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The development of non-fullerene acceptor (NFA) based organic solar cells (OSCs) featuring self-

assembled monolayers (SAMs) as the transparent hole extraction layers (HELs) has led to power

conversion efficiency (PCE) values of over 20%. Unfortunately, SAM-based OSCs exhibit limited

operational stability due to their sensitivity to elevated temperature and light stress. Here, we tackled this

issue by developing NFA-based OSCs using ultrathin solution-processed molybdenum oxide (s-MoOx) as

the HEL. Devices featuring s-MoOx exhibited superior stability while retaining a similar PCE to 2PACz-

based cells (∼17.3%). The time required for the initial PCE of cells based on ITO/2PACz and the ITO/s-

MoOx to degrade by 20% (T80) under continuous thermal stress at 85 °C in nitrogen was 15 and 600 h,

respectively, highlighting the crucial role of HELs in operational stability. Analysis using time-of-flight

secondary ion mass spectroscopy (ToF-SIMS) reveals that in cells with ITO/SAM, the diffusion of

electrode elements and 2PACz and chemical interactions with the NFA are responsible for the

performance degradation observed. Replacing 2PACz with s-MoOx significantly suppressed the diffusion

of ITO and prevented its interaction with the organic semiconductor. Our work revealed the crucial roles

of HELs and could help in developing efficient and more stable OSCs.
Introduction

The advent of non-fullerene acceptor (NFA) materials has
enabled the development of organic solar cells (OSCs) with
a power conversion efficiency (PCE) of over 20% in single1–4 and
multi-junction5,6 solar cells. To advance their performance
further, numerous methods have been developed and include
a combination of new active materials,7 additives,8 interlayers,9

and innovative device processing protocols.10 Besides PCE,
recent developments in OSCs have also shown encouraging
improvement in their long-term stability.11 Improvements in
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f Chemistry 2025
PCE and OSC stability are typically achieved through the
meticulous development of donor and acceptor organic-based
absorbers. Utilising a deep energy level donor to prevent
oxidation,12 avoiding the use of labile H atoms,13 and vulnerable
chemical bonds in the side chains14 have been explored to
minimise photodegradation and enhance the stability of
polymer-based donor materials. Meanwhile, the photostability
of NFA-based materials can be improved by avoiding suscep-
tible vinyl groups15 and using steric interactions to resist iso-
merisation.16 However, the degradation of OSCs is signicantly
more complex, as it may involve numerous combinations of
active materials and interlayers that could contribute to degra-
dation, holding back the progress towards more stable OSCs.

Charge extraction layers are also an important part of OSCs
that oen determine the overall efficiency17 and their long-term
stability.18–20 The front-type extraction/interlayer located
between the transparent electrode (ITO) and BHJ is especially
important. Front-type extraction/interlayer should be trans-
parent and sufficiently robust to withstand the deposition of the
next layer during fabrication and intense light during opera-
tion. The widely used organic p-type interlayer PEDOT:PSS, has
poor thermal- and photo-stability due to the acidity and
decreased conductivity,21 while n-type electron transport layers
(ETLs), such as PDI-based and PFN-Br, decompose or aggregate
J. Mater. Chem. A, 2025, 13, 24151–24159 | 24151
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under high thermal stress.22,23 Moreover, metal oxide-based
interlayers, such as zinc oxide (ZnO), have inherent stability
issues owing to their photocatalytic behaviour under intense
light exposure that decomposes non-fullerene acceptors.24

Despite being reported to have good stability, molybdenum
oxide, MoOx, is rarely utilised as a front hole transport layer
(HTL) because of its parasitic absorbance and high-temperature
processing under vacuum.25,26

Recently, ultrathin hole extraction layers (HELs) featuring
self-assembled monolayers (SAMs) have shown excellent
performance, owing to their adjustable energy levels and
transparency, achieving a PCE of >19%.27–30 SAMs can be mixed
with other components to further enhance the performance.31,32

Cells featuring a bilayer of metal oxide interlayers and SAMs
were adopted to achieve better coverage of SAMs.33,34 Further-
more, SAMs have been reported to be suitable for large-area
solution processing OSCs, achieving a PCE of nearly 18% for 1
cm2 devices, an important progress towards commercializa-
tion.35 Finally, state-of-the-art PCE values of nearly 21% and
27% in OSCs4 and perovskite solar cells,36 respectively, feature
SAMs as HELs. However, despite their excellent PCE, SAM based
HELs were reported to have issues related to their long-term
stability under illumination due to the photochemical degra-
dation of SAMs.37 Moreover, there is a lack of reports discussing
the cause of the instability of SAM-based HELs under thermal
stress.

Previously, we used a combination of thermally evaporated
MoOx (e-MoOx) and 2PACz SAM (e-MoOx/SAM) as the HEL and
PM6:L8-BO as the active layer to demonstrate stable OSCs.38
Fig. 1 (a) Molecular structure of 2PACz, PM6, and L8-BO. (b) Transmissio
between 300 and 450 nm. The transmittance of ITO, ITO/2PACz and ITO
by PESA. (d) XPS spectra of the P 2p signal of various HELs. (e) XPS spec

24152 | J. Mater. Chem. A, 2025, 13, 24151–24159
However, despite the encouraging preliminary results, using
ITO/e-MoOx/2PACz results in a lower PCE than cells with ITO/
2PACz owing to the parasitic absorption of e-MoOx. Moreover,
the degradation mechanism of ultrathin-based 2PACz is not
well understood. Herein, we developed an alternative HEL using
solution-processed MoOx (s-MoOx).39 Compared with the initial
reference, s-MoOx was dissolved in water without mixing with
HCl to prevent potential damage to the ITO. As the HEL, s-MoOx

features nearly identical transparency, thickness, and energy
levels to 2PACz. Cells featuring ITO/s-MoOx electrodes achieved
a PCE of 17.3%, almost the same as cells based on ITO/2PACz.
The stability of ITO/s-MoOx-based cells, assessed by the time
required for their initial PCE to reach 80% of its initial value
(T80) under thermal/light stress and maximum power tracking,
is much higher (600 and 37 h, respectively) than that of ITO/
2PACz-based cells (15 and 1.2 h, respectively). Analysis of the
cells before and aer stressing using mass spectrometry sug-
gested that the diffusion of ITO and 2PACz and their interaction
with active materials in the bulk heterojunction caused changes
in the L8-BO, which most likely underpins the drop in PCE. The
ndings could help improve the operational stability of next-
generation OSCs based on ultra-thin HELs.
Results and discussion

The molecular structures of 2PACz and the donor/acceptor
active materials, PM6/L8-BO, are shown in Fig. 1a. 2PACz and
s-MoOx were deposited on ITO by spin coating at 5000 rpm,
followed by thermal annealing at 80 °C for 1 min (2PACz) or 150
n spectra of various HELs. The inset shows the zoom in of transmittance
/s-MoOx was nearly identical. (c) IE of HELs relative to PM6, measured
tra of the Mo 3d signal of various HELs.

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 (a) Device configuration and (b) J–V curves. (c) Statistics based on 10 cells, and (d) EQE of OSCs based on PM6:L8-BO as active materials
and ITO, ITO/2PACz, and ITO/s-MoOx as HELs.
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°C for 30 min (s-MoOx), respectively. The optical transmittance
spectra of ITO, ITO/2PACz, and ITO/s-MoOx are shown in
Fig. 1b. There is almost identical transmittance between ITO,
ITO/2PACz, and ITO/s-MoOx because 2PACz and s-MoOx are
very thin and transparent. Because of its ultra-thin and trans-
parent properties, measuring the thickness of 2PACz and s-
MoOx accurately is challenging. The thickness of 2PACz was
approximately ∼3 nm,37 whereas that of s-MoOx was approxi-
mately <5 nm, measured using ellipsometry. Photoelectron
spectroscopy in air (PESA) was used to measure the ionisation
energy (IE) of the various HELs relative to PM6 (Fig. S1†). The IE
levels of ITO, ITO/2PACz, ITO/s-MoOx, and PM6 were −4.79 eV,
−5.53 eV, −5.56 eV, and −5.02 eV, respectively, and are shown
in Fig. 1c. ITO/2PACz and ITO/s-MoOx exhibit nearly identical
deep IE, making them suitable for electron blocking while
allowing holes to transfer from PM6 to the ITO electrode.

X-ray photoelectron spectroscopy (XPS) was used to detect
the presence of an ultrathin HEL on top of the ITO. The pres-
ence of 2PACz and s-MoOx was determined by measuring the P
and Mo signals, respectively. The measured positions of the P
2p signal for ITO/2PACz40 and the Mo 3d signal for s-MoOx

41 are
consistent with the literature. The P 2p signal was detected on
ITO/2PACz with a binding energy of 134 eV, whereas the Mo 3d
doublet signal was detected on ITO/s-MoOx with two peaks at
233 eV and 236 eV, as shown in Fig. 1d and e, respectively.
Moreover, XPS results suggest that the chemical composition of
s-MoOx is close to its stoichiometric composition of MoO3.42

The surface topography of ITO aer the deposition of the
various HEL materials was measured using atomic force
This journal is © The Royal Society of Chemistry 2025
microscopy (AFM) (Fig. S2†). ITO, ITO/2PACz and ITO/s-MoOx

exhibited nearly identical features dominated by the rough
underlying ITO electrode. The ITO/s-MoOx yielded a slightly
lower roughness (2.96 nm) than ITO (3.30 nm) and ITO/2PACz
(3.25 nm), suggesting that the presence of 2PACz and s-MoOx

did not signicantly alter the surface morphology of ITO.
Next, we fabricated solar cells with a p–i–n (conventional)

architecture to assess the effects of different HELs on the
performance of OSCs (Fig. 2a). PM6 and L8-BO were used as the
active materials, whereas ZnO nanoparticles (NPs) were used as
the ETL because of the excellent energetics and operational
stability.38 The J–V curves and EQE of the corresponding cells
are shown in Fig. 2b–d and S3,† while a summary of the device
parameters is given in Table 1. Devices featuring 2PACz and s-
MoOx as the HEL exhibited nearly identical PCE (17.26% and
17.27%, respectively). Moreover, other important parameters,
such as VOC, JSC, FF, EQE, and statistics, were nearly identical
because of their very similar optoelectronic properties. Inter-
estingly, cells without any HEL (ITO only) exhibited signicantly
lower VOC, FF, and PCE (9.70%). Despite having the same
surface and optical properties, severe recombination at the
interface caused by misalignment of the energy level decreases
the JSC and EQE of cells without any HEL, compared to cells
featuring 2PACz and s-MoOx, as shown in Fig. 2d.

The recombination properties of the different HELs were
studied using transient photovoltage (TPV),43 as shown in Fig.
S4a.† The superior performance of the device based on ITO/
2PACz and ITO/s-MoOx compared to bare ITO only was re-
ected by their superior charge carrier lifetime, which was
J. Mater. Chem. A, 2025, 13, 24151–24159 | 24153
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Table 1 Best solar cell parameters measured for PM6:L8-BO OSCs featuring ITO, ITO/2PACz, and ITO/s-MoOx as HELs. The statistics were
derived from measurements performed on 10 devices

HEL PCE (%) VOC (V) JSC (mA cm−2) JSC,EQE (mA cm−2) FF (%)

No HEL (ITO only) 10.31 (7.56 � 2.11) 0.68 (0.54 � 0.11) 24.12 (24.55 � 0.69) 22.40 62.62 (55.75 � 5.78)
2PACz 17.26 (16.79 � 0.19) 0.90 (0.90 � 0.01) 26.16 (25.69 � 0.35) 24.38 73.57 (72.32 � 0.51)
s-MoOx 17.27 (16.98 � 0.18) 0.90 (0.90 � 0.01) 26.07 (25.90 � 0.23) 24.49 73.64 (72.97 � 0.72)
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determined to be 7.54 ms, 7.21 ms, and 3.83 ms, respectively.
Furthermore, the charge collection efficiency at the maximum
power point (MPP) (PMPP) and under short-circuit conditions
(PSC) was calculated by analysing the Veff vs. Jph of the cells (Fig.
S4b†). Devices based on ITO/2PACz and ITO/s-MoOx exhibited
nearly identical and enhanced PMPP and PSC compared to ITO.
Devices based on ITO/2PACz and ITO/s-MoOx exhibit nearly
identical photovoltaic parameters. These similarities are
attributed to the nearly identical charge transfer characteristics,
optical transparencies, IE, and surface topographies of the two
HEL systems. Meanwhile, devices without any HEL (bare ITO)
exhibit signicantly lower VOC, JSC, FF and charge transfer
properties due to mismatched IE and severe charge carrier
recombination.44 Moreover, and despite their ultrathin nature,
ITO/2PACz and ITO/s-MoOx exhibit signicantly lower device
parameter deviation than cells based on bare ITO, indicating
high reproducibility (Fig. 2c and S3†).

The thermal stability of different HELs was also assessed by
placing the cells in a nitrogen atmosphere in the dark at 85 °C
and monitoring the evolution of the device parameters over
1000 hours (Fig. 3). Over this period, devices based on bare ITO
and ITO/2PACz show severe degradation, with a T80 of only 8
and 15 h, respectively. Rapid deterioration in VOC and FF is
observed for ITO/2PACz, while bare ITO cells suffer additional
Fig. 3 Evolution of cells parameters including (a) PCE, (b) VOC, (c) JSC, an
and ITO/s-MoOx as HELs. Cells were stored under a dark and N2 atmos

24154 | J. Mater. Chem. A, 2025, 13, 24151–24159
deterioration in their JSC. These trends are similar to what we
observed previously, suggesting that degradation is related to
the interaction between the ITO electrode and the BHJ.38 When
ITO/s-MoOx was used, the ensuing cells showed signicantly
higher thermal stability with a T80 of 600 h while retaining
∼70% of their initial PCE aer 1000 h.

To elucidate the origin of degradation in cells featuring the
different HELs, we analysed the surface topographies of ITO,
ITO/2PACz, and ITO/s-MoOx electrodes aer thermal annealing
at 85 °C for 200 h using AFM (Fig. S5†). No major changes in the
surface morphologies are observed, with all three electrodes
retaining their initial surface characteristics (Fig. S2†). Next, we
perform AFM imaging on ITO/2PACz/PM6:L8-BO and ITO/s-
MoOx/PM6:L8-BO samples before and aer thermal annealing
(Fig. S6†). Fresh devices based on ITO/2PACz/L8-BO exhibit
higher surface roughness (1.39 nm) than ITO/s-MoOx/BHJ (1.11
nm). The surface roughness increases slightly upon thermal
annealing, and both devices appear more bril-like. The well
intertwined nano-scale brillar morphology has been reported
to allow efficient exciton dissociation and charge transport.45–47

The effect of thermal stress on the charge transport in cells
with different HELs was examined using the space charge
limited current (SCLC) method. The obtained data are shown in
Fig. 4a–c, while Table S1† summarises the extracted parameters.
d (d) FF featuring PM6:L8-BO as active materials and ITO, ITO/2PACz,
phere while being continuously annealed at 85 °C for 1000 h.

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 (a)–(c) Hole-only SCLCmeasurements of PM6:L8-BO cells featuring ITO, ITO/2PACz, and ITO/s-MoOx HELs before (solid lines) and after
thermal annealing ([TA], dashed lines) at 85 °C for 200 h. (d) The calculated hole mobility featuring different HELs before (black dots, left-Y) and
after (red dots, right-Y) thermal annealing.

Paper Journal of Materials Chemistry A

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
Ju

ne
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

/1
9/

20
26

 5
:0

3:
15

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Fresh devices featuring bare ITO exhibit low hole mobility (0.06
× 10−4 cm2 V−1 s−1), while cells based on ITO/2PACz and ITO/s-
MoOx yield higher and nearly identical values of ∼1.30 × 10–4
cm2 V−1 s−1. The evolution of hole mobility for fresh and
thermally annealed cells based on different HELs is presented
in Fig. 4d. Aer thermal annealing for 200 h, the hole mobility
in cells with bare ITO and ITO/2PACz signicantly dropped,
while the hole mobility in devices featuring the ITO/s-MoOx

remained largely unchanged. Moreover, we performed transient
photocurrent (TPC) measurement to probe further the effect of
thermally induced degradation (Fig. S7†). Fresh cells based on
ITO/2PACz and ITO/s-MoOx showed fast rise and fall times.
However, aer annealing for 200 h, cells based on ITO/2PACz
show signicantly slower rise and fall traces, which indicates
the formation of deep trap states,48 whereas cells based on ITO/
s-MoOx were only slightly affected.

We performed electrochemical impedance spectroscopy
(EIS) (Fig. 5) to study each layer's contribution as a function of
thermal annealing (Table 2). By tting the data using the
Nyquist plot and comparing it with the equivalent electrical
circuit, the total resistance associated with the electrodes
(Relectrodes), all interfaces (Rinterfaces), and the BHJ lm (RBHJ) was
calculated. Aer thermal annealing, Relectrodes values of cells
based on ITO/2PACz and ITO/s-MoOx have negligible change.
This indicates that the electrical properties of electrodes (ITO
and Ag) are relatively stable under thermal stress. Interestingly,
thermal annealing increases RBHJ of ITO/2PACz from 54.7 to
This journal is © The Royal Society of Chemistry 2025
86.5 U cm2, whereas that of ITO/s-MoOx increases from 40.9 to
51.0 U cm2. This implies that the deterioration of BHJ based on
ITO/2PACz is more prominent than in cells featuring ITO/s-
MoOx. Finally, the Rinterfaces of cells based on ITO/2PACz
increased 75-fold from 29 to 2187 U cm2, whereas that of ITO/
s-MoOx increased two-fold from 23.5 to 45.5 U cm2. This
suggests that the cell performance degradation originates
predominantly from the interfaces in the device.

The capacitor (C) accounts for the dielectric behaviour of the
entire solar cell.49 The constant phase element (CPE), which
consists of pseudo-capacitance (CPE-T) and an inhomogeneous
capacitive constant (CPE-P), describes the capacitive properties
of a non-ideal capacitor and is used to dene the average life-
time (s) of charge carriers at the BHJ and interfaces.50,51 The
s(BHJ) and s(interfaces) of cells based on ITO/2PACz aer thermal
annealing decrease by nearly half of their initial value from 35.7
to 20.8 ms and 15.6 to 7.2 ms, respectively. Meanwhile, the s(BHJ)

and s(interfaces) of cells based on ITO/s-MoOx aer thermal
annealing only slightly decreased from 38.5 to 30.8 ms and 25.8
to 22.8 ms. Cells without a HEL (i.e. bare ITO) were omitted from
TPC and EIS measurements as the devices were not functioning
aer 200 h of continuous thermal annealing. These results
suggest that interfaces between ITO, HEL, and BHJ are the main
cause of thermally induced degradation and that utilising s-
MoOx yields cells with remarkably improved resistance to
thermal stress.
J. Mater. Chem. A, 2025, 13, 24151–24159 | 24155
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Fig. 5 (a) The equivalent circuit of OSCs to simulate the EIS measurements. (b) EIS Nyquist plot of fresh and thermally annealed [TA] at 85 °C for
200 h of PM6:L8-BOwith cell architectures of ITO/2PACz/BHJ/ZnO/Ag and ITO/s-MoOx/BHJ/ZnO/Ag. The area inside the blue rectangle of the
left image was enlarged and shown in the right image.
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The origin of thermally induced degradation on the cell
performance was further investigated using time-of-ight
secondary ion mass spectrometry (ToF-SIMS). The molecular
depth proles and illustrations of half-full devices consisting of
ITO/PM6:L8-BO, ITO/2PACz/PM6:L8-BO, and ITO/s-MoOx/
PM6:L8-BO before and aer 200 h of thermal annealing are
presented in Fig. 6. Molecular clusters corresponding to In2O3,
PO3, MoO3, and IC-2F were tracked, resulting exclusively from
ITO, 2PACz, s-MoOx, and L8-BO, respectively. We note that F is
associated with both PM6 and L8-BO as it is present in both
materials. Fresh ITO/PM6:L8-BO featured a not-sharp slope of
InO2, suggesting the presence of a diffused interface between
the ITO and the BHJ. Aer thermal annealing, the intensity of
IC-2F was severely weakened across the entire lm, suggesting
major changes in the L8-BO. Furthermore, the intensity of In2O3

up to the interface between PM6:L8-BO (under a scattering time
of up to 500 s) also decreased, which indicates a possible change
in ITO due to interaction with L8-BO. Fresh ITO/2PACz/PM6:L8-
BO showed a sharp slope for both PO3 and In2O3 signals
Table 2 Summary of parameters extracted from EIS from Fig. 5. S1 refer to
Ag. elec refers to electrodes, and int refers to interfaces

Structure Relec (U cm2) Rint (U cm2) RBHJ (U cm2) CPE-Tint (nF cm

S1 12.2 29.0 54.7 537
[TA] S1 9.0 2187.0 86.5 3.3
S2 7.6 23.5 40.9 1100
[T2] S2 8.6 45.5 51.0 501

24156 | J. Mater. Chem. A, 2025, 13, 24151–24159
indicating no diffusion into PM6:L8-BO. However, aer thermal
annealing, signs of 2PACz and ITO diffusion into PM6:L8-BO
exist. Specically, the PO3 and In2O3 signals showed that the
interface was no longer sharp following prolonged thermal
annealing. The intensity of In2O3 up to the interface between
the ITO, 2PACz, and PM6-BHJ also decreased. In addition, the
intensity of IC-2F was reduced across the entire lm. Mean-
while, the fresh ITO/s-MoOx/PM6:L8-BO showed no indication
of ITO or s-MoOx diffusion. Aer thermal annealing, there was
a negligible change in all the elements with no signs of diffu-
sion, with the intensity of IC-2F remaining similar, indicating
no change to that of L8-BO. Furthermore, the intensity of In2O3

up to the interface between the ITO, s-MoOx, and PM6:L8-BO
did not change. In all devices, PM6 showed negligible
changes aer thermal annealing. These results suggest that the
diffusion of ITO and 2PACz and the changes occurring in ITO
and L8-BO related to the molecular cluster of 2F might cause
cell degradation under thermal annealing. Unfortunately, at
ITO/2PACz/BHJ/ZnO/Ag, and S2 refers to ITO/s-MoOx/BHJ/ZnONP/

−2) CPE-Pint CPE-TBHJ (nF cm−2) CPE-PBHJ s(int) (ms) s(BHJ) (ms)

0.95 44.0 0.98 15.6 35.7
0.77 4.1 0.95 7.2 20.8
0.99 84.0 0.99 25.8 38.5
0.98 60.3 0.98 22.8 30.8

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Depth profile of fresh (a)–(c) and after thermal annealing at 85 °C for 200 h (d)–(f) of half-full cells based on ITO, ITO/2PACz, and ITO/s-
MoOx as the HEL and PM6:L8-BO as the BHJmeasured by ToF-SIMS. Illustrations suggesting the diffusion of ITO, 2PACz, and the degradation of
L8-BO are shown.
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this stage we are unable to identify the nature of those chemical
interactions.

Finally, the operational stability, which requires the cells to
be exposed to continuous light illumination and bias voltage to
maintain MPP conditions, was studied (Fig. S8†). OSCs without
any HEL (bare ITO) exhibit worst stability and degrade almost
instantly yielding T80 = 0.07 h. Cells based on ITO/2PACz yield
an improved T80 of 1.2 h. To this end, it has been reported that
2PACz exhibits poor light stability, as the molecule decomposes
and reacts with the photoactive materials under prolonged
intense illumination.38,44 Cells based on ITO/s-MoOx show
superior operational stability with a T80 of 37 h. Lastly, cells
featuring PEDOT:PSS and e-MoOx/2PACz were fabricated, and
the J–V curves are shown in Fig. S9† with their operating char-
acteristics summarized in Table S2.† Devices featuring
PEDOT:PSS and e-MoOx/2PACz as the HTL exhibited lower PCE
of 16.65% and 16.42%, respectively, than those of 2PACz or s-
MoOx because of the lower JSC and FF owing to the parasitic
absorbance and slightly inferior charge extraction. The evolu-
tion of the solar cell parameters of the HTL featuring
PEDOT:PSS and e-MoOx/2PACz under thermal annealing is
shown in Fig. S10.† Cells featuring PEDOT:PSS showed deteri-
oration of VOC and FF, suggesting recombination and a T80 of
390 h. Interestingly, the JSC of the cells featuring PEDOT:PSS
was enhanced and retained a high value aer thermal anneal-
ing, suggesting different degradation mechanisms. Further-
more, the operational stability of cells featuring PEDOT:PSS
achieved T80 of 3.8 h, as shown in Fig. S11.† Cells featuring ITO/
PEDOT:PSS as the HTL showed superior thermal and opera-
tional stability compared to cells featuring ITO/2PACz and bare
ITO but inferior to ITO/s-MoOx. Meanwhile, cells featuring ITO/
This journal is © The Royal Society of Chemistry 2025
e-MoOx/2PACz exhibited superior thermal stability with a T80 of
700 h, comparable to ITO/s-MoOx, and higher compared to cells
featuring ITO/2PACz, ITO/PEDOT:PSS, and bare ITO. The
evolution of the parameters of the cells featuring ITO/e-MoOx/
2PACz under thermal stress is similar to that of ITO/s-MoOx,
suggesting that e-MoOx also resists ITO and 2PACz diffusion to
the active materials. Our ndings underline the critical role of s-
MoOx as the front hole extraction interlayer and its ability to
prevent degradation induced by interactions occurring between
ITO and the BHJ components. Furthermore, compared to other
metal oxide based HTLs, the ultrathin and transparent s-MoOx

can potentially be paired with various SAMs to adjust the energy
level and avoid parasitic absorbance. A summary of OSCs
featuring various SAMs as HELs is provided in Table S3.†

Conclusions

We reported OSCs based on an ultra-thin and transparent front-
hole extraction layer and studied their performance and
stability. Our study revealed that cells based on ITO/s-MoOx

have nearly identical performance to cells based on ITO/2PACz
because their optical, morphological, energy level, and charge
transfer properties are nearly identical. However, devices based
on ITO/2PACz and without any HEL rapidly degrade under
thermal annealing. Our ndings suggest that the degradation
was due to the diffusion of ITO and 2PACz, and changes
occurring in L8-BO, related to the molecular cluster of 2F,
leading to poor long-term stability. Replacing 2PACz with s-
MoOx prevented the diffusion of ITO and changes in L8-BO,
considerably enhancing the long-term stability. Cells based on
ITO/s-MoOx also showed a higher PCE and long-term stability
J. Mater. Chem. A, 2025, 13, 24151–24159 | 24157
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than those based on ITO/PEDOT:PSS. Our work reveals the
mechanism behind the thermally induced degradation of OSCs
based on ultra-thin HELs and efficient PCE (>17%) with long-
term stability by utilizing s-MoOx. Furthermore, ultrathin and
transparent s-MoOx can be potentially paired with various SAMs
to optimize the energy levels for the future development of solar
cells.

Data availability
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