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Recently, CsPbBr; perovskite solar cells (PSCs) have garnered attention due to cost-effectiveness and reli-
ability. However, hole transport limitations lead to charge recombination and lower power conversion
efficiency (PCE). Defects in the CsPbBr3 layer, poor hole transport at the interface with carbon elec-
trodes, and energy level differences hinder performance. Optimizing the perovskite layer using electron-
donating organic molecules containing -NH, groups enhances efficiency and stability by passivating de-
fects and modulating lattice structure. In this work, tetra(4-aminophenyl)ethylene (TPE) and tetra(4-
aminobiphenyl)ethylene (TPE-Ph) were employed to optimize the CsPbBrs/carbon electrode interface.
Their strong electron-donating properties and amino groups facilitate hole transfer and defect passiva-
tion, boosting PCE to 9.38% and enhancing stability.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Carbon based all-inorganic CsPbBr3 perovskite solar cells (PSCs)
have attracted wide attention recently due to their low production
cost and great intrinsic reliability [1-3]. However, their hole extrac-
tion and transport capabilities are far inferior to perovskite solar
cells with a hole transport layer, leading to a significantly higher
probability of charge recombination at the interface and thus lower
power conversion efficiency (PCE) [4,5].

CsPbBrs PSCs are predominantly structured with an electron
transport layer, the active perovskite layer (CsPbBr3), and a carbon
electrode. PSCs prepared with CsPbBr3, which is rich in Br, exhibit
a reduction in open-circuit voltage of up to 0.6V, while MAPbI; is
only 0.3V, resulting in a significant PCE loss. The efficient and sta-
ble performance of CsPbBr; PSC devices is affected by defects in
the perovskite active layer, poor hole transport ability at the inter-
face between the perovskite active layer and the carbon electrode,
and the energy level difference between the layers. Therefore, it is
important to optimize the perovskite active layer to address these
issues and improve the efficiency of CsPbBrs PSCs. Recently, many
electron-donating organic molecules containing -NH, groups have
been demonstrated to passivate defects by forming coordination
bonds with uncoordinated Pb2+ and Pb? clusters on the surface of
the perovskite layer, based on Lewis acid-base chemistry for lattice
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modulation to enhance efficiency and stability [6-8]. Recent stud-
ies have shown that the proton behavior induced by Lewis base-
assisted passivation at the interface exerts a significant influence
on the lattice structure of hybrid perovskite and the charge transfer
kinetics in perovskite solar cells. Utilizing multifunctional organic
molecules with -NH, groups to enhance the perovskite framework
allows for the simultaneous modification of the crystallization pro-
cess and effective passivation, resulting in a reduction of defect
density. Furthermore, the interconnected organic framework con-
tributes to the formation of a moisture-resistant layer on the per-
ovskite surface [9-11]. The optimized mechanism mainly involves
coordination reactions with surface dangling Pb2t complex centers.
This mechanism modulates the electronic states at the interface,
leading to a corresponding alteration in the work function (WF)
and valence band position of the perovskite film upon its integra-
tion into PSCs. Since the electron-donating ability and stability of
surface-optimized molecules depend on specific interactions with
the surface, the precise control of molecular structures will deter-
mine the overall performance of PSCs.

In this work, amino-functionalized tetraphenylethene
derivatives, tetra(4-aminophenyl)ethylene (TPE) and tetra(4-
aminobiphenyl)ethylene (TPE-Ph), were used to optimize the
interface between CsPbBr; and the carbon electrode. The results
showed that when TPE and TPE-Ph were used to optimize the
CsPbBrs/carbon electrode interface, it was found that TPE and
TPE-Ph, as strong electron-donating molecules, were beneficial

1001-8417/© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Fig. 1. (a) Structural diagrams of TPE and TPE-Ph. (b) Electrostatic potential distri-
bution images of TPE and TPE-Ph, and schematic illustration of the optimized thin
film.

for the hole transfer at the CsPbBrs/carbon electrode interface
[12-15]. They have four amino groups at their terminals that
can be employed for the passivation of surface defects in the
perovskite thin film, greatly increasing the passivation efficiency
of the perovskite film defects and improving the stability of
the perovskite film. Because the perovskite thin film inevitably
exhibits a considerable density of defects and energy barriers that
impede charge transfer, by optimizing the perovskite thin film
using TPE and TPE-Ph, an internal electric field can be formed to
enhance the separation and migration ability of charge carriers,
thereby reducing the defects that are inherent to the perovskite
film and minimizing the loss of open-circuit voltage [16-19].
These benefits help significantly enhance the power conversion
efficiency (PCE) to 9.38% and improve the stability of CsPbBr;
PSCs.

TPEs and TPE-Ph are a class of conjugated macrocycles whose
inherent aromaticity makes them an important component of
functional supramolecular materials. In this work, TPE and TPE-
Ph compounds were used to optimize CsPbBr; films as shown in
Fig. 1a. TPE and TPE-Ph as Lewis bases, along with the conjugated
benzene ring, enhance the electron-donating effect of the N atom
in the structure. When the molecules were assembled onto the
CsPbBr; surface, they interacted with Pb2* to form a Pb-N bond
with Pb2* in the perovskite film due to the electron-donating ef-
fect of the amino group on the molecules [20,21]. Compared to
TPE, TPE-Ph has more benzene rings, allowing more electrons in
the electron-donating benzene ring to be transferred to the amino
group, resulting in a stronger electronegativity of the N atom.
Therefore, TPE-Ph is more likely to coordinate with the uncoor-
dinated Pb** on the surface of CsPbBr; to form Lewis acid-base
adducts [22]. The benzene ring of this compound transfers more
electrons to the amino group as shown in the electrostatic poten-
tial distribution image in Fig. 1b. In other words, the amino group
can be thought of as an electron-rich structure and therefore capa-
ble of interacting strongly with Pb2+. With its electron-rich struc-
ture, it can enhance the hole extraction at the CsPbBr3/carbon elec-
trode interface, thus improving the optoelectronic performance of
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CsPbBrs PSCs devices [23,24]. The hole extraction capability and
optoelectronic performance will be discussed in detail in the fol-
lowing tests. Thus, this work offers insights into the optimization
of perovskite solar cells and serves as a reference for the synthesis
of materials with enhanced performance.

The morphology of perovskite films play a crucial role in op-
toelectronic devices. In order to assess the potential changes in
the surface morphology of the perovskite films resulting from opti-
mization with TPE and TPE-Ph, top-view SEM morphological char-
acterization tests were performed. As shown in Fig. 2a, the CsPbBr;
film exhibits large voids before optimization, which can act as a
severe charge complexation center in the CsPbBr; PSCs, increasing
the defect density at the interface and leading to a degradation
of device performance [25,26]. However, the TPE-optimized per-
ovskite films show a significant reduction of voids and the films
become denser after TPE-Ph optimization. The atomic force mi-
croscopy (AFM) tests in Figs. 2b and c further demonstrate that
the surface roughness of the optimized film is reduced, indicating
a smoother surface morphology. This suggests that the optimiza-
tion process is beneficial in obtaining smooth and high quality per-
ovskite films.

X-ray diffraction (XRD) represents a valuable technique for the
investigation of the crystal structure of perovskite films. By per-
forming XRD tests on the perovskite film before and after opti-
mization with TPE and TPE-Ph, the changes in the crystal struc-
ture of the perovskite film can be determined. The XRD results
of the control and optimized perovskite films are presented in
Fig. 3a. Both exhibit diffraction peaks characteristic of the CsPbBr3
phase, including three main peaks near 14.69° (100), 21.08° (110)
and 30.04° (200). No positional shifts or additional peaks were ob-
served with the addition of TPE and TPE-Ph, indicating that the
tetraphenylethylene derivatives used for optimization had no dis-
cernible impact on the crystal structure of the perovskite [27].
However, the diffraction peaks in the TPE and TPE-Ph optimized
CsPbBr3 films showed enhanced intensity compared to the un-
optimized films. The results indicate that the optimized CsPbBr;
films have higher crystallinity, which is consistent with the obser-
vation of SEM tests. This can be attributed to the reduction of grain
boundaries in the optimized perovskite film, resulting in lower trap
density [28]. These improvements contribute to the photovoltaic
performance of CsPbBr3 PSCs.

In order to evaluate the role of TPE-Ph in promoting the per-
formance of CsPbBrs PSCs, the chemical modification of the sur-
face of the perovskite films before and after optimization was
further investigated by XPS spectroscopy. As shown in Fig. 3b,
compared with the two characteristic peaks of 138.6eV (Pb 4f;),)
and 143.4eV (Pb 4fs,) in the control group, the two charac-
teristic peaks of the perovskite films optimized by TPE-Ph were
shifted to 137.5eV (Pb 4f;;) and 142.3eV (Pb 4f5;;) toward the
position of the low binding energy due to the strong electron-
donating effect of TPE-Ph, and the chemical modification of the
surface of CsPbBr; PSCs was further investigated by XPS spectra.
The electron-donating effect of TPE-Ph allows Pb?* in the CsPbBr3
film to gain electrons, which enhances the shielding effect and
increases the density of the surrounding electron cloud. Accord-
ing to literature reports, the electron donor RNH, strongly inter-
acts with uncoordinated Pb2t, which suggests that -NH, in TPE-
Ph has an effective coordination relationship with Pb®*. And, as
expected, as shown in the ultraviolet-visible absorption spectra
(UV-vis) and the optical bandgap maps obtained from the UV-vis
(Figs. 3c and d), the CsPbBr3/TPE-Ph films show significantly in-
creased absorption peak intensities compared to the control per-
ovskite films, which exhibited little change in the bandgap (Eg) of
the perovskite films, which is roughly E; =2.36eV, indicating that
the enhanced crystallinity and improved film quality of CsPbBr; fa-
cilitate greater photon absorption in the perovskite active layer and
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Fig. 2. CsPbBr; film before and after optimization with TPE and TPE-Ph. (a) SEM images, (b) AFM images, and (c) 3D AFM images.
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Fig. 3. (a) XRD spectra, (b) XPS spectra, (c) UV-vis spectra, and (d) Tauc plots of
CsPbBr; films before and after addition of the optimized layer.

reduce charge recombination, thereby augmenting the photogener-
ated current output [29,30].

In order to further examine the surface work function and en-
ergy band structure of the films before and after optimization, the
energy band positions of the valence band maxima (Eygy) of the
perovskite films with CsPbBr; and CsPbBr3/TPE-Ph structures were
determined using ultraviolet photoelectron spectroscopy (UPS),
which usually uses ultraviolet light as its excitation source, causing
photoelectrons to be emitted from the surfaces of the tested films.
Based on the results shown in Figs. S3a and ¢ (Supporting infor-
mation), the Eygy of CsPbBr3/TPE-Ph is calculated to be —5.56¢eV,
which is higher than that of the pristine perovskite (—5.63 eV), and
will establish a type Il cascade structure, which can readily extract
photogenerated holes attributed to the insertion of the intermedi-
ate energy levels and block the electrons from being trapped at the
grain boundaries [31]. Based on E; =2.36eV before and after opti-
mization, the conduction band minimum (Ecgy;) of CsPbBr3/TPE-Ph
is —2.427 eV, which is much higher than that of the pristine per-
ovskite, —4.074 eV, and thus effectively blocks the electron trans-
fer. Based on these results, the charge transfer properties and en-

ergy band arrangement of the TPE-Ph tailored perovskite films are
shown in Fig. S3b (Supporting information).

Steady-state photoluminescence spectroscopy (PL) is a tech-
nique used to study charge carrier transport properties in semicon-
ductors and molecular systems. PL measurements recorded the flu-
orescence intensity of CsPbBrs; films deposited on glass substrates
under 385 nm excitation (Fig. 4a). After optimization, the fluores-
cence intensity of the CsPbBr; film increased significantly. This in-
dicates a higher number of electrons in the CsPbBrs films transi-
tioning from the valence band (VB) to the conduction band (CB)
after TPE and TPE-Ph optimization. Subsequently, the creation of
holes in the VB leads to electron-hole complexation and the pro-
duction of more photons with higher energies, resulting in stronger
photoluminescence. Time-resolved photoluminescence (TRPL) mea-
surements were performed to further evaluate the concentration of
electron-hole pairs and their dynamics in CsPbBr3; films before and
after optimization. Typically, charge-carrier complexation is char-
acterized by TRPL decay. The normalized TRPL spectra and expo-
nential decay fitting curves are shown in Fig. 4b, and the detailed
decay data are listed in Table S1 (Supporting information). The op-
timized CsPbBr3 film exhibits a longer photoluminescence decay
lifetime. This indicates that the charge carriers in the films have
longer average lifetimes, resulting in more desirable photolumines-
cent properties and better film quality. This is consistent with the
results and trends observed in the PL tests, in addition to the fact
that the TPE-Ph optimized CsPbBr; films performed better than the
TPEs. The decay lifetimes of the carriers in the CsPbBrs films are
closely related to the crystallinity of the perovskite, as the decay
process is influenced by the structure and morphology of the per-
ovskite. The crystallinity in turn affects the structure and morphol-
ogy. This is also consistent with the results and trends observed
in the XRD and SEM tests, which further supports the conclusion
that the quality of the optimized films is improved and defects
are reduced, thus enhancing the photovoltaic performance of the
CsPbBr3 PSCs [32].

In order to investigate the defect states of CsPbBr; PSCs before
and after optimization, space charge limiting current (SCLC) anal-
ysis was performed to measure the electron trap density. When
the bias voltage is low, the current increases linearly with the bias
voltage, which is known as ohmic behavior. When the bias volt-
age exceeds a specific threshold, the trap state is completely filled
and the increase in current becomes sharp and nonlinear. The bias
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Fig. 4. (a) PL spectra before and after adding the optimization layer, (b) TRPL decay
curves, (c) SCLC curves, (d) Voc dependence on light intensity plots, (e) impedance
plots in the dark state, (f) J-V characteristic curves in the dark state, (g) transient
photovoltaic voltage (TPV) decay curves, and (h) transient photocurrent (TPC) decay
curves.

voltage at the inflection point is recognized as the trap fill limit
voltage (Vg ). From the results in Fig. 4c, it can be seen that the
VrrL value of the film without optimization is 1.38V, while after
optimization in TPE and TPE-Ph, the Vg value decreases to 1.27V
and 1.10V, respectively. The trap state density can be calculated
using equation nap = 26€oVrp /qL%, the trap state density (Ngap)
can be calculated from the Vqg, where g is the elementary charge,
&g is the vacuum permittivity, and ¢ is the relative dielectric con-
stant, L is the thickness of the CsPbBr3, and the detailed results are
listed in Table S2 (Supporting information) [33]. After optimization,
the calculated nerp decreased from 1.60 x 106 cm™ in the con-
trol to 1.47 x 10'® cm™ and 1.27 x 106 cm3. High defect densities
denote charge buildup and poor charge transport at the interface.
The significant reduction in defect density after optimization of the
perovskite film with electron-donating TPE and TPE-Ph, especially
with optimized TPE-Ph containing more benzene rings, and the re-
duction in the density of defect states after optimization led to an
improvement in device performance.

In order to further investigate the charge recombination mech-
anism of the devices, the J-V characteristics at different light inten-
sities were measured in this study. the relationship between Vg
and light intensity is shown in Fig. 4d and was calculated by the
following equation: VOC:M + constant, where I is the light in-
tensity, n is the ideality factor, K is Boltzmann’s constant, T is the
temperature in Kelvin, and q is the charge constant. The TPE-Ph
optimized device exhibits a smaller fitting slope of 1.59 KT/q com-
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pared to the control device with a slope of 1.91 KT/q. This indicates
a reduction in trap-assisted complexation under open-circuit con-
ditions, suggesting improved charge carrier transport in the opti-
mized device [34].

Electrochemical impedance spectroscopy (EIS) measurements
were performed to evaluate the charge transfer efficiency and
transport resistance, which reflect the charge transfer efficiency at
the interface inside the solar cell and reveal the source of per-
formance enhancement. The Nyquist plots and equivalent circuit
diagrams of the EIS test results in the dark state are shown in
Fig. 4e. The charge recombination resistance (Rrc) of the devices
optimized with TPE and TPE-Ph is higher than that of the unop-
timized devices. Among them, the device optimized with TPE-Ph
exhibits the highest Rpec, indicating unfavorable charge compound-
ing. This may be attributed to the stronger electron-donating ef-
fect of TPE-Ph, which facilitates hole transport at the interface and
effectively suppresses interfacial charge compounding, resulting in
a larger Rrec [35,36]. Fig. 4f shows the J-V curves of the devices
before and after optimization from 1.0V to —1.0V in the dark. It
is clear that the optimized devices exhibit lower leakage current
densities compared to the unoptimized PSCs, which indicates a re-
duction in leakage current after optimization.

In addition, the carrier decay was characterized by transient
photovoltage (TPV) and transient photocurrent (TPC) measure-
ments. As shown in Fig. 4g, in the TPV test, the CsPbBr3 layer
optimized with TPE-Ph exhibits enhanced separation efficiency of
photogenerated charges, which makes it easier to transport pho-
togenerated electrons and holes to the electrodes [37]. After TPE
pH optimization, the TPV test of the device shows higher transient
photovoltage values. As a result, the solar cell optimized with TPE-
Ph has a longer charge complex lifetime of 3.29 ps compared to
the unoptimized device with a charge complex lifetime of 0.78 ys.
This suggests that charge-carrier transport in the target device is
faster after TPE-Ph optimization due to the reduction of the defect
density and the effective suppression of charge-carrier complexa-
tion [38]. In the TPC test of the TPE-Ph optimized device, the tran-
sient photocurrent exhibits a smaller value and a shorter charge
extraction time. As shown in Fig. 4h, the decay time of the tran-
sient photocurrent decreases from 43 ps to 41 ps, which is related
to the shorter charge extraction time at the interface in the opti-
mized device.

From the cross-sectional SEM image of the device shown in Fig.
53, the device exhibits a multilayer structure consisting of a 25 nm
SnO, layer, a 450nm monolayer CsPbBr; light-absorbing layer,
and a 10 pm carbon layer. The well-defined monolayer CsPbBr;
light-absorbing layer consists of relatively large CsPbBr; particles
and exhibits an extended longitudinal stacking to form a film
morphology. This promotes not only light absorption and carrier
generation in the CsPbBr3 PSCs, but also charge transport under
illumination, which inhibits charge complexation and enhances
effective charge transfer [39,40]. Fig. 5b shows the J-V character-
istics of CsPbBr3 PSCs before and after optimization with TPE and
TPE-Ph, and Table S3 (Supporting information) summarizes the
photovoltaic properties. The results show that the optimization
resulted in different degrees of parameter improvements for the
CsPbBr3 PSCs. In particular, the device with TPE-Ph optimized layer
achieved a champion PCE of 9.38%, and the improvement was pri-
marily attributed to the increase in V¢ (1.594V) and FF (80.3%),
which was significantly higher than that of the unoptimized PSCs
(1.550V for Vg, 0.77% for FF, and 7.85% for PCE). The enhancement
of Voc and FF can be attributed to the TPE-Ph reduction of the trap
state density at the interface between the optimized CsPbBr; per-
ovskite film and the carbon electrode, which reduces the energy
loss, facilitates the charge transfer, and reduces the non-radiative
recombination at the interface, resulting in improved device
performance [41].
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optimization. (h) PCE degradation trend of the devices before and after TPE-Ph op-
timization during aging process.

Furthermore, in order to investigate the effect of the TPE-Ph
molecules on the device hysteresis, the performance of the device
with the introduction of the TPE-Ph-optimized layer was tested un-
der both reverse and forward scans. As shown in Fig. 5¢ and Table
S4 (Supporting information), the obtained results indicate a signif-
icant reduction of hysteresis in the optimized PSCs compared to
the unoptimized PSCs. The hysteresis factor (HI) of the device was
calculated using equation: HI = PCE“G"e“e;xSE:OTW“d, and the HI value
of the optimized device was reduced from 0.07 to 0.009, indicat-
ing that the hysteresis was improved with the introduction of TPE-
Ph. This enhancement can be ascribed to the reduction of defects
and charge recombination in the optimized perovskite film, as well
as faster charge transfer, which enhances effective charge transfer
and improves device performance, highlighting the positive impact
of TPE-Ph on the improved performance of CsPbBrsz PSCs. Steady-
state power output tests were performed on the devices before and
after the maximum power point optimization to verify the PCE
enhancement of the optimized devices [42]. As shown in Fig. 5d,
compared with the unoptimized PSCs with a steady-state power
output of 7.30% at a maximum power point voltage of 1123V
and a current density of 6.51 mA/cm?2, the CsPbBr; PSCs optimized
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with TPE-Ph exhibited a higher steady-state power of 9.18% at a
maximum power point voltage of 1.224V and a current density
of 7.50mA/cm? output, which is consistent with the J-V measure-
ments.

In order to explore the effect of TPE-Ph molecular optimization
on the reproducibility of the photovoltaic performance of CsPbBr;
PSCs, 25 devices before and after TPE-Ph optimization were se-
lected for photovoltaic performance testing and statistically ana-
lyzed (Figs. 5e and f). The experimental results show that the re-
producibility of photovoltaic performance is improved to some ex-
tent after the optimization of TPE-Ph molecules. In particular, both
Voc and FF show a significant improvement trend in the experi-
mental data of the 25 optimized devices, indicating a reduction of
fluctuations and a convergence of performance values [43]. This in-
dicates that the photovoltaic performance of PSCs can be substan-
tially enhanced via optimization of TPE-Ph molecules. After opti-
mization, the average V¢ increased by about 0.068V compared to
unoptimized with a small standard deviation. The average value of
FF also showed significant improvement after optimization with a
corresponding decrease in standard deviation. These findings sug-
gest that incorporating TPE-Ph molecularly optimized layers rep-
resents an effective strategy for enhancing the photovoltaic per-
formance of CsPbBrs PSCs, and that this approach demonstrates a
high degree of reproducibility.

The hydrophobicity of the perovskite films before and after the
addition of the optimized layer was visually assessed by measur-
ing the water contact angle. The results are shown in Fig. 5g,
where the water contact angle increased significantly from 16.08°
to 51.82° and 74.29° after optimization. This may be attributed to
the hydrophobicity of the TPE and TPE-Ph molecules, which is in-
fluenced by the covalent bonding between the amino and aromatic
groups, allowing water molecules to weakly bind to the surface
and form a hydrophobic layer on the perovskite film [44]. Consid-
ering its nonlinear ring structure, it also exhibits high hydrophobic-
ity in solution. In order to verify the long-term stability before and
after the addition of the optimized layer, the changes in the per-
formance of the unencapsulated CsPbBr; PSCs before and after the
optimization were recorded periodically every two days at 35% hu-
midity to assess the long-term stability after the optimization. The
results are shown in Fig. 5h, where the TPE-Ph optimized device
exhibited slower PCE reduction compared to the control, retaining
92% of the initial PCE after 30 days, while the control under the
same conditions retained only 65% of the initial efficiency after 30
days. One of the reasons for the improved stability of the CsPbBr;
PSCs is the reduction of defects in the optimized device, where
TPE-Ph effectively passivated the interfacial defects of CsPbBr; PSCs
and improved charge carrier transport, thus preventing device ag-
ing. In addition, the hydrophobic TPE-Ph molecules enhance the
hydrophobicity of the CsPbBr3 surface, which improves the stabil-
ity of CsPbBr; PSCs [45].

In summary, we have developed a CsPbBrs/carbon interface
contact optimization strategy by synthesizing TPE and TPE-Ph as
interface optimization layers to enhance the PCE and stability
of CsPbBr3 PSCs. Combining SEM, AFM, XRD, PL, and TRPL re-
sults, we have found that the introduction of TPE-Ph into the
CsPbBrs/carbon interface improves the charge carrier pathways
without interfering with the crystal structure. Therefore, we have
achieved a device based on CsPbBr3/TPE-Ph/carbon film with a
PCE of 9.38%, which is higher than the 7.85% obtained with
CsPbBrs/carbon film alone. Further studies indicate that the in-
corporation of the TPE-Ph optimization layer reduces defects in
CsPbBr3 PSCs and enhances the charge carrier transport at the in-
terface, resulting in improved optoelectronic performance and sta-
bility of CsPbBrs PSCs. Thus, this strategy provides a new approach
for the development of high-performance CsPbBr; PSCs.
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