, with a T80 of 3009 h.
Conversely, the efficiency of the device with bare ZnO NPs
decreased to 80% of its initial efficiency, with a T80 of 497 h.
We further investigate the photostability of the devices with
the hybrid ETL and bare ZnO NPs under extreme conditions,
i.e., continuous ultraviolet (UV) irradiation (365 nm,
40 mW cm−2). As shown in Figure 4d, after 100 min ex-
posure to UV exposure, the hybrid ETL-based device
maintains 90.4 % of its initial efficiency. While the bare ZnO
NPs based device only maintains 80% of the initial PCE. As
shown in Figure 4e and f, under continuous UV illumination,
the absorption strength of Y6 film coated on glass/ZnO NPs
significantly decreased after 140 h. In contrast, there is
nearly no change in the absorption of Y6 film coated on the
glass/ZnO:NMO/NMO hybrid film, which indicates rather
good stability of Y6 film owing to much reduced photo-
catalytic of the hybrid ETL.
To assess the generality of the hybrid ETL ZnO:NMO/

NMO, we fabricated inverted structure OSCs using other
typical active layer systems. The chemical structures of the
donor and acceptor materials are provided in Figure S9. As
summarized in Table 2, the use of the hybrid ETL led to a
significant enhancement in the efficiencies of all the devices.
Notably, the device based on PM6:BTP-eC9 achieved a PCE
of 19.23%, marking the highest reported efficiency to date
for inverted structure OSCs (Table S5). Additionally, all of

these devices demonstrated considerable stability when op-
erated at MPP tracking compared to the control devices
employing bare ZnO NPs (Figures S11 and S12). On the
other hand, the conventional thermal annealing process for
sol-gel ZnO at temperatures ranging from 150–200°C im-
poses a significant constraint on its use in flexible OSCs.
This limitation arises because common flexible substrates,
such as polyethylene terephthalate (PET) and polyethylene
naphthalate (PEN), cannot endure such high-temperature
treatments. However, it is noteworthy that the hybrid ETL
ZnO:NMO/NMO, when treated at mild or even ambient
temperatures, still delivers exceptional device performance
for typical PM6:Y6-based devices. Table S4 presents the
performance of PM6:Y6 devices based on the hybrid ETL
subjected to various thermal annealing temperatures. Re-
markably, a PCE of 17.87% was achieved in the as-cast
condition, only slightly lower than the devices annealed at
120°C. To validate this concept, we fabricated the flexible
OSC based on PM6:Y6, employing an indium tin oxide-
coated polyethylene naphthalate (PEN/ITO) film as the
transparent electrode, achieving a PCE of 17.14% (Figure
S14). This result stands among the best reported results for
flexible OSCs based on PM6:Y6 to date [15,46–50].

3 Conclusions

In summary, we have developed a modified molecule called
NMO, which serves a dual role in efficiently dispersing ZnO

Figure 4 (Color online) The photovoltaic properties of OSCs based on PM6:Y6 active layer with ZnO NPs and ZnO:NMO/NMO as ETL. (a) Shelf storage
stability test, (b) thermal aging stability test at 65°C in N2 atmosphere. (c) Operational stability test at MPP tracking with continuous illumination of
100 mW cm−2 provided by LED arrays at 25°C in N2 atmosphere. (d) Devices stability test under continuous UV illumination. (e) UV-visible (UV-vis)
absorption spectra of Y6 film coated on the substrate glass/ZnO NPs, and (f) glass/ZnO:NMO/NMO with different exposing times under continuous UV
illumination in ambient conditions.
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NPs and acting as a surface modification layer for thin films.
The hybrid ETL created by blending and surface modifica-
tion with NMO significantly enhances device efficiency and
stability. Using PM6:Y6 as a representative model system,
our inverted OSC with the hybrid ETL achieved an im-
pressive PCE of 18.31%. Moreover, this device demon-
strated exceptional stability during shelf storage (T80 =
19,650 h), thermal aging (T80 = 7783 h), and MPP tracking
(T80 = 3009 h). The key factors contributing to the improved
device performance include: (i) reduced energy barriers,
enhanced conductivity, improved charge extraction, and re-
duced charge accumulation and recombination; (ii) dimin-
ished levels of defect oxygen on the surface of ZnO NPs,
thereby suppressing ZnO’s photocatalytic activity; (iii) op-
timized vertical phase separation in the active layer due to
reduced surface energy. Furthermore, the generality of the
hybrid ETL was demonstrated by its ability to enhance the
efficiency and stability of other active layer systems in in-
verted devices. Particularly noteworthy is the achievement of
a remarkable PCE of 19.23% for the PM6:BTP-eC9 system,
marking the highest reported efficiency to date for single-
junction inverted structure OSCs. Importantly, as the ZnO
NPs-based hybrid ETL does not require high-temperature
treatment, it is compatible with common flexible substrates,

making it suitable for the roll-to-roll production of OSCs.
Overall, this research presents an efficient ETL approach that
holds promise for achieving high efficiency, stability, and
compatibility in future commercial OSC manufacturing.
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