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ABSTRACT: Improving the thermal stability of organic solar cells (OSCs)
is essential for advancing their practical deployment. In this paper, the
thermal stability of organic solar cells was significantly improved by a
benzotriazole (BTA) molecular layer assembled at the ZnO/active layer
interface, introduced by spin-coating on the polymer blend surface.
Experimental results demonstrated that BTA modification effectively
suppressed the diffusion of MoO3 and its interaction with ZnO, thereby
mitigating energy-level mismatch and interfacial recombination. Remarkably,
the BTA-modified device retained 86% of its initial efficiency following
prolonged thermal aging at 85 °C for 1000 h, compared to 70% for
unmodified devices. Detailed analysis via X-ray photoelectron spectroscopy
(XPS) and ultraviolet photoelectron spectroscopy (UPS) revealed that BTA
reduced adsorbed oxygen content on ZnO and lowered its work function,
facilitating improved charge transport. This study provides a solution-processable interfacial engineering strategy for enhancing OSC
stability under practical operating conditions.
KEYWORDS: organic solar cells, thermal stability, benzotriazole (BTA), ZnO/active layer interface, MoO3 diffusion,
interfacial engineering

■ INTRODUCTION
Organic solar cells (OSCs) have garnered significant attention
due to their lightweight,1 flexibility,2 and compatibility with
large-area printing processes.3 While state-of-the-art OSCs
have reached ≈21% PCE for single-junction small-area cells
(0.04 cm2) and certified ∼20.8% on large-area 1 cm2 cells,
monolithically interconnected mini-modules have achieved
17.0% at 17.6 cm2,4−7 their stability remains a critical barrier to
commercialization.8,9 The degradation mechanisms of OSCs
are broadly categorized into extrinsic (oxygen/moisture
ingress)10,11 and intrinsic factors (thermal- and light-induced
changes).12−15 The encapsulation of solar cells serves as an
effective barrier against moisture and oxygen ingress,16 while
degradation induced by light and heat is typically mitigated
through interfacial engineering.17

The performance and stability of OSCs are closely related to
the selection of interfacial layer materials. Common electron
transport layer (ETL) materials for cathode interfaces include
ZnO,18 SnO2,

19 and organic small molecules,20 which help to
reduce the work function at the electrode interface, thereby
facilitating charge extraction and transport efficiency. However,
ZnO exhibits photocatalytic properties and can generate free
radicals under light irradiation, leading to the degradation of
nonfullerene acceptor (NFA) materials.21 In recent years,
organic ETL materials have gained attention. For instance,

diphenylquinoline (DPC), compared to conventional bath-
ocuproine (BCP), exhibits enhanced steric hindrance and
stronger electron-withdrawing ability, effectively suppressing
interfacial reactions with NFAs and improving photothermal
stability.22 Additionally, benzamide-functionalized H75 dem-
onstrates superior thermal stability at elevated temperatures,
outperforming conventional PDIN and PDINN materials.23

In OSCs, a variety of interfacial materials have been
employed as hole transport layers (HTLs) to facilitate efficient
hole extraction and improve device performance. Representa-
tive conductive polymers such as poly(3,4-ethylenedioxythio-
phene)/poly(PEDOT/PSS),24 two-dimensional (2D) materi-
als including molybdenum disulfide (MoS2),

25 transition metal
oxides such as nickel oxide (NiOx),

26 and self-assembled
monolayer (SAM) molecules like 2-(9H-carbazol-9-yl)ethyl)-
phosphonic acid (2-PACz)27 have been extensively explored.
Despite these materials can smooth the interfacial charge
injection and consequently improve device performance, they
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also introduce stability challenges to the cells.28 As an example,
the most commonly used hole transport layer, MoO3 has been
identified as a key issue to thermal instability due to its
propensity to diffuse into the active layer and accumulate at the
ZnO interface under prolonged annealing, which induces p-
doping at the photoactive layer/MoO3 interface, interfacial
energy-level misalignment, and accelerated charge recombina-
tion.29

In this work, a small molecule benzotriazole (BTA) was
found to be able to improve the thermal stability of inverted
polymer/nonfullerene solar cells having ZnO electron trans-
porting layer. Although BTA was deposited onto the polymer
blend film via spin coating, accumulation of BTA at the
polymer/ZnO interface was confirmed by ToF-SIMS. XPS and
UPS analyses demonstrated that the self-assembled BTA
reduces the work function of the ZnO layer and passivate the
oxygen vacancies. Most importantly, this BTA layer prevents
the direct contact of diffused MoO3

− species at the ZnO
surface, which facilitates the electron transfer at the interface
and consequently improves the performance of the cell upon
thermal annealing. Coupled with the use of TCTA as the
protection layer at the MoO3/polymer interface,

29 the BTA
incorporated cells exhibited improved long-term thermal

stability, retaining 86% of their initial power conversion
efficiency after sequential thermal stress tests: thermal
encapsulation at 150 °C for 30 min followed by annealing at
85 °C for 1000 h. The current research work gives a deep
insight into the thermal-induced performance decay of the cells
and provides an effective method to improve device stability.

■ RESULTS AND DISCUSSION
Suppression of Thermal Degradation via BTA

Modification. Figure 1a presents the chemical structures of
PM6, L8-BO, and BTA, along with a schematic illustration of
the BTA deposition process. Devices treated with pure
isopropanol were labeled as control devices, while those
incorporating isopropanol-based BTA solutions at different
concentrations were referred to as BTA-treated devices. To
investigate the impact of BTA concentration, devices were
fabricated using BTA solutions ranging from 1 mg/mL to 4
mg/mL, and their J−V curves were measured. The photo-
voltaic parameters are summarized in Table S1. The control
cell without BTA treatment exhibited an average power
conversion efficiency (PCE) of 16.51%, with a peak efficiency
of 17.27%, which is comparable to the literature reports,30

suggesting that the cells were well optimized. Devices treated

Figure 1. (a) Chemical structures of PM6, L8-BO, and BTA, along with a schematic representation of the deposition of BTA on bottom of the
PM6:L8-BO; (b) current density−voltage (J−V) curves of the 2 mg/mL BTA-modified device and the control device, measured before and after
thermal annealing at 150 °C for 30 min; (c) initial PCE and PCE loss after 150 °C annealing for 30 min for devices with different BTA
concentrations; (d) evolution of the device performance for the 2 mg/mL BTA-modified and control devices upon 150 °C annealing.
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with lower BTA concentrations (1 and 2 mg/mL) exhibited
average PCEs of 16.66% and 16.53%, respectively, indicating
negligible influence on the initial device performance.

However, when the BTA concentration increased to 3 mg/
mL, PCE slightly declined to 16.40%, primarily due to a
decrease in FF (Figure S1 and Table S1). At 4 mg/mL, both

Table 1. Photovoltaic Performance of 2 mg/mL BTA-Modified and Control Devices after 150 °C Annealing for 30 min

interlayer annealing time (min) VOC (V)
a JSC (mA/cm2)a,b FF (%)a PCE (%)a PCEmax (%)

c

control 0 0.883 ± 0.002 25.14 ± 0.25 76.28 ± 0.56 16.94 ± 0.18 17.15
1 0.859 ± 0.004 20.58 ± 1.23 70.62 ± 0.54 12.48 ± 0.77 13.28
3 0.834 ± 0.004 25.22 ± 0.32 71.50 ± 0.66 15.04 ± 0.30 15.57
5 0.829 ± 0.003 25.24 ± 0.33 69.04 ± 1.05 14.45 ± 0.34 14.81
10 0.823 ± 0.007 25.13 ± 0.22 67.80 ± 1.03 14.12 ± 0.50 15.21
30 0.812 ± 0.004 25.16 ± 0.21 66.23 ± 0.81 13.53 ± 0.14 13.74

BTA (2 mg/mL) 0 0.880 ± 0.002 24.56 ± 0.54 75.93 ± 0.48 16.77 ± 0.20 17.04
1 0.863 ± 0.004 20.93 ± 0.77 70.64 ± 0.64 12.75 ± 0.55 13.92
3 0.846 ± 0.002 25.32 ± 0.24 73.32 ± 0.69 15.70 ± 0.19 16.05
5 0.842 ± 0.002 25.19 ± 0.49 72.33 ± 0.62 15.34 ± 0.42 15.71
10 0.837 ± 0.003 24.72 ± 0.63 71.41 ± 0.95 14.79 ± 0.40 15.39
30 0.839 ± 0.002 24.95 ± 0.38 71.68 ± 0.75 15.00 ± 0.41 15.44

aDevice performance data averaged from 8 individual cells. bShort circuit current measured under simulated AM 1.5G sun light, which was
calibrated with a certified Si cell. cMaximum PCE of the best cell.

Figure 2. Encapsulation and long-term thermal stability of OSCs: (a) J−V curves of the control device before and after encapsulation; (b) J−V
curves of the BTA-modified device before and after encapsulation; (c) comparison of long-term stability at 85 °C for 1000 h.
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VOC and FF significantly decreased, resulting in a PCE drop to
15.70%. These results suggest that BTA concentrations below
2 mg/mL have minimal impact on the initial device efficiency.
To evaluate the thermal stability of OSCs with different

BTA concentrations, we subjected the devices to thermal
annealing at 150 °C for 30 min and monitored their
photovoltaic performance. 150 °C was chosen as an
accelerated diagnostic temperature to activate MoO3/organic
interfacial degradation and thus maximize sensitivity to BTA-
dependent stabilization.31 The evolution of the device
performance for the 2 mg/mL BTA-treated and control cells
is depicted in Figure 1d, and the photovoltaic performance
data are listed in Table 1. The full comparison of all five cells is
presented in Figure S1 and Table S1, respectively. As seen
from here, for the device without BTA treatment, VOC and FF
exhibited continuous degradation over time, while JSC

decreased sharply within the first minute of annealing, partially
recovered by the fifth minute, and then remained stable. This is
attributed to the p-type doping in the active layer of the
diffused MoO3

− species.29 The persistent decline of VOC and
FF leads to a more than 20% PCE decrease for the control
device upon annealing, indicating that isopropanol alone does
not provide noticeable thermal stabilization. In contrast,
devices with BTA exhibited significantly reduced VOC and FF
degradation, maintaining stable values after 10 min of
annealing. As the BTA concentration increased to 3 mg/mL,
the thermal stabilization effect improved, with the PCE loss
reduced to 6.8% after 30 min of annealing (Figure 1c).
Notably, the 4 mg/mL BTA-modified device exhibited a
slightly higher PCE loss of 7.8%, suggesting that an optimal
concentration is required for maximum thermal stability.
Among all tested concentrations, 2 mg/mL BTA provided the

Figure 3. (a) TOF-SIMS depth profile of anion fragments in a BTA-modified device with a structure of ITO/ZnO/PM6:L8-BO/MoO3/Ag; (b)
depth distribution of MoO3

− (representing MoO3) and C6N4H3
− (representing BTA) before and after thermal annealing of the semidevice of

ITO/ZnO/PM6:L8-BO/MoO3, note that the y-axis is in a logarithmic scale; (c) O 1s XPS spectra of ZnO before and after annealing; (d) O 1s
XPS spectra of BTA-modified ZnO before and after annealing; (e) UPS spectra of ZnO and BTA/ZnO films before and after annealing. (f)
Variation of the work function of the two films as a function of annealing time.
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best balance between high initial efficiency and thermal
stability, making it the most suitable concentration for practical
applications.
To further investigate the effect of BTA modification on the

thermal stability of the devices, we compared the thermal
degradation of the 2 mg/mL BTA device with that of the
control device. Figure 1b shows the J−V curves of the 2 mg/
mL BTA-modified and control devices, measured before and
after thermal annealing at 150 °C for 30 min. As shown in
Figure 1d, the BTA-modified device exhibited moderate
degradation within the first 5 min of annealing, where VOC
and FF dropped from 0.880 to 0.846 V and from 75.93% to
73.32%, respectively. This initial degradation trend was similar
to that of the control device. However, after 30 min of
annealing, the BTA-modified device showed significantly
improved stability, with VOC and FF retained at 0.839 V and
71.68%, whereas in the control device, these parameters
declined to 0.812 V and 66.23%, respectively. Overall, after 30
min at 150 °C, the BTA-modified device maintained an
average PCE of 15.00%, significantly higher than the 13.53% of
the control device.
Since the 150 °C thermal stability test demonstrated that the

2 mg/mL BTA device exhibits the least efficiency loss under
high-temperature annealing, we further tested its stability after
encapsulation and prolonged thermal aging at 85 °C. To
investigate the encapsulation stability, standard and BTA-
modified OSCs were encapsulated via hot pressing at 120 °C
for 5 min. The J−V curves before and after encapsulation are
shown in Figure 2. For the control device, PCE dropped from
16.97% to 15.10% after encapsulation, whereas the BTA-
modified device exhibited a milder decline from 16.83% to
15.51%, suggesting that BTA does not significantly mitigate the
immediate thermal degradation during short-term annealing.
Subsequently, the encapsulated devices were subjected to long-
term thermal aging at 85 °C. As shown in Figure 2, BTA
modification substantially improved long-term stability. The
BTA-modified device retained 86% of its initial PCE after 1000
h, whereas the control device retained only 70%. This
improvement was attributed to the slower degradation rates
of VOC and FF in BTA-modified devices. These results
demonstrate that BTA modification provides an effective and
practical approach to enhancing the thermal stability of OSCs,
making it a promising candidate for applications.
Effect of BTA on the ZnO Interface. To examine

whether spin-coating BTA solution affects the active layer, we
compared the UV−vis absorption spectra of PM6:L8-BO films
under three conditions: untreated, treated with isopropanol
(IPA) and treated with 2 mg/mL BTA (BTA). As shown in
Figure S2, the three films exhibited nearly identical absorption
spectra before annealing, with no significant changes in peak
positions or intensities, suggesting that BTA modification does
not induce chemical reactions or morphological alterations in
the active layer. Although initially similar, all films exhibited a
slight redshift in the acceptor absorption peak (∼790 nm) after
thermal annealing at 150 °C (Figure S2), indicating thermally
induced molecular ordering.32 However, the spectral differ-
ences among the three films remained negligible, confirming
that BTA modification does not disrupt the morphology or
molecular arrangement of the active layer.
To further understand the impact of BTA on device

performance during thermal aging, we employed time-of-flight
secondary ion mass spectrometry (TOF-SIMS) to analyze the
elemental distribution in the devices. Figure 3a presents the

depth profiles of characteristic fragment ions in BTA-modified
devices. Since the SN− and C6N4H3

− signals originate
exclusively from L8-BO and BTA, respectively, their depth
distributions represent the locations of L8-BO and BTA. The
data reveal that BTA molecules, although initially spin-coated
onto the active layer, predominantly accumulate at the ZnO
interface even before thermal annealing. Such enrichment is
attributed to transient permeation of small polar BTA
molecules through the solvent-plasticized PM6:L8-BO free
volume during spin-coating, followed by triazole−Zn coordi-
nation and interfacial hydrogen bonding that lower the
interfacial free energy and promote self-assembly on ZnO.
Figure 3b compares the TOF-SIMS depth profiles of the
MoO3

− fragments and the BTA related C6N4H3
− fragments

before and after thermal annealing. The BTA signal displays a
confined interfacial maximum with baseline levels throughout
the bulk photoactive layer and is absent in BTA-free controls, a
behavior incompatible with sputter-induced tailing, which
would smear the signal into the bulk rather than produce a
sharp interfacial peak. Figure S3 shows the MoO3

− depth-
profile comparison for full cells with and without BTA: the
control displays higher MoO3

− counts encroaching into the
PAL, whereas the BTA-treated device exhibits a steeper decay
at the PAL/BTA boundary and lower MoO3

− levels within the
PAL. Consistent with previous studies,29 MoO3 diffusion was
detected even in as-fabricated devices, where a small but
noticeable amount of MoO3

− already accumulated at the
ZnO/active layer interface. After 30 min of annealing at 150
°C, the MoO3

− profile broadened, and its intensity increased at
the ZnO interface, confirming continuous MoO3

− diffusion.
However, the depth distribution of C6N4H3

− (BTA) remained
stable before and after annealing, indicating that BTA forms a
self-assembled interlayer on ZnO that blocks direct chemical
contact with MoO3

− derived reduced species at the ZnO/
active interface, thereby passivating the interface and
mitigating interfacial degradation pathways under thermal
stress.
To further examine the interfacial interaction between BTA

and ZnO, we conducted X-ray photoelectron spectroscopy
(XPS) measurements. Figure 3c,d presents the O 1s spectra of
pristine ZnO and BTA-modified ZnO films before and after
thermal annealing. The O 1s peak in ZnO can be deconvoluted
into three components: lattice oxygen (530.1 eV), oxygen
vacancies (531.2 eV), and adsorbed oxygen (532.0 eV).33 As
shown in Figure 3c,d, in the as-fabricated films, BTA
modification does not significantly alter the proportion of the
three oxygen species, with the adsorbed oxygen content at
approximately 7.6%. However, after thermal annealing at 150
°C, the adsorbed oxygen level in pristine ZnO increased to
10.1%, whereas in BTA-modified ZnO, it remained as low as
6.6%. This suggests that BTA suppresses the formation of
additional adsorbed oxygen species, which are known to act as
charge traps and degrade device performance.
To investigate the effect of BTA modification on the energy

levels, we performed ultraviolet photoelectron spectroscopy
(UPS) measurements on ZnO and BTA-modified ZnO before
and after annealing. Figure 3e presents the UPS spectra of the
Fermi edges, and Figure 3f shows the corresponding work
function values. Before thermal annealing, both pristine ZnO
and BTA-modified ZnO exhibited a similar work function of
4.54 eV. However, after 150 °C annealing, the work function of
pristine ZnO remained almost unchanged at 4.50 eV, whereas
BTA-modified ZnO exhibited a notable decrease to 4.42 eV.
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The reduction in work function suggests that BTA facilitates
the formation of an ohmic contact at the ZnO/active layer
interface, thereby improving charge extraction efficiency and
mitigating the effects of MoO3 diffusion-induced energy level
misalignment. Beyond the cutoff, the valence-band/Fermi-edge
region was further analyzed (Figure S4). The spectra show that
the valence-band edge of bare ZnO slightly shifts after
annealing, whereas that of BTA-modified ZnO remains nearly
unchanged, confirming that BTA helps maintain a stable
surface electronic structure under thermal stress.
Influence of BTA Modification on Charge Extraction

and Recombination. To validate the proposed mechanism
and comprehensively understand the impact of BTA
modification on charge collection and carrier transport, further
electrical characterization was conducted to investigate charge
extraction and recombination dynamics. Figure 4a-b displays
the photogenerated current density (Jph) versus effective
voltage (Veff) curves for control and BTA-modified devices
under 150 °C annealing for 0, 10, and 30 min. Here, Veff is
defined as the difference between the applied voltage and V0,

where V0 corresponds to the voltage at which Jph equals zero.
The charge collection efficiency (Pcoll) was estimated by the
ratio of Jph at short-circuit conditions to the saturated Jph.

34,35

Both devices exhibited flat Jph-Veff curves at Veff over 2 V,
independent of annealing time (Figure 4a,b), indicating
efficient charge extraction even after prolonged thermal stress.
This behavior aligns with the absence of BTA doping within
the active layer and its role in optimizing interfacial energy-
level alignment.
The recombination dynamics were further probed using the

Suns-VOC method.
36 The relationship between VOC and the

generated current density (jgen) follows eq 1, where nid
(recombination ideality factor) was derived.

j j exp eV n kT
gen 0

( / )OC id= (1)

Figure 4c,d illustrates the logarithmic correlation between
jgen and VOC. The corresponding light-intensity-dependent J−V
curves are provided in the Figure S5. For control devices, nid
increased from 1.28 to 1.56 after 10 min of annealing,
signifying a surge in trap-assisted recombination. Prolonged

Figure 4. Jph-Veff curves for (a) control and (b) BTA-modified devices under annealing; jgen-VOC relationships for (c) control and (d) BTA-
modified devices under annealing; TPV-derived carrier lifetimes for (e) control and (f) BTA-modified devices under annealing.
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annealing (30 min) further elevated nid to 1.69, albeit at a
reduced rate, reflecting partial stabilization. In contrast, BTA-
modified devices showed a smaller nid increase (1.22 to 1.41)
after 10 min, stabilizing at 1.40 after 30 min, underscoring
BTA’s efficacy in suppressing defect-mediated recombination
during extended thermal exposure.
Transient photovoltage (TPV) measurements quantified

carrier lifetimes (Figure 4e,f). Fresh control and BTA devices
exhibited lifetimes of 32.3 and 42.5 μs, respectively. After 10
min of annealing, lifetimes decreased to 28.2 μs (control) and
37.3 μs (BTA). By 30 min, further reductions to 28.0 μs
(control) and 36.6 μs (BTA) were observed, consistent with a
″burn-in″ degradation pattern. Notably, BTA devices con-
sistently retained longer lifetimes throughout annealing,
validating its role in mitigating carrier recombination.
Thermal Stability Improvement of OSCs by Bilateral

Protection. These results collectively demonstrate that BTA
modification preserves charge collection efficiency while
reducing thermally induced defect recombination, thereby
enhancing carrier lifetime and device stability. To optimize
stability, dual-interface modification with BTA (ZnO side) and
TCTA (MoO3 side), which has been reported in our previous
study,25 was implemented. As shown in Figure S6, cells
without HTL interface protection (both the reference and
BTA-based cells) exhibited an initial rapid decay followed by
partial recovery during the first 30 min of thermal stress at 150
°C. In contrast, this short-term instability was effectively
suppressed in the TCTA-modified devices, regardless of the
BTA modification. The almost identical decay behavior of the
TCTA-modified cells indicates that the initial performance
decay of the TCTA-free cells is mainly due to the unsatisfied
HTL/polymer interface. As reported in our previous study,25

brief heating at 150 °C causes partial reduction of MoO3 and
diffusion of MoO3

− species into the active layer, which leads to
a temporary decrease of JSC. With prolonged annealing, these
species migrate toward the cathode, resulting in partial
recovery. A thin TCTA layer blocks this diffusion and thus
suppresses the transient JSC decay. Figure 5 depicts the
performance decay of the cells upon 10 h thermal annealing at
150 °C. In such a time scale, the TCTA and BTA comodified
devices retained 92% of their initial PCE, significantly

surpassing the standalone BTA (86%) and TCTA (80%)
devices. This synergy highlights BTA’s ability to block hole-
transport material diffusion at the ZnO interface, reduce
interfacial recombination, and lower energy barriers. Critically,
BTA effectively addresses the limitations associated with
TCTA, which suffers from interfacial diffusion and energy-
level misalignment during prolonged annealing. Moreover, the
long-term data in Figure S7 show that the comodified devices
still maintained 72% of their initial PCE even after 400 h of
continuous annealing, highlighting their markedly improved
long-term stability compared to BTA (67%) and TCTA (44%)
counterparts.

■ SUMMARY
This work systematically elucidates the role of BTA in
enhancing OSC thermal stability. At an optimal concentration
(2 mg/mL), BTA minimally impacts initial PCE while
significantly suppressing VOC and FF degradation under
prolonged annealing. BTA-modified devices encapsulated by
hot pressing at 150 °C retained 86% of their initial power
conversion efficiency after 1000 h of thermal annealing at 85
°C. TOF-SIMS, XPS, and UPS analyses confirm that BTA self-
assembles at the ZnO interface, blocking (MoO3) diffusion,
reducing adsorbed oxygen, and lowering the ZnO work
function (4.42 eV vs 4.54 eV for bare ZnO). Electrical
characterization further reveals reduced trap-assisted recombi-
nation and prolonged carrier lifetimes in BTA devices. Dual
modification with BTA and TCTA synergistically stabilizes
both interfaces, retaining 72% PCE after 400 h at 150 °C. This
work underscores the criticality of cathode interface engineer-
ing in OSC stability and provides a practical strategy for
industrial-scale fabrication of durable photovoltaic devices.

■ METHODS
Device Fabrication. ITO substrates with a width of 3 mm were

custom-fabricated on glass. The ITO-coated glass substrates were
sequentially cleaned by ultrasonication for 40 min each in detergent,
deionized water (twice), and ethanol (twice). After drying with
nitrogen flow, the substrates were treated with O2 plasma. Once
cooled to room temperature, a ZnO precursor solution was prepared
via a sol−gel method by dissolving zinc acetate dihydrate and
ethanolamine in a 1:1 molar ratio in 2-methoxyethanol to a final

Figure 5. Thermal stability (150 °C/10 h) of control, TCTA-, BTA-, and TCTA-BTA-modified devices.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.5c18226
ACS Appl. Mater. Interfaces 2025, 17, 66673−66682

66679

https://pubs.acs.org/doi/suppl/10.1021/acsami.5c18226/suppl_file/am5c18226_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.5c18226/suppl_file/am5c18226_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.5c18226?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.5c18226?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.5c18226?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.5c18226?fig=fig5&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.5c18226?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


concentration of 0.45 mol·L−1. The ZnO solution was spin-coated
onto the ITO substrates at 2000 rpm for 30 s, with an acceleration of
3000 rpm·s−1. The coated films were then annealed at 200 °C for 30
min and transferred into a nitrogen-filled glovebox.
The active layer solution was prepared by blending PM6 and L8-

BO at a weight ratio of 1:1.2 in chloroform containing 50 wt % 1,4-
diiodobenzene, with a PM6 concentration of 7.2 mg·mL−1. The
mixture was stirred at 55 °C for 2 h and allowed to cool to room
temperature before use. A 20 μL aliquot of the solution was spin-
coated onto the substrate at 2000 rpm for 30 s. The resulting films
were thermally annealed at 85 °C for 5 min and then cooled to room
temperature. Subsequently, 15 nm of MoO3 and 100 nm of Ag were
thermally evaporated under high vacuum. For devices with BTA, after
spin-coating the active layer film, an isopropanol solution of BTA at a
defined concentration was drop-cast onto the film surface and
dynamically spin-coated at 3000 rpm for 30 s. The film was
subsequently thermally annealed at 85 °C for 5 min. All subsequent
fabrication steps remained unchanged.
Solar Cell Measurement. J−V Testing. The current density−

voltage (J−V) characteristics of the solar cells were measured using a
digital source meter under simulated AM 1.5G illumination. The J−V
curves, along with key device parameters such as open-circuit voltage
(VOC), short-circuit current density (JSC), fill factor (FF), and power
conversion efficiency (PCE), were recorded simultaneously using
computer software. The active area of each device was 0.09 cm2.
Thermal Stability Testing. Devices were thermally annealed at

specific temperatures and durations on a heating stage inside a
nitrogen-filled glovebox. After annealing, the devices were allowed to
cool to room temperature prior to performance measurement.
Thermal Encapsulation. Device encapsulation was carried out

using a hot press. The encapsulation temperature and duration were
optimized experimentally and finalized at 120 °C for 5 min.
UV−Vis Absorption Spectroscopy. The solution was spin-coated

onto bare glass substrates and thermally annealed to evaporate the
solvent. UV−vis absorption spectra were recorded using a
PerkinElmer Lambda 750 spectrophotometer.
Matrix-Assisted Laser Desorption/Ionization Time-of-Flight

Secondary Ion Mass Spectrometry. SIMS measurements were
conducted using a TOF-SIMS 5−100 instrument. Complete devices
identical to those used for photovoltaic testing were fabricated and
subjected to in situ annealing at 150 °C under high vacuum.
Elemental distributions of Ag, Mo, O, S, Sn, and Zn were analyzed in
the negative ion mode.
X-ray Photoelectron Spectroscopy. After the ZnO layer was

prepared, a 2 mg/mL BTA solution in isopropanol was dynamically
spin-coated onto its surface at 3000 rpm for 30 s, followed by thermal
annealing at 85 °C for 5 min. XPS spectra were acquired using an
ESCALAB 250Xi+ spectrometer equipped with a monochromatic Al
Kα X-ray source. The binding energy was calibrated using the C−C
peak of adventitious carbon as the reference.
Ultraviolet Photoelectron Spectroscopy. After the ZnO layer was

prepared, a 2 mg/mL BTA solution in isopropanol was dynamically
spin-coated onto its surface at 3000 rpm for 30 s, followed by thermal
annealing at 85 °C for 5 min. UPS measurements were performed
using an ESCALAB 250Xi+ spectrometer equipped with a
monochromatic He I (21.2 eV) radiation source.
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