Published on 18 July 2025. Downloaded by Y unnan University on 8/3/2025 1:43:59 PM.

#® ROYAL SOCIETY

Journal of
PPN OF CHEMISTRY

Materials Chemistry A

View Article Online

View Journal

PEIE-mediated strategies for highly efficient and
stable perovskite solar cells overcoming BCP
thermal aggregationy

i '.) Check for updates ‘

Cite this: DOI: 10.1039/d5ta03658e

Hao Xiong, ©2 Bowen Li, Hongjie Qiu,? Pengfei Liu,? Kunyuan Zheng,® Zening Lei,?
Peng Xiang*® and Xinyu Tan*®

Perovskite solar cells (PSCs) have attracted considerable research interest in recent decades due to their
remarkable power conversion efficiencies. However, their thermal stability remains one of the crucial
challenges for commercial applications. Bathocuproine (BCP), widely employed as an interfacial buffer
layer between the electron transport layer and the metal electrode, tends to undergo thermal
aggregation at elevated temperatures, thereby compromising device stability. In this paper, the
aggregation behavior of BCP under thermal stability testing was investigated. It was proposed that
introducing polyethylenimine ethoxylated (PEIE) into BCP could inhibit its high-temperature aggregation.
The —NH and —OH groups in PEIE can form hydrogen bonds with the pyridine nitrogen in BCP. This
interaction enables moderate m—7 stacking to persist over a broader temperature range, thereby
improving morphology and uniformity of the film. Concurrently, PEIE optimizes energy level alignment at
the Cgo/BCP interface, facilitating more efficient electron extraction and transport. Moreover, the
incorporation of PEIE remarkably suppresses the infiltration of Ag ions under continuous thermal

conditions, which further enhances the thermal stability of the device. By utilizing the PEIE-modified BCP
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Accepted 18th July 2025 buffer layer, the resulting PSCs demonstrate a champion power conversion efficiency (PCE) of 25.81%.

Even after 1000 hours of operation under a relative humidity of 30%, they still retain an efficiency of
DOI: 10.1039/d5ta03658e more than 85%, demonstrating significantly enhanced stability. This work presents an innovative design

rsc.li/materials-a strategy for developing PSCs with simultaneously enhanced efficiency and operational stability.

solar cells.**° Meanwhile, the interface between perovskites and
the charge transport layer suffers from problems such as charge
accumulation and energy loss.”™ Notably, the interface

1. Introduction

Perovskite solar cells have demonstrated remarkable progress

in power conversion efficiency, recently achieving a certified
record efficiency of 26.70%.'° This remarkable achievement
fully highlights their great commercial potential. However,
stability issues have emerged as a major obstacle, severely
impeding their widespread application. The degradation of PSC
stability stems from three fundamental sources: the intrinsic
instability of perovskite materials themselves, interfacial charge
recombination losses, and extrinsic environmental degradation
pathways.” Among these, defects and mismatches at the inter-
face can trigger ion migration, while the penetration of metal
electrodes accelerates the degradation of perovskite materials—
both of which are key factors undermining the stability of the
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between the electron transport layer and the top electrode exerts
a significant impact on the overall performance of the solar
cells. To surmount these challenges, researchers have con-
ducted extensive investigations in diverse fields, including
material optimization, interface engineering, novel structural
design, and packaging. Their endeavors focus on addressing the
critical issues that hinder commercialization, aiming to develop
more efficient and stable PSCs. Among numerous optimization
strategies, interfacial buffer layers have proven particularly
effective in simultaneously improving the photovoltaic perfor-
mance and operational stability of PSCs."*® By improving the
energy level matching, reducing the accumulation of interfacial
charge, blocking the erosion of external factors, and inhibiting
ion migration, buffer layers can effectively retard material
degradation, thereby boosting the efficiency and stability of
PSCs." Bathocuproine (BCP), as a commonly used buffer
material, possesses numerous advantages and has been exten-
sively applied in PSCs."*>* Firstly, BCP converts the Schottky
contact between the electrode layer and the metal layer into an
ohmic contact, which enhances the efficiency of charge
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extraction and reduces interfacial recombination.'®****
Secondly, BCP serves as an effective energy level modifier,
optimizing interfacial band alignment across device layers to
promote efficient charge carrier transport.”® Thirdly, the BCP
molecule can uniformly fill grain boundaries of perovskite,
passivate the undercoordinated Pb** and I~ defects, and
decrease carrier recombination.”® Fourthly, the BCP layer can
block the diffusion path of iodine ions in perovskite, prevent the
penetration of metal electrodes, and decelerate the degradation
of materials.”® Nevertheless, BCP exhibits poor thermal stability.
Zheng et al.”” showed that BCP aggregates rapidly even at low
temperatures (85 °C), resulting in significant deterioration of
device performance. This aggregation increases the interface
resistance, disrupts the charge transport process, and ulti-
mately decreases the PCE of the PSCs. Meanwhile, the crystal-
lization of BCP under thermal stress can alter the morphology
of the film and increase the surface roughness, which further
undermines the long-term stability of the device.”® Zhu et al.
engineered the electron transport system in planar PSCs by
incorporating a YbO, interlayer, fabricated through physical
vapor deposition, between the ETL and metal electrode. This
architecture demonstrated significantly enhanced device
stability.”® Huan Li et al. replaced BCP with a dense SnO, buffer
layer at the cathode interface.*® This interfacial modification
substantially mitigated cathode-side charge accumulation while
simultaneously suppressing Ag' and I” ion migration, ulti-
mately improving both the Vo and thermal stability of the
module-scale devices. Zheng et al. investigated an alternative
device architecture by eliminating the BCP buffer layer while
increasing the Cgp thickness from 25 nm to 80 nm, aiming to
simplify the interfacial structure while maintaining charge
extraction efficiency. Although the device achieved good
thermal stability, its efficiency remained low.”” Nguyen et al.
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substituted the 2,9 positions of BCP with aromatic phenyl and
p-toluene groups. This modification was highly effective in
improving the flatness of the conjugated backbone and pro-
tecting the reactive nitrogen atom of the phenanthroline core,
thus promoting charge transport and enhancing device
stability. The modified BCP significantly enhanced charge
transport, reduced recombination losses, and notably improved
the structural stability of PSCs, thereby extending the device
lifetime.** In summary, while various strategies have been
explored as alternatives to BCP for improving device stability,
there remains a paucity of research that directly addresses the
thermal stability issue of BCP itself.

This work employs ethoxylated PEIE to enhance the overall
stability of BCP-based devices. The pyridine nitrogen atom in
BCP has lone pairs of electrons that can serve as hydrogen bond
acceptors. These electrons form N-H--N and O-H---N
hydrogen bonds with the hydrogen atoms from the -NH and -
OH groups in PEIE. This interaction is anticipated to suppress
the aggregation of BCP molecules under thermal stress, thereby
improving the thermal stability of the solar cells. The incorpo-
ration of PEIE serves a dual function: it simultaneously resolves
BCP's thermal instability while enhancing charge transport
kinetics in perovskite photovoltaics, presenting a comprehen-
sive strategy for high-performance stable PSCs.

2. Results and discussion
2.1 Interaction of PEIE with BCP

The structure of the PSCs in this paper is illustrated in Fig. 1a.
The chemical structure and interaction between BCP and PEIE
are depicted in Fig. 1b. We hypothesize that -NH and -OH
groups in PEIE form N-H---N and -OH---N hydrogen bonding.
To further validate this hypothesis, we employed Fourier
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Fig. 1 (a) Schematic diagram of the PSC device structure. (b) Schematic diagram of the interaction between PEIE and BCP. (c) FTIR spectra of
PEIE, BCP-PEIE and BCP. (d) N 1s XPS spectra of BCP and BCP-PEIE films. (e) N 1s XPS spectra of PEIE and BCP-PEIE films. (f) O 1s XPS spectra of

PEIE and BCP-PEIE films.
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transform infrared spectroscopy (FTIR) and X-ray photoelectron
spectroscopy (XPS) to analyze the interaction between PEIE and
BCP (Fig. S1t). As depicted in Fig. 1c, the FTIR vibration peaks
of ~OH and -NH in PEIE are redshifted from 3260.15 cm ™" and
1650.20 cm " to 3384.42 cm™ ' and 1652.14 cm ™', respectively.
Meanwhile, the hydrogen bond acceptor C=N- exhibited
a significant stretching vibration at 1619.68 cm ™. As illustrated
in Fig. 1e and f, due to hydrogen-bond formation, the binding
energies of -NH (398.26 eV) and -OH (531.79 eV) in PEIE
increased to 398.41 eV and 531.91 €V, respectively, with incre-
ments of 0.15 eV and 0.12 eV. This indicated that, as hydrogen
bond donors, -NH and -OH redistributed electron cloud
density with BCP. Meanwhile, as shown in Fig. 1d, the binding
energy of pyridine N in BCP, originally 400.12 eV,* slightly
decreases to 400.00 eV (a change of —0.12 eV), further con-
firming its role as a hydrogen bonding acceptor in hydrogen
bond formation. XPS analysis further validates the occurrence
of hydrogen bonding. The hydrogen bonding strengthens the
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m-1 conjugation effect of BCP molecules.** The improved
molecular arrangement enables tighter packing, resulting in
a more densely crosslinked polymer network. Consequently, it
effectively suppresses the aggregation of BCP molecules and
influences the distribution of the electron cloud.*

The SEM image in Fig. 2a demonstrates the aggregation of
BCP particles after heating at 85 °C for 10 hours. As the heating
time extended, large aggregate grains were observed to appear
on the BCP film. In contrast, the SEM images of BCP with
addition of PEIE did not show significant aggregation (Fig. 2b).
As depicted in Fig. S2,T the grain size distribution of BCP during
heating was calculated. The average grain size increased from
18.72 pum to 43.41 um as the heating time elapsed, which is
consistent with the results presented in Fig. 2a. Fig. S3af
displays the AFM image of the BCP aggregation process. As the
heating duration increased, the BCP film exhibited greater
surface roughness and developed larger aggregated grains.
However, for the AFM image of BCP with PEIE (Fig. S3b¥), there
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Fig.2 (a) SEM images of ITO/BCP and (b) ITO/BCP-PEIE samples following thermal treatment at 85 °C for 10 h. GIWAXS images of the (c) BCP

film and (d) BCP-PEIE film during heating at 85 °C for 0-10 hours.
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was no significant change in roughness. To further investigate
the thermal aggregation behavior of BCP films after heating at
85 °C for 10 hours, grazing-wide-angle X-ray small-angle scat-
tering (GIWAXS) analysis was performed. As shown in Fig. 2c,
with increasing heating time, the surface of the BCP film
gradually became rougher, and the aggregation phenomenon
intensified significantly. The GIWAXS pattern indicated that as
the heating time increased, scattering signals in both the g, and
q: directions changed, particularly in the vertical direction,
where the Bragg peaks widened. The crystal orientation became
more disordered, displaying features similar to Debye-Scherrer
rings, suggesting that the BCP film underwent aggregation and
disorder during heating.** In contrast, for the PEIE-modified
BCP, as shown in Fig. 2d, despite being subjected to the same
heating conditions, the surface remained relatively uniform.
GIWAXS analysis revealed minimal changes in the scattering
signals, and the Bragg peaks did not significantly broaden or
blur, indicating that PEIE effectively suppressed thermal
aggregation and enhanced the thermal stability of the film.

To determine whether the aggregation of BCP at 85 °C is
a chemical polymerization or a physical process, Fourier
transform infrared (FTIR) spectroscopy and differential scan-
ning calorimetry (DSC) were performed on BCP films both
before and after thermal treatment. As illustrated in Fig. 3a, the
FTIR spectra of BCP films before and after heating at 85 °C
exhibit no new characteristic peaks and significant peak shifts.
This suggests that no new bonds form between BCP molecules
at this temperature. DSC was utilized to examine the thermal
properties of BCP under various conditions. As depicted in
Fig. 3b, the DSC curve shows no significant endothermic or
exothermic peaks in the temperature range from room
temperature to 240 °C, indicating that no significant phase
transitions or chemical reactions occur in the BCP. Collectively,
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the results of FTIR and DSC analyses indicate that the aggre-
gation of BCP at 85 °C is primarily a physical process rather
than a heat-induced chemical transition. In the PEIE-modified
samples, the aggregation of BCP was significantly reduced,
which indicates that the incorporation of PEIE effectively sup-
pressed the heat-induced aggregation of BCP molecules.
However, such aggregation had a detrimental impact on the
device efficiency. As shown in Fig. 3c, after heating at 85 °C for
10 h, the Vg, Jsc, FF and PCE of the control device decreased
from 1.171 V, 25.38 mA cm 2, 84.71, and 24.93% to 1.137 V,
20.78 mA cm 2, 75.77, and 17.91%, respectively. On the one
hand, the accumulation of BCP grains reduces the effective
contact area between the buffer layer and the metal electrode,
which in turn leads to a decrease in Jsc.”® Simultaneously, this
suboptimal contact increases the series resistance (Ry), reduces
the recombination resistance (R,.), and consequently decreases
both FF and Vuc.”® In contrast, due to the suppression of BCP
aggregation, the performance degradation of the modified
device after heating is significantly mitigated (Fig. 3d).

The addition of PEIE not only suppresses the aggregation of
BCP upon heating, but also enhances the crystallization of BCP.
Fig. 3e and f are SEM images of the BCP layer and BCP-PEIE
layer deposited on the perovskite/Ce, film, respectively. SEM
characterization confirms that the BCP layer modified with PEIE
forms a uniform and pinhole-free dense coating on the Cg, thin
film. This characteristic is crucial for isolating the perovskite
layer from the air. Conversely, the BCP layer deposited on a thin
Ceo film exhibits pinholes on its surface. These pinholes func-
tion as carrier recombination sites, inducing charge accumu-
lation and conduction losses that degrade device performance.
Concurrently, they provide pathways for water and oxygen
infiltration to the perovskite layer, accelerating device insta-
bility. The water contact angle of the BCP-PEIE film (70.15°) is
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(a) FTIR spectra of ITO/BCP before and after heating for 10 h. (b) DSC curves of BCP heated from room temperature to 240 °C. (c)

Efficiency comparison of ITO/SAM/AlL,Oz/perovskite/Cgo/BCP/Ag devices before and after heating at 85 °C for 10 hours. (d) Efficiency
comparison of ITO/SAM/Al,Os/perovskite/Ceo/BCP-PEIE/Ag structure devices before and after heating at 85 °C for 10 hours. SEM images and
water contact angle of BCP films (e) and BCP-PEIE films (f) spin-coated on ITO/SAM/Al,Os/perovskite/Cgo, respectively.
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larger than that of the BCP film (44.97°). This difference can be
attributed to the long carbon chain in the PEIE polymer, which
further enhances the hydrophobicity of the BCP-PEIE
composite.** To thoroughly characterize the morphological
properties of both BCP and PEIE-modified BCP films, atomic
force microscopy (AFM) was performed on samples deposited
on Cg, substrates. Fig. S4t shows the perovskite film
morphology with a measured root mean square (RMS) rough-
ness of 44.9 nm. When Cg, is deposited on a perovskite film, the
RMS roughness decreases to 29.8 nm. Depositing BCP on
perovskite/Cg, results in an RMS roughness of 46.8 nm. In
contrast, depositing BCP-PEIE on perovskite/Cg yields a lower
RMS roughness of 27.3 nm. A lower roughness value promotes
better interface contact and charge transport.®® Thus, the
incorporation of PEIE not only improves the topography of the
film and hydrophobicity but also enhances the overall perfor-
mance of the device.

2.2 PEIE for PSC performance improvements

Fig. 4a shows the steady-state photoluminescence (PL) of PSCs
with different transport layers spin-coated on top of the perov-
skite. As the number of layers increases, the PL peak intensity of
the perovskite decreases significantly. When the perovskite
layer is in contact with the ETL, a significant photo-
luminescence (PL) quenching phenomenon is expected theo-
retically. This occurs because the ETL efficiently extracts and
transfers light-induced electrons before the carrier recombina-
tion takes place.*® The observed enhancement in PL quenching
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efficiency for the Cqo/BCP-PEIE ETL interface suggests more
favorable energy alignment and reduced interfacial recombi-
nation losses compared to the conventional C¢,/BCP ETL. This
finding is consistent with the improved morphology of the BCP-
PEIE layer (Fig. 3f). Moreover, time-resolved photoluminescence
(TRPL) mapping reveals spatial variations in carrier lifetime
(Fig. 4b and c). In Fig. 4b, the blue and green regions are
distributed unevenly, with a noticeable “void” or low-lifetime
area appearing near the center, which may indicate the pres-
ence of film defects such as porosity or surface inhomogeneity
(Fig. 3e and S4cft). These defects generally introduce additional
non-radiative recombination centers, which accelerate exciton
recombination and thus reduce the photoluminescence (PL)
lifetime in these regions. In contrast, the color distribution in
Fig. 4c is significantly more uniform, with an overall shift
towards green, yellow, and orange regions, indicating improved
PL lifetime and enhanced spatial uniformity across the entire
film (Fig. 3f and S4dt). This result aligns well with the expected
improvements in film surface quality, such as reduced porosity
and surface roughness. A smoother and denser film surface
effectively minimizes defect states, thereby suppressing non-
radiative recombination processes.*”

To quantitatively characterize the trap density of states, two
device architectures were fabricated: ITO/C60/BCP-PEIE/Ag and
ITO/C60/BCP/Ag. The dark current-voltage (J-V) curves of their
space charge-limiting currents (SCLC) at various voltages were
measured, as depicted in Fig. 4d. The trap density of states
(¢rap) Was calculated using the following equation (eqn (1)):**
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Fig. 4 (a) PL spectra of perovskite (PVSK), PVSK/C60, PVSK/Cgo/BCP and PVSK/Ceo/BCP-PEIE. (b) TRPL mapping image of BCP/C60/perovskite.
(c) TRPL mapping image of BCP-PEIE/C60/perovskite. (d) Space charge limited current (SCLC) plots based on BCP and BCP-PEIE devices,
respectively. (e) Dark J-V curves based on BCP and BCP-PEIE devices, respectively. (f) V-/ curves of ITO/Cgo/BCP/Ag and ITO/Cgo/BCP-PEIE/Ag

structural devices.
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2eep VrrL
Mwap = — 77— (1)

where Vg, denotes the trap - filled limiting voltage, ¢, (8.854 x
107" F m ) represents the vacuum permittivity, e (25) is the
relative permittivity of the semiconductor material, e (1.602 x
10~ '° C) is the elemental charge, and L (450 nm) is the thickness
of the measured film. The incorporation of PEIE leads to
a noticeable reduction in the Vg, of the device, decreasing from
0.1234 V to 0.1171 V. Compared to pristine BCP films, the trap
density (f¢rap) in BCP-PEIE composite films decreases from 6.04
x 10" em ™ to 5.73 x 10" cm >, This reduction in trap density
effectively suppresses charge accumulation at the interface.
Such an effect is attributed to the enhanced structural stability
of the BCP film upon the introduction of PEIE. As illustrated in
Fig. 4e, the dark current density of the device incorporating the
BCP-PEIE interlayer is markedly reduced within the voltage
range of —0.8 V to 0.8 V, which contributes to an enhancement
in the open-circuit voltage (Voc). As illustrated in Fig. 4f, this
stable crystal structure endows the Cgo/BCP-PEIE electron
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transport layer (ETL) with superior properties compared to the
Ceo/BCP ETL, thereby facilitating efficient charge transport
within the device. To further explore the charge recombination
behavior, we analyzed the relationship between V¢ and light
intensity, along with transient photovoltage decay. The slope
obtained from the V¢ versus light intensity curve reflects the
extent of trap-assisted recombination and corresponds to the
ideality factor.*® As shown in Fig. S5,1 the devices with the Cgo/
BCP-PEIE ETL exhibit a relatively small slope of 1.20KyT/q,
whereas the devices with the C4,/BCP ETL exhibit a larger slope
of 1.38KgpT/q. This indicates that the C¢,/BCP-PEIE ETL reduces
the Shockley-Read-Hall recombination. Fig. S6 shows the UV-
vis absorption spectra of the films. The absorption intensities of
the perovskite/BCP and perovskite/BCP-PEIE films are nearly
identical. The introduction of PEIE does not affect the original
thickness of the BCP layer; thus, its influence on the optical
absorption of the perovskite layer can be considered
negligible.*
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(a) Electrical impedance response of PSC devices with Cgo/BCP and Cgo/BCP-PEIE as the ETL, along with the equivalent circuit model

used for fitting the corresponding measurement data. (b) Energy level alignment diagram. (c) PCE distribution of PSCs with the C¢o/BCP ETL and
Ceo/BCP-PEIE ETL from 30 device statistics, respectively. (d) J-V curves of optimal BCP and BCP-PEIE PSCs. (e) J-V curves of BCP and BCP-PEIE
PSCs under forward and reverse scans. (f) EQE spectra of PSCs based on BCP and BCP-PEIE. (g) Moisture stability at 30—-35% relative humidity

(RH) in air at 25 °C.

J. Mater. Chem. A

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d5ta03658e

Published on 18 July 2025. Downloaded by Y unnan University on 8/3/2025 1:43:59 PM.

Paper

Fig. 5a displays the Nyquist plot and the corresponding
equivalent circuit for the devices based on Cgo/BCP and Cgo/
BCP-PEIE. The equivalent circuit comprises a series resistor
(Rs), a recombination resistor (R), and a capacitor. The values
of these resistors are summarized in Table S2.f Compared to
the control devices, the BCP-PEIE-modified devices exhibit
lower R, and higher R,. values. This suggests improved charge
transport efficiency and suppressed non-radiative recombina-
tion losses.*

In this section, the influence of PEIE on the improvement of
BCP energy levels is investigated. The energy level alignment
presented in this study was derived from ultraviolet photo-
electron spectroscopy (UPS) and UV-vis absorption measure-
ments, as shown in Fig. S7f and 5b. According to Fig. S7f and
S7g,7 the E.yeofr €nergies of BCP and BCP-PEIE are 17.00 eV and
17.11 eV, respectively. The Fermi level can be calculated using
the formula Ex = E.y.or — 21.22. Thus, the Fermi levels of BCP
and BCP-PEIE are —4.22 eV and —4.11 eV, respectively. The
valence band maximum (Vgy) is determined using the equation
Eyg = Ey — Epcdge- The Ep cqge Of BCP and BCP-PEIE was 3.20 eV
and 3.79 eV, respectively, and the corresponding Eyg for BCP
and BCP-PEIE was —7.42 eV and —7.32 eV, respectively. As
shown in Fig. S7d and e,} the band gaps (E,) of BCP and BCP-
PEIE were calculated to be 3.51 eV and 3.75 eV. Using the
formula Ecp = Eyp + Eg, the conduction band minimum (Cgy) of
the pristine BCP and BCP-PEIE was —3.91 eV and —4.23 eV,
respectively. Clearly, this cascaded energy level structure facili-
tates efficient electron extraction from the perovskite to the
electron transport layer (ETL), effectively reducing interfacial
charge buildup and recombination processes.*” Moreover, BCP-
PEIE has a deeper valence band maximum than BCP, which
enables more effective blocking of holes and suppression of
carrier recombination.**™*

To evaluate the impact of PEIE on the performance and
stability of the device, we fabricated planar PSCs with ITO/SAM/
Al,O3/perovskite/Cqo/BCP-PEIE/Ag structures. Here, BCP solu-
tions containing different concentrations of PEIE ranging from
0 to 0.9 mg mL "' were prepared to determine the optimal
concentration of PEIE for fabricating high-performance devices.
The corresponding device performance is summarized in Table
S1 (corresponding efficiency graph can be seen in Fig. S8).1 To
assess the repeatability of device performance, we counted the
power conversion efficiencies (PCEs) of multiple devices and
plotted a histogram of the efficiency distribution (Fig. 5¢). The
results indicate that the PEIE modified devices not only exhibit
higher average efficiency but also have more concentrated effi-
ciency distributions and smaller standard deviations. This
suggests that the modification strategy has good reproduc-
ibility. From the statistical results, it is evident that the PCE of
all BCP-PEIE devices is improved compared to that of BCP
devices. This enhancement is attributed to the concurrent
improvements in open-circuit voltage Voc, Jsc, and FF. When
the PEIE concentration was 0.6 mg mL ™", the champion device
had a Voc of 1.187 V, a Jsc of 25.62 mA cm ™2, an FF of 84.89%,
and a PCE of 25.81%, as shown in Fig. 5d. These performance
metrics surpass those of the control device, which exhibited
a Voc of 1.179 V, a Jsc of 25.01 mA cm ™2, an FF of 84.71%, and
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a PCE of 24.98%. The photovoltaic performance of devices with
different PEIE concentrations was systematically analyzed. The
statistical results of 20 devices for each condition are summa-
rized in Fig. S9.17 Moderate PEIE concentrations (0.3 mg mL ™"
and 0.6 mg mL ") significantly enhance Jsc, Voc, FF, and PCE
compared to unmodified BCP devices, confirming the positive
interfacial passivation effect. However, excessive PEIE (0.9 mg
mL ") leads to performance degradation, which is likely due to
the fact that an excessive amount of PEIE hinders efficient
electron transport and extraction. These results demonstrate
the existence of an optimal PEIE concentration window for
efficient device operation.*® As shown in Fig. S10a,T in order to
investigate the effect of different PEIE concentrations on device
performance, we measured the electrical impedance response
of devices fabricated from BCP solutions containing various
PEIE concentrations. It is evident that the devices incorporating
PEIE exhibit lower Rs and higher R,. compared to the control
devices, confirming the enhanced charge transport and sup-
pressed non-radiative recombination, which are responsible for
the improvement in FF. However, with the further increase in
PEIE concentration, Ry gradually increases while R,. decreases,
which leads to a decline in both Jsc and FF. These results are
consistent with the statistical data shown in Fig. S9a.{*°
Fig. S10bt demonstrates that PEIE enhances the electron
transport capability of the device. However, as the concentra-
tion increases, the electron transport capability further
decreases, which corresponds well with the results shown in
Fig. S9.1

It is important to highlight that despite the incorporation of
PEIE into the BCP layer, there is no notable change in the
device's hysteresis behavior, as shown in Fig. 5e (the corre-
sponding efficiency data are presented in Table S3.f). The
hysteresis index (HI) was calculated using the formula:

PCErev - PCEde

HI =
PCErev

2)
where PCE,., and PCEg,q refer to the PCE at the same voltage
point during reverse and forward scans, respectively. The
calculated hysteresis indices are 0.006 for the control device and
0.017 for the PEIE-modified device, indicating that the intro-
duction of PEIE has a negligible impact on device hysteresis.

This indicates that PEIE does not have a negative impact on
interfacial charge transport. Moreover, this result further
implies that the improvement in stability in PEIE-modified
devices is not due to a change in the hysteresis effect, but
may be related to the enhanced stability of the BCP morphology
and the suppression of aggregation. To gain deeper insight into
the photoelectric conversion performance, external quantum
efficiency (EQE) spectra were measured, as shown in Fig. 5f. The
data reveal that the EQE of the PEIE-modified devices is
enhanced across the entire spectral range, with a notable
improvement in the 400-700 nm range. The integrated current
density increased from 24.81 mA cm > to 25.38 mA cm ™2, an
increase of approximately 0.57 mA cm~>. This indicates that the
collection capacity of photogenerated carriers is enhanced,
which is consistent with the PL test results.
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Since device stability is as crucial as efficiency,*” this section
assesses the impact of PEIE-modified BCP on the device
stability. The maximum power point of the champion device
was continuously tracked under AM 1.5 illumination. To thor-
oughly assess the device's long-term stability, an unpackaged
device underwent a standard light stability test in a nitrogen
(N,) atmosphere. As depicted in Fig. S11,} the device with a BCP
electron transport layer without PEIE could only retain 84.29%
of its initial efficiency under continuous illumination, whereas
the PEIE modified BCP device could still retain up to 96.08% of
its initial efficiency. This result clearly demonstrates that PEIE
modification significantly enhances the device stability.
Fig. S127 presents the time-dependent water contact angle
evolution of the unmodified BCP surface (Fig. S12a-ct) and the
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PEIE-modified BCP surface (Fig. S12d-ff) under 70% RH. For
the unmodified BCP, the initial contact angle is 42°, which
decreases rapidly to 40° within 20 seconds and further drops to
19° after 50 seconds, indicating poor hydrophobicity and
significant moisture interaction. In contrast, the PEIE-modified
BCP exhibits an initial contact angle of 61°, which remains
relatively high (57° at 20 seconds and 53° at 50 seconds)
compared to the unmodified sample. This suggests that PEIE
significantly enhances the hydrophobicity of the BCP surface
and delays water penetration under high humidity conditions.
Fig. 5g demonstrates the moisture stability of PSCs under
ambient conditions (relative humidity: 30-35%; temperature:
25 ©C). After 1000 hours of storage, the target device still
retained 87.5% of its initial efficiency.

| -
|
= |
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Fig. 6 (a) Images of ITO/SAM/Al,O=/perovskite/Cgo/BCP/Ag and (b) ITO/SAM/AL,Oz/perovskite/Cgo/BCP-PEIE/Ag structure devices at different
time intervals during heating to 200 °C for 120 minutes. Cross-sectional SEM image of the devices with BCP (c) and BCP-PEIE (d) after heating at
200 °C for 120 minutes. (e) Corresponding EDS images of the devices with the BCP layer after heating. (f) Corresponding EDS images of devices
with the BCP-PEIE layer after heating. (g) ToF-SIMS depth profiles of the aged PSC device. (h) and (i) Reconstructed 3D elemental distribution
maps of Ag ions for devices with BCP and BCP-PEIE layers, respectively, obtained from depth profiling analysis.
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2.3 PEIE improves the thermal stability of the device

To further explore the impact of BCP aggregation on thermal
stability, Fig. 6a illustrates that when a PEIE-free device is
heated at 200 °C for 120 min. Ag ions gradually permeate
downward. This phenomenon occurs because the aggregation
of BCP forms large grains, creating significant voids in the BCP
film that allow Ag to permeate under high-temperature condi-
tions. In contrast, since PEIE suppresses the aggregation of
BCP, it effectively hinders the diffusion of Ag (Fig. 6b). As shown
in Fig. S13,t the front surface of the device exhibits no notice-
able changes. Devices incorporating BCP-PEIE show no obvious
Ag ion permeation within the 0-120 minute timeframe. As
shown in Fig. 6d, a significant amount of aggregation appears at
the cross-section of the device without PEIE, which may be the
result of some of the permeated Ag ions reacting with I" to form
AglL.*®* The presence of PEIE forms a physical barrier film,
resulting in almost no Ag detection at the interface. This
difference is clearly demonstrated by the corresponding energy-
dispersive X-ray spectroscopy (EDS) results (Fig. 6e-f). The
distribution of Ag in the perovskite layer of the devices con-
taining PEIE is significantly lower than that in the devices
without PEIE.

To further investigate the barrier effect of BCP-PEIE on metal
ion migration, time-of-flight secondary ion mass spectrometry
(TOF-SIMS) depth profiling and 3D elemental mapping were
performed on aged devices with BCP and BCP-PEIE layers. As
shown in Fig. 6g, the Ag depth profile reveals significant silver
diffusion into the device bulk for the control sample using BCP
as the ETL. Even after extended sputtering, strong Ag signals are
still detected in the perovskite and HTL regions, indicating
severe Ag migration during aging, which could be detrimental
to device stability. In contrast, for the modified device with BCP-
PEIE, the Ag signal intensity sharply decreases upon entering
the ETL region, with only a small amount of Ag detected in the
perovskite layer, demonstrating that the introduction of PEIE
effectively suppresses Ag diffusion. The corresponding 3D
reconstructed Ag distributions, shown in Fig. 6h and i, further
support this conclusion. In the control device (Fig. 6h), Ag
particles are not only concentrated at the top electrode but also
exhibit obvious downward penetration into the device interior.
However, in the BCP-PEIE modified device (Fig. 6i), Ag remains
predominantly confined to the electrode interface, with
minimal downward diffusion observed.

These results collectively confirm that the incorporation of
PEIE significantly enhances the interfacial barrier properties of
BCP, effectively suppressing Ag migration under thermal aging
conditions and thereby contributing to the improved opera-
tional stability of the device.

3. Conclusion

In this study, we successfully addressed the high temperature
aggregation issue of BCP by introducing PEIE. Experimental
results revealed that the -NH and -OH groups in PEIE, acting as
hydrogen bond donors, form hydrogen bonds with the pyridine
nitrogen atoms in BCP. This interaction enhances m—m stacking
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between BCP molecules and suppresses molecular aggregation.
PEIE optimizes the energy level alignment of BCP, facilitating
more efficient carrier transport. Moreover, the incorporation of
PEIE results in a denser and more uniform BCP film. The contact
angle on the surface acts as a protective barrier, effectively pre-
venting moisture from infiltrating the perovskite absorber layer
from the air. During the thermal stability test, the BCP-PEIE film
inhibits the infiltration of Ag ions, thereby improving the thermal
stability of the device. As a result, the device incorporating PEIE
achieved a PCE of 25.81% and maintained a PCE retention rate of
over 86.5% after 1000 hours of operation at 30% relative
humidity. In summary, this study provides a simple strategy to
overcome the thermal stability challenges of BCP buffer materials
in PSCs. This approach is expected to accelerate the development
of high-efficiency and stable PSCs, laying a stronger foundation
for their commercialization.

4. Experimental section
4.1 Device preparation

The ITO conductive glass was ultrasonically cleaned in deion-
ized water, absolute ethanol, and isopropanol for 15 minutes. It
was then dried using high-pressure nitrogen and subjected to
ultraviolet ozone treatment for 30 minutes. A self-assembled
monolayer (SAM) solution (0.5 mg mL™ ') of 4-PADCB was
spin-coated onto the ITO substrates at 3000 rpm with an
acceleration of 1000 rpm s~ ' for 30 seconds. The coated
substrates were annealed on a hot stage at 100 °C for 10 minutes
under ambient air conditions. The Al,O; (0.5 mg mL™ ") reagent
was diluted with deionized water in a 1:5 ratio. The prepared
Al,O; solution was then spin-coated onto the SAM layer at
5000 rpm with an acceleration of 3000 rpm s~ for 20 seconds.
For the perovskite layer, a two-step spin-coating process was
employed. In the first step, the precursor solution was spin-
coated onto the Al,O; layer at 2000 rpm with an acceleration
of 2000 rpm s~ * for 25 seconds. In the second step, the speed
was increased to 5000 rpm with an acceleration of 2000 rpm s~ *
for 23 seconds. At the 13th second of the second stage, 120 uL of
chlorobenzene was dropwise added onto the spinning
substrate. Finally, the samples were annealed at 110 °C for 20
minutes. After that, a 250-nm-thick C¢, ETL was deposited. A 0.5
mg per mL BCP solution was prepared using isopropyl alcohol.
Different concentrations of PEIE were added to this solution,
and then the resulting BCP solutions (with or without PEIE)
were spin-coated onto the Cg layer at 6000 rpm, with an
acceleration of 3000 rpm s~ * for 30 seconds.

4.2 Materials

ITO-coated glass substrates were purchased from Guangzhou
Sunyoung Technology Co., Ltd. SAM (4PADCB) was obtained
from TCI. N,N-Dimethylformamide (DMF, =99.99%) was
purchased from Alfa Aesar. Chlorobenzene (CB, =99.99%) and
dimethyl sulfoxide (DMSO, =99.99%) were purchased from
Acros Organics. Ethanol (=99%) was purchased from Aladdin.
Aluminum oxide (Al,03;, =99.8%) was obtained from Sigma-
Aldrich. Ceo was purchased from Shanghai Weizhu Chemical
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Technology Co., Ltd. Rubidium thiocyanate (RbSCN, =99.5%)
was purchased from Suzhou Liwei New Material Technology
Co., Ltd. 2-Fluoroethylammonium chloride (FEACI, 98%) was
purchased from Alfa Aesar. Cesium iodide (Csl, 99.5%), lead(u)
chloride (PbCl,, 99.99%), methylammonium iodide (MAI,
99.99%), formamidinium iodide (FAIL, 99.5%), lead(n) iodide
(PbI,, 99.99%), and bathocuproine (BCP, 99.5%) were
purchased from Liaoning Youxuan New Energy Technology Co.,
Ltd. Polyethylenimine ethoxylated (PEIE, 37 wt% in H,0) was
purchased from Aldrich. Unless otherwise specified, all mate-
rials were used as received without further purification.

The perovskite precursor solution, with a nominal compo-
sition of FAg gsMAg 01CS0.04RDg.01Pb(Iy.89Bro.11)3, Was prepared
by dissolving the corresponding salts in a mixed solvent of DMF
and DMSO at a volume ratio of 4: 1.

4.3 Characterization

A solar simulator with xenon lamps (Oriel 94023 A, Newport,
USA) was used to calibrate the light intensity. Standard silicon
solar cells were employed to generate AM 1.5 G radiation (100
mW cm™?) in air. The current density-voltage (J-V) character-
istics were measured using a source meter (Keithley 2400). The
devices were tested without preprocessing, with voltage sweeps
ranging from 1.35 V to 0.15 V (reverse sweep) and 0.15 V to
1.35 V (forward sweep), a step size of 10 mV, and a sweep rate of
100 mV s~ ', Scanning electron microscopy (SEM) images and
energy dispersive spectroscopy (EDS) spot analysis data were
obtained using a Zeiss Sigma 500. EDS mapping was performed
with an FEI Helios 450S, and atomic force microscopy (AFM)
measurements were conducted on a Bruker Dimension Fast
Scan (USA). The water contact angle was measured with an
optical video contact angle meter (VCA Optima XE, AST) at
ambient temperature. Fourier-transform infrared (FTIR) spectra
were recorded using a Thermo Fisher IS50 (USA). Steady-state
photoluminescence (PL) spectra and transient PL decay (TRPL
mapping) were measured using a PL spectrometer (HITACHI F
4700, Japan). Incident photoelectron conversion efficiency
(IPCE) was measured using an IPCE system (QE-R, Enli Tech-
nology Co., Ltd). X-ray photoelectron spectroscopy (XPS) was
conducted using a Thermo Fisher ESCAlab 250Xi, and ultravi-
olet photoelectron spectroscopy (UPS) data were collected using
the same spectrometer with a 21.22 eV monochromatic He Ia
source. Transmission spectra between 300 and 900 nm were
recorded with a UV-2550 UV-Vis-NIR spectrophotometer (Shi-
madzu, Japan). The GIWAXS measurements were performed at
SPring-8 BL46XU.
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