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ABSTRACT: Inverted organic solar cells (OSCs) have attracted much
attention because of their outstanding stability, with zinc oxide (ZnO)
being commonly used as the electron transport layer (ETL). However,
both surface defects and the photocatalytic effect of ZnO could lead to
serious photodegradation of acceptor materials. This, in turn, hampers the
improvement of the efficiency and stability in OSCs. Herein, we
developed a multiarmed aromatic ammonium salt, namely, benzene-
1,3,5-triyltrimethanaminium bromide (PhTMABr), for modifying ZnO.
This compound possesses mild weak acidity aimed at removing the
residual amines present within ZnO film. In addition, the PhTMABr could
also passivate surface defects of ZnO through multiple hydrogen-bonding
interactions between its terminal amino groups and the oxygen anion of
ZnO, leading to a better interface contact, which effectively enhances charge transport. As a result, an efficiency of 18.75% was
achieved based on the modified ETL compared to the bare ZnO (PCE = 17.34%). The devices utilizing the modified ZnO retained
87% and 90% of their initial PCE after thermal stress aging at 65 °C for 1500 h and continuous 1-sun illumination with maximum
power point (MPP) tracking for 1780 h, respectively. Importantly, the extrapolated T80 lifetime with MPP tracking exceeds 10 000 h.
The new class of materials employed in this work to modify the ZnO ETL should pave the way for enhancing the efficiency and
stability of OSCs, potentially advancing their commercialization process.

1. INTRODUCTION
Organic solar cells (OSCs) are considered as a promising
photovoltaic technology due to their unique advantages, such
as light weight, flexibility, and environmental friendliness.1−6

Benefiting from the rapid developments of polymer donors and
non-fullerene acceptors (NFAs), a certified power conversion
efficiency (PCE) of 19.4% has been achieved for conventional
OSCs with p−i−n structure utilizing PEDOT:PSS as the hole
transport layer (HTL).7−15 However, the poor stability of
conventional OSCs arising from the corrosivity and hygro-
scopicity of PEDOT:PSS hinders their further commercializa-
tion process. Therefore, it is necessary to obtain a delicate
balance between device efficiency and operational stability.
Recently, inverted OSCs with n−i−p structure have

attracted significant attention due to their distinguished
stability when compared with conventional OSCs.16−19 Zinc
oxide (ZnO) is widely used as the electron transport layer
(ETL) in such structures.19,20 Typically, the ZnO film exhibits
both high electron mobility and exceptional transmittance
from visible to near-infrared light.21−23 This film possesses an
energy level of 4.30 eV for the conduction band minimum
(ECBM) and 7.2 eV for the valence band maximum (EVBM),
providing a suitable energy level arrangement between the
ETL and the active layer.24,25 Note that the distortion of

tetrahedral angles in ZnO results in a difference in electro-
negativity between unsaturated Zn and O ions.26,27 This
disparity, when exposed to illumination, gives rise to radicals,
leading to the degradation of NFAs�a phenomenon acknowl-
edged as the photocatalytic effect.
Generally, the ZnO films can be in situ synthesized by the

sol−gel method using quantitative amine with appropriate base
dissociation constants (pKb) to control its cluster size and
composition.27−29 However, the amine residues could
accelerate the degradation of NFAs at the ZnO/BHJ interface
due to photogenerated radicals in ZnO. This amine-induced
coordination or redox reaction will enhance photocatalysis
activity, thereby significantly degrades device performance and
stability.27,30 In addition, various vacancy defects existing on
the surface of ZnO films could generate a mass of
recombination centers, leading to insufficient charge extraction
and transportation.31 In the past few years, small molecular
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acids have been used for ZnO modification to solve the above
problems. Chen and co-workers utilized an organic conjugated
small-molecule acid named 2-(3-(dimethylamino)propyl)-1,3-
dioxo-2,3-dihydro-1H-benzo[de]isoquinoline-6,7-dicarboxylic
acid (NMA) to modify the ZnO layer, achieving a significantly
improved overall device performance (PCE = 18.2%) and
photostability (T80 lifetime = 7572 h).32 Hou et al. employed
boric acid (BA) to suppress the photocatalysis effect of the
ZnO film, achieving an efficiency of 18.4% and a lifetime over
9000 h.26 However, the efficiency of inverted organic solar cells
still lags far behind that of state-of-the-art conventional OSCs.
Therefore, it is imperative to develop efficient strategies for
passivating surface defects and suppressing the photocatalysis
in ZnO to further improve the efficiency and stability of the
devices. Small molecular acid salts may have the potential to
modify the ZnO layer by passivating the photogenerated
radicals in ZnO film, thereby enhancing device performance
and stability. However, small molecular acid salts have rarely
been reported to modify the ZnO in OSCs.
Herein, we proposed a class of aromatic ammonium salts

with weak acidity to modify the ZnO for passivating the defects
and protecting the active layer from photocatalytic oxidation.
This strategy has been successfully demonstrated by
developing a series of aromatic amine hydrobromides, namely,
phenylmethanaminium bromide (PhMABr), 1,4-phenylene-
dimethanaminium bromide (PhDMABr), and benzene-1,3,5-
triyltrimethanaminium bromide (PhTMABr), respectively.
The calculated results for the adsorption energy between
aromatic ammonium salts and ZnO indicate that ZnO/
PhTMABr exhibits the highest stability. This could be
attributed to the robust hydrogen-bonding interaction (N−
H···O) between the proton in the terminal amino group and
the oxygen anions in ZnO as confirmed by the shift of the

−NH3 group in 1H NMR spectra. Such interactions have the
potential to immobilize oxygen anions and reduce the
photocatalytic activity. Moreover, PhTMABr plays a key role
as an interfacial dipole, which can reduce the charge transport
resistance and enhance charge transport and extraction in
comparison with the pristine ZnO. As a result, the PM6:L8-
BO:BTP-eC9-based device using PThMABr-treated ZnO ETL
achieves a champion PCE of 18.75% compared with that of the
bare ZnO device (PCE = 17.34%). Benefiting from the
enhanced stability of BHJ films, the device based on ZnO/
PhTMABr can maintain 87% and 90% of its initial PCE under
65 °C thermal aging for 1500 h and maximum power point
(MPP) tracking for 1780 h. Besides, the extrapolated T80
lifetime of the device is 10619 h, which is the longest T80
lifetime among inverted OSCs with a PCE larger than 18.5%,
illustrating the distinguished reliability of the novel mod-
ification method.

2. RESULTS AND DISCUSSION
The synthetic routes and detailed procedures of PhMABr,
PhDMABr, and PhTMABr are shown in the Supporting
Information. According to the molecular electrostatic surface
potential (ESP) distribution calculated by density functional
theory (DFT) calculations (B3LYP/6-31G*) (Figure 1a), the
positive electricity of the terminal ammonium ions increased
gradually from PhMABr to PhTMABr, which could account
for the incremental adsorption energy with ZnO (Figure 1b).
The adsorption energy of ZnO/PhTMABr is −81.96 kJ mol−1,
which is twice that of ZnO/PhMABr. This indicates that the
ZnO/PhTMABr configuration is more stable. Moreover, we
found that the interaction distance decreased gradually when
PhMABr, PhDMABr, and PhTMABr were absorbed on the

Figure 1. (a) Chemical structures and ESP maps of PhMABr, PhDMABr, and PhTMABr. (b) Optimized configurations of PhMABr, PhDMABr,
and PhTMABr after being adsorbed on the ZnO surface. (c) EPR spectra of ZnO powders with and without organic ammonium modification.
Note that these powders were obtained by scraping off the corresponding films from the substrates.
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ZnO surface, reducing from 2.33 Å to 1.96 Å. These distances
are in the hydrogen bond range.
The photocatalysis of ZnO originates from surface radicals

and vacancy defects, leading to unfavorable charge trans-
portation and degradation of the active layer. To assess the
photocatalytic activity of ZnO with and without our modified
layer, we conducted electron-paramagnetic resonance (EPR)
spectroscopy measurements on samples under dark and light
illuminations. As shown in Figure 1c, two distinct signals at g =
2.0023 and g = 1.9560 were observed. The former is attributed
to surface Zn vacancies, and the latter is generally associated
with shallow donors caused by surface oxygen vacancies and
interstitial Zn atoms.33,34 Under dark conditions, the intensities
of both signals decreased, indicating reduced concentrations of
vacancy defects and radicals. Upon 10 min illumination, a
significant increase in the signals at g = 1.9560 was observed
compared to those at g = 2.0023, suggesting that photoinduced
charge transfer primarily originates from surface oxygen
vacancies and interstitial Zn atoms. The amplification in the
signal at g = 1.9560 is particularly pronounced in unprocessed
ZnO, indicating more serious photocatalysis. From ZnO/
PhMABr to ZnO/PhTMABr, the amplification of the peak at g
= 1.9560 decreased gradually, especially for ZnO/PhDMABr
and ZnO/PhTMABr. This trend suggests that the photo-
catalytic activity is highly restrained, which is beneficial for the
charge transport of ZnO and the stability of the active layer.
The electric conductivity (σ) of ZnO/PhTMABr and ZnO/

PhDMABr ETLs was calculated to be 3.64 × 10−3 and 3.22 ×
10−3 S m−1, respectively, which is higher than that of bare ZnO
(2.3 × 10−3 S m−1), as illustrated in Figure S1. However, the σ
of ZnO/PhMABr ETL is 2.4 × 10−3 S m−1, which is close to
the control ZnO ETL. The improved conductivity could be
attributed to the reduction of the vacancy defects, the
suppression of the redox reaction, and the premovement of
impurity ions in the surface after the modification of ZnO with

PhTMABr or PhDMABr.35 To preliminarily estimate the
photovoltaic performance of our designed materials for ZnO
modification, the PM6:L8-BO (chemical structure in Figure
S2)11 binary bulk heterojunction (BHJ) was selected to
fabricate devices with an inverted structure of ITO/ETL/
PM6:L8-BO/MoO3/Ag. The current density−voltage (J−V)
curves of the devices based on the different ETLs are shown in
Figure S3, and the detailed parameters are summarized in
Table S1. The device based on pristine ZnO ETL exhibited an
inferior PCE of 17.10%, with an open-circuit voltage (VOC) of
0.874 V, a short-circuit current density (JSC) of 25.21 mA
cm−2, and a fill factor (FF) of 77.57%. After modification of the
ZnO film with a thin PhTMABr layer, the VOC, JSC, and FF of
the device were synergistically enhanced to 0.893 V, 26.08 mA
cm−2, and 79.03%, respectively, yielding an outstanding PCE of
18.43%. Besides, an efficiency improvement was also observed
in the device using a PhDMABr-processed ZnO layer (PCE =
18.00%). However, the device based on ZnO/PhMABr only
showed a slight improvement with a PCE of 17.20%. The
morphology of BHJ films on these ETLs, showing little
difference, was not the critical factor affecting the device
efficiency (Figure S4). The relatively poor photovoltaic
performance of the devices based on the PhMABr-processed
ZnO film could be ascribed to the weak interaction between
ZnO and PhMABr, resulting in ineffective defect passivation.
Combining the above electric conductivity and EPR analysis,
we can conclude that PhTMABr can serve as the most
promising material for ZnO passivation to reduce vacancy
defects and suppress the photocatalysis in ZnO among these
hydrobromides. Our subsequent research will focus on this
aspect.
The residual amine in ZnO originating from the sol−gel

method will lead to coordination or redox reaction with Zn,
resulting in unfavorable amine doping of ZnO with enhanced
photocatalytic activity, which could induce the degradation of

Figure 2. (a−d) XPS spectra of pristine ZnO and ZnO/PhTMABr, respectively. (a) C 1s, (b) Zn 2p, (c) O 1s, and (d) N 1s. (e) 1H NMR of
pristine PhTMABr/ZnO in DMSO-d6 with different molar ratios.
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NFAs.27,36 To gain a deeper understanding of the chemical
species on the ZnO ETL surface, we carried out X-ray
photoelectron spectroscopy (XPS) measurements. As shown in
Figure 2a, three peaks in the C 1s region, corresponding to
−C−C, C−O, and carboxyl bonds at 284.8, 286.3, and 288.7
eV, respectively, were identified. These peaks were attributed
to the following sources: (1) residual ethanolamine (EA) and
the intermediate hydrolysate ammonium acetate in ZnO by
sol−gel fabrication; (2) the PhTMABr layer spin-coated on
ZnO; and (3) adventitious “carbon and carbonate” present in
the ambient environment.37,38 After modification, a deviant
range of 0.2 eV moving toward lower binding energy was
observed in the above three peaks, indicating the interaction
between two layers. In the Zn region (Figure 2b), the Zn 2p1/2
and Zn 2p3/2 peaks appeared at 1044.9 and 1021.8 eV in
pristine ZnO. Similarly, these peaks moved to 1044.7 and
1021.6 eV, respectively, due to the reduced oxygen vacancy or
Zn vacancies.36 The reduced oxygen vacancy can suppress the
photocatalysis effect in ZnO as discussed in the EPR analysis.
The observed trend aligns closely with the O 1s (Figure 2c)
XPS analysis, a consistent shift in energy of the O−Zn bond
peak from 530.3 to 530.1 eV after PhTMABr modification. In
addition, the decreased intensity of the peak for the O−Zn
bond could be attributed to the reduced amine-doped ZnO.
The moved shoulder peak from 531.8 eV to 531.5 eV can be
ascribed to ·OH and O−C, which originates from the changed
amount of superoxide anion or ·OH radical on the surface of
ZnO/PhTMABr.27 The N 1s XPS analysis of ZnO/PhTMABr
shown in Figure 2d exhibits a peak shift from 399.5 eV to
399.9 eV corresponding to the N−C bond of EA.26,27 Besides,
the reducing peak area can be considered to be empirical
evidence that the residual amine and ammonium carboxylate
were partially removed through rinsing with a PhTMABr
solution. Simultaneously, a new peak at 398.5 eV ascribed to
the N−C bond of PhTMABr was observed. This peak was
introduced by the PhTMABr layer coated on ZnO, consistent

with the N 1s XPS spectra of PhTMABr powders. In the ZnO
film treated with PhTMABr, the N−C bond of EA from the
ZnO fabrication process shifted toward higher binding energy.
Conversely, the corresponding N−C bond in PhTMABr
shifted from 399.1 eV to 398.5 eV, confirming the strong
interaction between ZnO and PhTMABr.
To further elucidate the interaction mechanism between

ZnO and PhTMABr, 1H NMR characterization was carried out
in the deuterated dimethyl sulfoxide (DMSO-d6) suspension of
PhTMABr with different molar ratios of ZnO powders scraped
off from the substrate (Figure 2e and Figures S5−S7). For the
pristine PhTMABr solution, the proton peaks of the terminal
amino group (NH3

+), benzene ring (Ph-H), and methylene
(−CH2−) were located at 8.204, 7.519, and 4.054 ppm,
respectively. After mixing with ZnO powders, the chemical
shifts of these peaks moved toward a higher field, attributed to
the shielding effect between ZnO and protons of PhTMABr.
This effect could be caused by the oxygen anions in ZnO. In
particular, the chemical shift of the protons in NH3

+ exhibited
a significant shift from 8.204 ppm to 7.989 ppm with the
incremental ZnO proportion, much more than those in Ph-H
and −CH2−. Besides, the shape of this NH3

+ peak became
wider, but the area remained the same, demonstrating that the
proton in NH3

+ was in hydrogen bond association (N−H···O)
with the negative oxygen ions in ZnO, in agreement with the
DFT calculation results discussed above. Note that a similar
trend was observed for solutions based on ZnO/PhMABr and
ZnO/PhDMABr in 1H NMR characterization (Figures S8 and
S9).
Ultraviolet photoelectron spectroscopy (UPS) was em-

ployed to determine the work function (WF) of ZnO before
and after modification. As depicted in Figure S10, the
secondary-electron cutoffs (Ecutoff) of ZnO and ZnO/
PhTMABr are located at 17.26 and 17.39 eV, respectively,
with a 0.13 eV offset. Relative to the Fermi level (EFermi) of
referenced Au (21.22 eV), the WF values of ZnO and ZnO/

Figure 3. (a) Schematic illustration of the device structure and the interaction between ZnO and PhTMABr as a dipole. Inset is the PCE
distribution (30 individual devices were collected) of the control and target devices. (b) Energy level diagram of materials involved in this work. (c)
J−V characteristics curves of the PM6:L8-BO:BTP-ec9 device based on two ETLs. (d) EQE spectra and integrated photocurrent density of the
corresponding devices. (e) J−V curve of a large-area device (area: 1.0 cm2) based on OSC with PhTMABr-treated ZnO ETL.
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PhTMABr are 3.96 and 3.83 eV, respectively. The decreased
WF, resulting from the elimination of excess amine doping in
ZnO, is advantageous for establishing an improved ohmic
contact with an organic photoactive layer.30 The reduced
diiodomethane contact angle from 30.64° to 26.81° (Figure
S11) and decreased root-mean-square (RMS) roughness of
ZnO film (Figure S12) after modification indicate the surface
processing of ZnO with PhTMABr could enhance the interface
contact between the organic active layer with the substrate.
The BTP-ec9 (chemical structure in Figure S2) with

narrower bandgap was chosen as the third component of
PM6:L8-BO binary BHJ to study the device performance and
device physics based on the ZnO/PhTMABr ETL. Figure 3a
presents the device structure along with a schematic illustration
of the ZnO/PhTMABr interface. This illustration highlights
how PhTMABr can serve as a dipole to improve the built-in
electric field and promote the exciton dissociation at the
interface of donor/acceptor. The conduction band (CB) of
ZnO/PhTMABr was calculated to be −3.76 eV based on the
UPS results and optical bandgap (Figure S13). This value is
slightly higher than that of pristine ZnO, which is beneficial for
the transportation and collection of electrons. The energy level
arrangement in Figure 3b indicates that the ZnO film treated

with PhTMABr exhibits an up-shifted CB due to the
elimination of excess amine doping in ZnO. This is consistent
with a smaller WF, which is favorable to the electron
transportation. Figure 3c shows the current density−voltage
(J−V) curves of the optimized devices, with detailed
photovoltaic parameters summarized in Table 1. The device
based on the pristine ZnO ETL exhibits a VOC of 0.853 V, a JSC
of 26.60 mA cm−2, and an FF of 76.47%, yielding a PCE of
17.34%. After treating the ZnO film with PhTMABr, the
optimized PCE (Figure S14a, Table S2) was boosted to
18.75% with a VOC of 0.865 V, a JSC of 27.46 mA cm−2, and an
FF of 78.95%, which is a record PCE for inverted OSCs based
on a ZnO ETL to the best of our knowledge.26,32,39

Importantly, the devices based on ZnO/PhTMABr demon-
strate excellent reproducibility, with an average PCE of
18.49%, significantly surpassing that of the control devices
(PCEavg = 17.00%) (Figure 3c). As illustrated in Figure 3d, the
calculated JSC from external quantum efficiency (EQE) data
was 26.10 and 26.82 mA cm−2 for the devices based on ZnO
without and with PhTMABr, respectively. This aligns well with
the J−V data with an error within 3%. The higher EQE
response in the NFA region demonstrated the enhanced
charge collection of the device using PhTMABr-modified ZnO.

Table 1. Optimized Photovoltaic Parameters for Devices Based on ZnO or ZnO/PhTMABr

BHJ ETLs VOC [V] JSC [mA cm−2] JSC
a [mA cm−2] FF [%] PCEmax/PCEavg [%]

PM6:L8-BO:BTP-ec9 ZnO 0.853 26.60 26.10 76.47 17.34
0.853 ± 0.007 26.20 ± 0.60 76.24 ± 0.85 17.00 ± 0.38

ZnO/PhTMABr 0.865 27.46 26.82 78.95 18.75
0.865 ± 0.006 27.20 ± 0.35 78.47 ± 0.71 18.49 ± 0.25

aCalculated from EQE data.

Figure 4. (a) J−V characteristic curves of the devices based on two ETLs in the dark state. (b) Photocurrent density versus effective voltage (Jph−
Veff) characteristics for the corresponding devices. (c) Nyquist plots of control and target devices. Inset: The equivalent-circuit model employed for
fitting of EIS data. (d) Seminatural logarithmic plots of VOC versus light intensity. (e) Transient photocurrent measurements of devices analyzed by
a single-exponential decline model. (f) Mott−Schottky plots of devices based on the studied ETLs. Note: Control and target represent the devices
based on ZnO and ZnO/PhTMABr, respectively.
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Given the high performance of the device based on ZnO/
PhTMABr, the OSCs with active areas of 1.0 cm2 were also
fabricated. As shown in Figure 3e, the best-performing large-
area device measured under standard AM 1.5 G conditions
showed a VOC of 0.872 V, a JSC of 26.23 mA cm−2, and an FF
of 74.05%, respectively, yielding a high PCE of 16.94%. Note
that we have evaluated organic salts based on PhTMA with
different anions, including PhTMACl and PhTMAI, and have
achieved comparable device performance (Figure S14b, Table
S3). When using PFNBr to process a ZnO film, a PCE of
17.9% was obtained, which is lower than that of the
PhTMABr-based device (Figure S14c, Table S3). Moreover,
various BHJ systems have been employed to validate the
universality of this ZnO/PhTMABr ETL, all of which
demonstrated enhanced device performance (Figure S15,
Table S4).
The significantly improved device performance could be

attributed to enhanced charge transport and suppressed
recombination, which can be characterized by device physics.
The exciton dissociation and charge collection properties of
the OSCs with the two ETLs were initially evaluated. Figure 4a
illustrates the J−V characteristics of OSCs in the dark state. A
reduced leakage current under a reverse bias voltage was
observed in the ZnO/PhTMABr-based device, indicating the
suppression of hole injection at the cathode interface.40,41 At a
positive bias, the current density of the ZnO/PhTMABr-based
device is higher than that of the control, which can be

attributed to a smaller series resistance. Figure 4b displays
curves of the photocurrent density (JPh) with respect to
effective bias. In contrast to the device with an unmodified
ZnO ETL, the dissociation probabilities P(E,T) of the devices
using PhTMABr-modified ZnO ETL were improved from
96.0% to 98.0% (for the short-circuit condition) and from
86.2% to 88.2% (for the maximal power output condition).
This improvement suggests that less driving force is needed to
extract the carriers from the device.42 In addition, we measured
the Nyquist plot of the electrochemical impedance spectros-
copy (EIS) spectra for OSCs based on different ETLs (Figure
4c). According to the equivalent-circuit model,43 the series
resistance (Rseries) and charge-transport resistance (RCT) are
34.2 and 267.6 Ω for the control devices and 32.8 and 207.3 Ω
for the target devices, respectively. The reduction in both Rseries
and RCT indicates fewer interfacial defects and better contact
between the ETL and BHJ after modification. This improve-
ment is beneficial for suppressing charge recombination.
To further verify the carrier recombination in the control

and target device, light intensity (I)-dependent J−V character-
istics were assessed.44 After modification, the exponent α of the
target device (JSC ∝ Iα) increased from 0.986 to 0.991 (Figure
S16), indicating weaker bimolecular recombination, leading to
improved FF and JSC. The light intensity-dependent VOC data
following the equation VOC ∝ nkT/q ln(I) show that the target
device exhibits a reduced slope of 1.18kT/q compared to that
of the control device (1.31kT/q) (Figure 4d). The slope closer

Figure 5. (a) AFM phase images of the control and target film before and after 72 h UV illumination. (b) GIWAXS patterns for PM6:L8-BO:BTP-
ec9 films based on two ETLs before and after 72 h UV illumination. (c) Thermal aging test of unencapsulated devices based on ZnO and ZnO/
PhTMABr under 65 °C in a N2 glovebox. (d) Unencapsulated devices under MPP tracking with continuous illumination (100 mW cm−2, white
LED) in a N2 atmosphere. (e) T80 analysis of the device based on ITO/ZnO/PhTMABr/PM6:L8-BO:BTP-ec9/MoO3/Ag. The black line is a
linear fit for extraction of T80 from 740 to 1800 h.
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to 1kT/q suggests suppressed trap-assisted recombination loss
in the target device. Moreover, transient photocurrent (TPC)
and transient photovoltage (TPV) measurements were carried
out to estimate the charge-carrier dynamic. The TPC curves in
Figure 4e showed that the target device exhibited a shorter
decay time of 0.21 μs in comparison with the control (τ = 0.95
μs), where the shorter decay time represents the faster charge
collection. As confirmed by the TPV results (Figure S17), the
target device showed a much longer carrier lifetime of 400 μs
in comparison with the control device (τ = 105 μs). The longer
carrier lifetimes suggest suppressed nonradiative recombina-
tion in the target device, resulting in an improved VOC. To
assess the nonradiative recombination photovoltage loss
(ΔVOC,nr), the external electroluminescence yield (EQEEL)
was measured against the injection current by operating the
OSC device as a light-emitting diode (LED). As shown in
Figure S18, the target device exhibits a higher EQEEL of 6.8 ×
10−5 than that of the control device (4.2 × 10−5). The
nonradiative energy loss (ΔEnr) of the photovoltaic device was
calculated using the formula ΔEnr = −kT ln(EQEEL), where T
is the absolute temperature and k is the Boltzmann constant.45

The calculated ΔEnr for the target device is 0.248 eV, which is
lower than that of the control device (0.260 eV). This result is
consistent with the improved VOC of the target device.
To investigate the difference in the built-in voltage (Vbi) of

devices induced by the PhTMABr-treated ZnO in comparison
with the control ZnO, a Mott−Schottky analysis was
performed. As illustrated in Figure 4f, the target device based
on PhTMABr-treated ZnO exhibits a higher Vbi of 0.752 V in
comparison with the control device (Vbi = 0.696 V). The larger
Vbi can be attributed to the smaller WF of the ZnO/PhTMABr
film, which could promote the drift current across the entire
device, resulting in a slightly enlarged VOC.

46

The long-term stability is one of the key factors restricting
the practical application of OSCs. To explore the influence of
modified ZnO on stability, we first access the morphology
stability of the BHJ film under continuous UV illumination in
ambient conditions. As shown in Figure 5a, the atomic force
microscope (AFM) images of BHJ films on both ETLs show a
favorable bicontinuous double-fibril network at first. Sub-
sequently, the BHJ film on ZnO/PhTMABr maintains nearly
constant roughness (Figure S19) and continues to exhibit a
well-organized, fiberlike structure after 72 h, demonstrating
excellent UV light aging stability. However, the morphology of
the BHJ film on bare ZnO has changed from a fibril network to
a complete spherical shape after 72 h of UV illumination. This
change suggests a significant increase in phase separation, likely
induced by the photocatalysis effect within the ZnO film,
which leads to the dissociation of NFAs on the ZnO/BHJ
interface.26,32 The increased UV light aging stability of the BHJ
film on a ZnO substrate treated with PhTMABr indicates that
PhTMABr may mitigate the photocatalysis effect of ZnO,
possibly because the residual amine was removed through the
modification of ZnO with PhTMABr, leading to a reduction in
photogenerated radicals.
Moreover, the UV−vis absorption spectra of BHJ films and

neat NFA films on both the bare and PhTMABr-processed
ZnO substrate were measured to access intrinsic chemical
changes with or without UV illumination. As shown in Figure
S20a, the intensity of two absorption peaks in the control film
representing PM6 and acceptors both substantially reduced to
nearly 20% of the initial value after 72 h of UV illumination. At
the same condition, the equivalent absorption peak of the

target film modified with PhTMABr can maintain 88% of its
initial intensity, suggesting the improved stability of BHJ films.
Similarly, in the neat NFAs films, as shown in Figure S20b, the
absorption intensity at λmax of the control and target film
decreased 48.1% and 0.9%, respectively, compared with their
initial intensity, indicating dissociation of NFAs under UV
illumination, in agreement with the above AFM analysis.
Grazing incidence wide-angle X-ray diffraction (GIWAXS)
characterization (Figure 5b) was conducted to investigate the
impact of ZnO/PhTMABr on the molecular packing in BHJ
films. The stronger π−π stacking at 1.72 Å−1 in the out-of-
plane (OOP) direction and lamellar stacking at 0.28 Å−1 in the
in-plane (IP) direction were observed in the target film. This
observation is beneficial for the charge transport in the
device.41 Based on the OOP and IP line cut profiles (Figure
S20), the crystalline coherence length (CCL) was calculated
by the following equation:47,48

= kCCL 2 /fwhm (1)

where fwhm is the half-width of the diffraction peak and k
equals 0.9.49 Here, ΔCCL was employed to highlight the
variation in CCL for the π−π stacking of fresh and aged BHJ
films, as defined by the following equation:18

= ×CCL (CCL CCL )/CCL 100%aged fresh fresh (2)

The CCL of fresh and aged BHJ films on ZnO/PhTMABr is
24.06 and 23.76 Å (ΔCCL = −1.25%), respectively. In
contrast, the CCL of BHJ films on bare ZnO decreased from
18.66 Å (fresh) to 16.63 Å (aged) (ΔCCL = −10.88%). The
larger CCL of π−π stacking in the BHJ film on the ZnO/
PhTMABr substrate is beneficial to the carrier trans-
portation,50−52 resulting in improved JSC and FF. The smaller
ΔCCL indicates that the molecular packing stability in the BHJ
film has enhanced when using the PhTMABr-processed ZnO
as substrate. Note that we also explored alternative aromatic
ammonium salts, such as 2,5-thiophenedimethylammonium
bromide (ThDMABr), for the modification of the ZnO film.
Comparatively, the film stability of both the BHJ and NFA
films, as well as the device performance, exhibited obvious
improvement compared to films or devices based on pristine
ZnO ETL (Figures S14c and S21, Table S3).
To investigate the influence of the PhTMABr layer on

device stability, the sequential characterization included
studying the variation in PCE under thermal aging and while
operating at MPP. As shown in Figure 5c, the PM6:L8-
BO:BTP-ec9 device based on ZnO/PhTMABr maintained
87.3% of its initial PCE after annealing at 65 °C for 1500 h. In
contrast, the PCE of the ZnO-based device was significantly
reduced to 59% after 1100 h. We further access the operational
stability operated at an MPP under 100 mW cm−2 light
illumination (white LED, T = 55 °C, light spectrum in Figure
S22). As shown in Figure 5d, the PCE of the champion target
device remained at 90.0% of its initial value after 1780 h,
whereas the control device substantially decreased to 77.3%
within 270 h, mainly resulting from sharply degraded JSC and
FF. The increased device stability is consistent with the
optimized film morphology, increased chemical stability, and
molecular packing of the BHJ film on the ZnO substrate
treated with PhTMABr. The extrapolated T80 lifetime of the
target device obtained by fitting the linearly decaying part is
10 619 h (Figure 5e). Note that this is the longest T80 lifetime
among inverted OSCs with a PCE exceeding 18.5%, to our
best knowledge.26,32,39
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3. CONCLUSION
In conclusion, we have successfully demonstrated a novel
method to improve the efficiency and stability of inverted
OSCs by modifying the ZnO layer with multiarmed aromatic
ammonium salts. It is found that there are strong hydrogen-
bonding interactions (N−H···O) between the proton in the
terminal amino group with the oxygen anions in ZnO, resulting
in reduced vacancy defects. The processing of ZnO with
PhTMABr could not only reduce the interfacial impedance and
inhibit trap-assisted recombination but also protect the BHJ
layer from photocatalytic degradation when it directly contacts
the ZnO layer. As a result, the optimized PM6:L8-BO:BTP-
ec9 devices using PhTMABr-processed ZnO as the ETL
achieved a champion PCE of 18.75%. Importantly, the BHJ
films on a PhTMABr-modified ZnO ETL exhibit a superior
UV aging stability. Benefiting from the improved stability of
BHJ films, the devices based on ZnO/PhTMABr maintained
90% of their initial efficiency under MPP tracking (white light
LED, 100 mW cm−2) for 1780 h, whereas the control device
decreased to 77.3% of its initial value after 270 h. Besides, the
extrapolated T80 lifetime of the device by linear fitting is 10 619
h, illustrating the distinguished reliability of the novel
modification method. This work offers a promising avenue to
enhance the efficiency and stability of organic solar cells.
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