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Inverted perovskite solar cells based on weakly polarized hole-transporting layers suffer from the problem 
of polarity mismatch with the perovskite precursor solution, resulting in a nonideal wetting surface. In 
addition to the bottom-up growth of the polycrystalline halide perovskite, this will inevitably worse the 
effects of residual strain and heterogeneity at the buried interface on the interfacial carrier transport and 
localized compositional deficiency. Here, we propose a multifunctional hybrid pre-embedding strategy 
to improve substrate wettability and address unfavorable strain and heterogeneities. By exposing the 
buried interface, it was found that the residual strain of the perovskite films was markedly reduced 
because of the presence of organic polyelectrolyte and imidazolium salt, which not only realized the 
halogen compensation and the coordination of Pb2+ but also the buried interface morphology and defect 
recombination that were well regulated. Benefitting from the above advantages, the power conversion 
efficiency of the targeted inverted devices with a bandgap of 1.62 eV was 21.93% and outstanding 
intrinsic stability. In addition, this coembedding strategy can be extended to devices with a bandgap 
of 1.55 eV, and the champion device achieved a power conversion efficiency of 23.74%. In addition, 
the optimized perovskite solar cells retained 91% of their initial efficiency (960 h) when exposed to 
an ambient relative humidity of 20%, with a T80 of 680 h under heating aging at 65 °C, exhibiting 
elevated durability.

Introduction

Metal halide perovskites have attracted considerable attention 
in the �elds of photovoltaics due to their remarkable intrinsic 
optoelectronic properties, such as tunable bandgap [1], low exci-
ton dissociation energy [2], bipolar transport [3], long carrier 
di�usion length [4], and well-tolerated defects limit [5]. High-
quality perovskite �lms are a prerequisite for obtaining the high-
e�ciency perovskite solar cells (PSCs) [6,7]. As is well known, 
PSCs are mainly based on polycrystalline perovskite �lms. A 

great number of defects and imperfections will unavoidably 
appear in the solution preparation process and will be distributed 
at the surface and grain boundaries of polycrystalline perovskite 
thin �lms. Nowadays, inverted PSCs based on carbazole-based 
self-assembled monolayers including [2-(9H-carbazol-9-yl)ethyl]
phosphonic acid, [2-(3,6-dimethoxy-9H-carbazol-9-yl)ethyl]phos-
phonic acid, [4-(3,6-dimethyl-9H-carbazol-9-yl)butyl]phos-
phonic acid, and p-type polymers such as poly[bis(4-phenyl)
(2,4,6-trimethylphenyl)amine] (PTAA), and poly(N, N′-bis-4-
butylphenyl-N,N′-bisphenyl)benzidine have delivered high 
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e�ciency, approaching the e�ciency of regular counterparts 
[8–12].

However, the polarity mismatch between these highly 
nonpolar/hydrophobic organic hole transport layers (HTLs) in 
inverted PSCs and the highly polar solvents used for perovskite 
precursor solution, such as N-N′-dimethyl formamide (DMF) 
and dimethylsulfoxide, leads to high contact angles and non ideal 
wetting issues. In consequence, the uniformity and crystalliza-
tion of polycrystalline perovskite �lms and the carrier transport 
dynamics at the interface will be severely a�ected on the basis of 
the bottom-up growth process [13–16]. Presently, posttreatment 
of the directly exposed top surface of polycrystalline perovskite 
�lms could more easily enhance the photoelectric properties 
and stability of the devices, such as 2-dimensional passivation 
[17–20] or surface reaction [21] to enable interfacial recon�gura-
tion and to anchor surface atoms [22]. However, the buried inter-
face is more worthy of our attention due to the polarity mismatch 
issue [23–27], which su�ers from high-density defect [28], unfa-
vorable strain [29], and deleterious heterogeneity [30].

In the prevailing view, residual strain (or stress) in perovskite 
�lms has been proved to severely a�ect the carrier transport in 
perovskite/charge transport layer and device stability, which is 
associated with lattice shrinkage during �lm formation (anneal-
ing or cooling) and coe�cient of thermal expansion mismatch 
between the �lm and the substrate [29,31,32]. In addition, 
defects/cracks caused by strain further provide driving forces 
for ion migration and di�usion of volatile compounds, causing 
interfacial heterogeneity of the buried interface and leading to 
degradation of device performance [33]. While charge trans-
port substrates are considered to be the beginning of perovskite 
periodic epitaxial growth [30], thereby, heterogeneity of the 
buried interface inevitably leads to localized component inho-
mogeneity and ion loss at the buried interface [26,34]. At the 
same time, ion de�ciency and the formation of various vacan-
cies at the buried interface of halide-encapsulated crystals usu-
ally promoted ion migration, which, in turn, leads to hysteresis 
behavior and severe interfacial nonradiative recombination 
[30,35–37]. However, unfavorable strain and deleterious het-
erogeneity need to be addressed to construct high-performance 
devices. �erefore, a multidimensional and e�cacious method 
is desired to construct a favorable buried interface conducive 
to perovskite crystallinity and interfacial contact.

Here, we embed a binary hybrid system of organic polyelec-
trolyte (PFN-Br) and imidazolium salts to regulate the polarity 
mismatch issue. A�er the modi�cation of the PTAA layer by 
PFN-Br/IAI (organic polyelectrolyte/imidazole hydroiodide), 
it was revealed that a unique hydrophilic substrate was formed. 
�e dynamic twisting or stretching of the alkyl chains on the 
PFN-Br e�ectively reduced the residual strain of the lattice 
between the perovskite/substrate. Furthermore, because of the 
free anion (Cl−/Br−) ionized by PFN-Br/IAI and the Lewis base 
group on it, we revealed a collaborative mechanism of halogen 
compensation and immobilization of uncoordinated Pb2+ at 
the buried interface during perovskite crystallization. Bene�ted 
from the improved wettability of PTAA substrate, released 
residual strain, and suppression of nonradiative recombina-
tion at the buried interface, the optimized inverted PSC had 
a PCE (photovoltaic conversion e�ciency) of 21.93% based on 
perovskite with 1.62-eV bandgap. In addition, this coembed-
ding strategy can be extended to RbCsFAMA-based perovskite 
�lms, and the champion device achieved a PCE of 23.74%, 
which performed remarkable ambient and operational stability, 

thus providing a simple and e�ective method to improve the 
performance of PSCs.

Results and Discussion
Because of the presence of hydrophobic alkyl chains on the poly-
mer hole transport material, it can cause a polarity mismatch 
problem between PTAA/precursor solution. To achieve uniform 
and dense perovskite �lms, PFN-Br, IAI, and PFN-Br with IAI 
(termed PFN-Br/IAI) were deposited on the top surface of PTAA 
by spin coating. In addition, PTAA was rinsed with DMF using 
the conventional method as the control group [38]. In addition, 
the prepared perovskite �lms were termed DMF, PFN-Br, IAI, and 
PFN-Br/IAI groups (Fig. 1A). �e perovskite compositions used 
were based on the (CS0.05FA0.84MA0.11Pb)(I0.86Br0.14)3 (1.62 eV) 
and (Rb0.05Cs0.05MA0.05FA0.85)Pb-(I0.95Br0.05)3 (1.55 eV), respectively 
(unless otherwise speci�ed, the following perform ance charac-
terization was mainly based on 1.62-eV bandgap perovskite). 
Inspired by the unique functionality of PFN-Br [39,40] and IAI 
(�rst introduced), we innovatively applied this coembedding strat-
egy to the one-step deposition of perovskite. Such a coembedding 
strategy is expected to modify the wettability of the substrate and 
anchor the uncoordinated Pb2+ at the buried interface, facilitate 
telescoping adaptation between the perovskite/substrate, as 
shown in Fig. 1B and C. (It will be discussed later.)

To investigate the e�ect of the various pretreatments upon 
the surface of PTAA, the pretreatment of IAI, PFN-Br, and 
PFN-Br/IAI seems to increase the coverage of perovskite �lms, 
compared to the incompletely covered surface of the DMF group 
(Fig. 1D). �is may be attributed to the higher polarity of the 
ammonium salts and polyelectrolytes in contact with the precur-
sor solution, which increased the binding force and lowered the 
contact angle, resulting in full coverage. By dropping precursor 
solution on the pretreated PTAA substrates (Fig. 1F and Fig. 
S2), the relevant contact angle of DMF rinse was about 45°, 
except that IAI increased to about 55° and PFN-Br and PFN-Br/
IAI showed a decrease around 44° and 27°, respectively. �us, 
the PFN-Br/IAI treatment substantially modi�ed the polarity 
mismatch between precursor solution and PTAA, facilitating 
the nucleation growth of perovskite crystals. Curiously, we dis-
covered the presence of island-like distributions on the PTAA 
a�er IAI and PFN-Br/IAI treatments (Figs. S3 and S4). On the 
basis of the energy-dispersive spectrometer mapping analysis 
of the island structure (Fig. S5), this island structure was intro-
duced by IAI. We hypothesize that the presence of these island-
like distributions, which resembles the “papillae” on the surface 
of the lotus leaf, contributes to the dewetting phenomenon of 
the IAI-treated PTAA. Besides, since PFN-Br with hydrophilic 
ionic functional groups [40] in the hybrid system is distributed 
between the island structures, an excellent wetting surface was 
formed.

As shown in Fig. 1G and Fig. S6, the top of perovskite �lms 
had some smaller PbX2 bulges at the grain boundaries [41,42], 
which is caused by the addition of excessive lead iodide into the 
precursor. �e average perovskite grain sizes were elevated from 
302 nm (DMF) to 336 nm (PFN-Br) and 377 nm (PFN-Br/IAI). 
To further reveal the speci�c morphology of the buried side of 
the perovskite layer, we used an updated chemical immersion 
method (Fig. 1E and Fig. S1) [26]. On the basis of the observation 
in Fig. 1H, it was known that larger perovskite grain sizes were 
observed on the buried side and the presence of bright, large 
schistose Pb halide granules at the grain boundaries that were 
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almost perpendicular to the substrate [26]. We also noted that 
the buried grains of low-quality perovskite grown on PTAA/DMF 
and PFN-Br substrates had obvious fragmented crystals on the 
surface, the number of schistose Pb halide granules was high, and 
the DMF group had a few obvious pinholes. By contrast, the 
grains at the buried of the perovskite layer look denser and 
“cleaner” by IAI treatment, perhaps due to the island-like aggre-
gates acting as nucleation sites during perovskite crystal growth. 
Consequently, under the synergistic e�ect of IAI and PFN-Br, a 
dense buried morphology with almost no surface fragmented 
crystals, inhibition of schistose Pb halide growth, and grain scale 
close to 500 nm is formed, which reduced interfacial heterogene-
ity and enhanced the crystallization quality of perovskite.

�e x-ray di�raction (XRD) spectra used to indeed study 
the crystallinity of perovskite �lms on di�erent substrates 
showed that the peaks of perovskite characteristic crystalline 
planes, N-methyl pyrrolidone (NMP) + PbI2 complex phase, 
δ phase, and PbI2, respectively (Fig. 2A). PbI2 is the residue of 
the precursor a�er the addition of excess Pb iodide, the NMP + 
PbI2 complex phase is the NMP solvent added in the precur-
sor that was not completely volatilized and coordinated with 
the PbI2 during the growth of perovskite. Perovskite �lms 
deposited on PFN-Br/IAI showed enhanced peaks at the (100) 
crystal plane, and the peaks of the nonphotoreactive δ phase 
were barely visible, indicating that the PFN-Br/IAI-treated sub-
strate promoted the growth of perovskite crystals through the 

Fig. 1. Polarity mismatch modification and the buried interfaces characterization. (A) Schematic of film preparation on the PTAA substrate after modification by the complex 
(PFN-Br/IAI). (B) Crystallization process of perovskite film. (C) Residual strain relief of perovskite at the modified interface. (D) Photographs of the deposited perovskite films 
(1.5 cm × 1.5 cm) on PTAA after DMF, PFN-Br, PFN-Br/IAI, and IAI treatments. (E) Uncovering process of simple chemical immersion exposing the buried interfaces. (F) Surface 
contact angle of perovskite precursor liquid on PTAA after different treatments (here, the residence time is 0 s). (G) Top-view SEM images of perovskite films on different 
substrates. Scale bars, 500 nm. (H) SEM images of the buried side of the perovskite on different substrates. Scale bars, 300 nm.
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modulation of the polar mismatch and led to the distinct opti-
mization of the crystallinity and the large grains.

Our understanding of the concrete mechanism of such 
hybrid systems of PFN-Brs and imidazolium salts at the buried 
interface was still limited. �erefore, in conjunction with the 
XRD analysis plots (Fig. 2A), we used the Williamson–Hall plot 
to calculate to semiquantitatively analyze the residual strain of 
the perovskite crystal �lms deposited on di�erent substrates 
(Note S1) [43–45]. As shown in Fig. S7, such compressive strain 
obtained from the slope of the �tted curves can be attributed 
to lattice deformation, lattice shrinkage, or preferred orientation 
of the perovskite during crystallization [31,44]. Compared to 
the DMF rinse and IAI-treated �lms, the PFN-Br-treated �lm 
achieved a remarkable reduction in residual strain. It was shown 
that PFN-Br, as a polymer electrolyte that can be twisted and 
telescopically deformed, can realize the dynamic release of the 
residual strain of perovskite during the growth and annealing, 
through the rotation of its alkyl chains [45]. �e PFN-Br/IAI-
treated �lms also realized the release of residual compressive 

strain, which can e�ectively reduce the defect centers as the 
lattice strain decreases.

To better avoid misinterpretation and accurately quantita-
tively evaluate the residual stress (σ) in the perovskite �lms, 
we applied the grazing incidence XRD (GIXRD) technique to 
obtain the GIXRD patterns at di�erent tilt angles from 0° to 
50°. As shown in Fig. 2B and C, the characteristic peaks (210) 
of the control and target �lms were shi�ed toward higher 
angles to di�erent extents, indicating that the lattice gap was 
reduced, which means compressive residual stress. By �tting 
a linear relationship of 2θ − sin2θ0, the slope ε (strain) was 
found to be remarkably reduced from 0.2742 (control) to 
0.0921 a�er PFN-Br/IAI treatment. According to the follow-
ing equation [46]:

where E (10.2 GPa) [47] and ν (0.31) [33] were the modulus 
and Poisson’s ratio of the perovskite, respectively, and θ0 was 

(1)� = −
E

2(1 + �)

�

180
◦
cot�0

�(2�)

�sin2�

Fig. 2. Stress engineering and crystallinity of perovskite films. (A) XRD analysis of perovskite films deposited on different substrates (δ, #, and * represent δ phase, NMP + 
PbI2, and PbI2, respectively). The GIXRD spectra of perovskite films of the (B) control and (C) target groups at different Ψ angles (from 0° to 50°). (D and E) Linear fitting of 
the 2θ − sin2 Ψ of the GIXRD spectra. (F) Corresponding radial integral intensity of the following GIWAXS dates. (G to I) 2-Dimensional GIWAXS spectra of the buried side of 
perovskite films deposited on IAI-, PFN-Br-, and PFN-Br/IAI-treated PTAA layers, respectively (at 0.015° incidence angle). a.u., arbitrary units.
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half of the scattering angle 2θ0 corresponding to a given di�rac-
tion peak of the stress-free perovskite. �e results revealed 
(Table S1) that the σ in the control �lm was about −112.2 MPa; 
in comparison, the PFN-Br/IAI-based treated �lm presented 
a lower stress of about −39.8 MPa. �is indicated that the resid-
ual compressive stresses of the target �lms were released to a 
greater extent (~65% reduction), which improved the substrate/
perovskite stretching adaptation to upgrade the quality of 
perovskite �lms [29,31], further con�rming the analytical results 
of the Williamson–Hall plot (Fig. S7).

To further exploration of the enhancement of crystallinity 
on the buried side of perovskite �lms by strain release, we inves-
tigated the buried interfaces by grazing incidence wide-angle 
x-ray scattering (GIWAXS). As shown in Fig. 2G to I and Fig. 
S8, it can be seen that q = 1.04 A−1 and q = 0.936 A−1 at the 
buried interface of perovskite, representing the perovskite (100) 
and the PbI2 crystalline planes, and that PFN-Br/IAI treatment 
had the strongest (100) crystalline plane. According to XRD 
dates (Fig. 2A), there was no obvious δ phase and NMP + PbI2 
complex phase in the super�cial layer of the buried interface, 
implying that both of them should be present in the bulk phase 
or upper surface of perovskite. Although GIWAXS spectra fur-
ther con�rm that the buried interface does not formation of 
2-dimensional phases, as shown in Fig. 2F, the coembedding 
strategy promoted the overall crystallization and growth of 
perovskite �lms, which corresponds to the intuitive results of 
scanning electron microscopy (SEM) (Fig. 1G and H).

�e ultraviolet-visible absorption spectra (Fig. S9) showed that 
the pretreatments on PTAA only enhanced the absorbance in the 
high-energy spectral region and did not a�ect the bandgap of 

perovskite (1.618 eV). To further understand the impact of pre-
treatment at the buried side on the nonradiative recombination 
and carrier dynamics of perovskite �lms, the steady-state photo-
luminescence (PL) spectrum (Fig. 3A) showed that a considerable 
enhancement of PL intensity of IAI and PFN-Br groups and the 
strongest PL intensity was obtained by PFN-Br/IAI. Moreover, 
the average carrier lifetime (τavg) was �tted in the time-resolved 
PL decay curve (Fig. 3B) using a double exponential function 
(Table S1 and Note S2). It was found that the τavg of di�erent 
groups were prolonged from 642.44 ns (DMF) to 2.24 μs (PFN-Br/
IAI). �e higher PL intensity and longer carrier lifetime suggested 
that the substantial reduction of traps caused carrier capture. 
Besides, from the PL signals collected at the front and the back 
of the perovskite �lms (Fig. 3C and Fig. S9), the strength of PL 
on the backside of the pristine �lm was considerably weaker than 
on the topside, suggesting a low-quality buried interface, probably 
the residual strain and halogen de�ciency that lead to a large 
number of trap states. In contrast, the PL strength of the backside 
of the perovskite deposited on PFN-Br/IAI was even slightly 
higher than that of the top, which implied that the buried side 
defects were suppressed to a large extent [28].

To better visualize the chemical interactions on the reduc-
tion of defects at the buried side, the exposed buried interfaces 
were explored using x-ray photoelectron spectroscopy (XPS). 
According to the XPS spectra of I 3d in Fig. 3D, the characteristic 
peaks of I 3d exist in the DMF and PFN-Br groups, which were 
located at 630.34 and 618.86 eV, respectively. �rough the peak 
splitting process, we found the corresponding companion peaks 
in the IAI and PFN-Br/IAI groups (peaks near 631 and 619.5 eV), 
which came from the IAI treatment in the shallow surface layer 

Fig. 3. Halogen compensation mechanism. (A and B) Steady-state PL spectra (excitation at 400 nm) and time-resolved PL decay curves (monitored at 780 nm). (C) PL spectra 
collected from the front and the back of the glass/modified layer/perovskite films. XPS analysis of the buried side of perovskite layers deposited on different substrates 
concerning the (D) Pb 4f spectrum, (E) I 3d spectrum, and (F) Br 3d spectrum.
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of the buried interface. In addition, the characteristic peak of 
I 3d in the IAI-treated �lms shi�ed toward higher electron 
binding energies, which was inferred to most likely originate 
from the �lling of iodine vacancy defects at the buried interface 
with I− in IAI [34,48,49]. Likewise, in the XPS spectra of Br 3d 
(Fig. 3E), compared with the 2 characteristic peaks of DMF 
and IAI groups (peaks located near 68.01 and 69.04 eV), the 
corresponding companion peaks also appeared in the IAI and 
PFN-Br/IAI treatments (with peaks located near 68.31 and 
69.58 eV), and the shi�ing trend of the Br 3d characteristic 
peaks were in line with that of I 3d. Defects (halide vacancies) 
at the interfaces have been known to commonly induce di�u-
sion of halide ions from the perovskite interface into the bulk 
or the rest of the functional layers, thereby worsening the del-
eterious interfacial heterogeneity and leading to degradation 
of device performance [30,35,36]. �e appearance of compan-
ion peaks indicated that the pretreatments of IAI and PFN-Br 
brought about changes in the halogen chemical environment, 
while a higher shi� in binding energy indicated an enhanced 
interaction, which was highly likely to be induced by the com-
pensation of halogen vacancies at the buried interfaces of 
perovskite with the I−/Br− in PFN-Br/IAI.

In addition, in the Pb 4f XPS spectra (Fig. 3F), the DMF-treated 
perovskite �lms had 2 peaks located at 138.58 and 143.44 eV, and 
the binding energy of PFN-Br/IAI-treated �lm shi�ed more than 
0.44 eV toward lower electron binding energy (peaks at 142.00 
and 138.14 eV). �is displacement may originate from the fact 
that the N of PFN-Br and IAI undergoes bonding with the Pb2+ 
due to uncoordinated lone electron pairs. �is was further sup-
ported by the detection of C–N signals variation in PFN-Br and 
IAI groups (Fig. S11). �e above results demonstrated that the 
pretreatment of PTAA using the PFN-Br/IAI hybrid system not 
only released the residual strain in the polycrystalline perovskite 
�lms but also formed a bene�cial buried interface. Moreover, it 
compensated for the lack of halogen ions and passivated the 
undercoordinated Pb2+ defects on the buried side, which reduced 
the possibility of ion migration and the heterogeneity of the buried 
interface from the source.

To visualize the optoelectronic characteristics of the upper 
and exposed buried interfaces as a whole on a microscopic scale, 
we used PL imaging (PL mapping) on perovskite �lms (Fig. 4A 
and B). Under the same excitation conditions, the trend of PL 
mapping �uorescence intensity was consistent with that of PL 
intensity (Fig. 3A), and, remarkably, it seemed that the variation 
in intensity was more pronounced at the buried side. �erefore, 
we compared the intensity of the upper and buried sides of the 
control (DMF) and target (PFN-Br/IAI) groups a�er normal-
izing the scale (Fig. S12), and we found that the �uorescence 
intensity of the buried side of the DMF rinse-treated perovskite 
remained generally weaker than that of the top, indicating the 
existence of a great deal of nonradiative recombination regions, 
which was probably related to the quenching of the buried �uo-
rescence caused by Pb halide [26]. In contrast, the �uorescence 
intensity of the buried side of the �lms treated with PFN-Br/IAI 
was relatively stronger than the top side and more variable than 
the control. �is illustrated that the buried side of the PFN-Br/ 
IAI sample excites more photons than the upper surface and 
defects on buried interfaces were substantially reduced, which 
was consistent with the results of PL spectra (Fig. 3C). In addi-
tion, the PL intensity was extracted for the corresponding 10,000 
points in the PL mapping (Fig. 4B), showing that the overall PL 
intensity at the buried side of the hybrid system (PFN-Br/IAI) was 
higher than that of the rest individual groups (Fig. S12), demon-
strating that the nonradiative recombination paths were reduced 
and the density of nonequilibrium carriers was enhanced.

To evaluate the impact of the hybrid system modi�ed PTAA 
on the photovoltaic properties of inverted PSCs, a construction 
of glass/indium tin oxide/PTAA/modi�cation/perovskite/phenyl-
C61-butyric acid methyl ester/bathocuproine/copper was pre-
pared (Fig. S13). Compared to the DMF group, the perovskite 
deposited on PFN-Br/IAI had no obvious pinholes and gaps at 
the buried side, and the grain boundaries grew vertically, which 
was believed to be favorable for the longitudinal transport of car-
riers (Fig. 5A and Fig. S13) [50]. �e corresponding photovoltaic 
performances of PSCs based on di�erent treatments were 
summarized in Table and Fig. 5B and C. Notably, a satisfactory 

Fig. 4. Fluorescence intensity and uniformity at the upper and buried interfaces of perovskite. PL imaging (PL mapping) of the (A) top and (B) exposed buried side of perovskite 
films deposited on different substrates, respectively.
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Fig. 5. Performance of champion photovoltaic devices processed with PFN-Br/IAI. (A) Cross-sectional SEM image of PFN-Br/IAI-modified PTAA-based invert device. 
(B) J–V curves of PSCs based on different modified substrates under simulated standard AM 1.5G illumination (reverse scanning). (C) Statistical PCE distributions 
of each group of 15 individual PSCs. (D) Forward/reverse scanning J–V curves and corresponding hysteresis factors (H index) of PSCs (1.55 eV) based on PFN-Br/IAI 
modification substrates. (E) Long-term stability trace for unencapsulated PSCs in N2 atmosphere at room temperature (25 °C). (F) Tracking the steady-state power 
output curves of the PSCs. Normalized PCE evolution of control and target PSCs (G) exposed to an air ambient (aqueous oxygen) and (H) heated at 65 °C in a nitrogen 
atmosphere under dark condition. (I) Maximum power point (MPP) tracking under continuous light irradiation at 100 mW·cm−2 in a nitrogen atmosphere. (J) Estimation 
of defect density (Nt) of the perovskite film using the HTL-only devices and the corresponding trap filling limit voltage (VTFL). (K) EL spectra of the PTAA-based PLEDs 
at a bias voltage of 2.4 V. (L) Plot of the external quantum efficiency versus the injection current density (inset of the target device operated as a PLED).
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improvement in the overall PSC performance was realized in the 
PFN-Br/IAI-treated PSC, with a short-circuit current density (JSC) 
of 23.13 mA·cm−2, an open circuit voltage (VOC) of 1.162 V, a �ll 
factor (FF) of 81.60%, and a champion PCE of 21.93%. In contrast, 
the average e�ciency of the target (PFN-Br/IAI) devices is as high 
as 21.20%, which was remarkably better than the rest of the 
treated devices in Table. Meanwhile, the hysteresis mainly gener-
ated by ion migration was suppressed [51], and the H index 
decreased from 6.1% to 2.0% (Fig. S15). Remarkably, when replac-
ing the photoabsorber with the quadruple-cation perovskite 
(Rb0.05Cs0.05MA0.05FA0.85)Pb(I0.95Br0.05) (1.55 eV), the correspond-
ing champion device had a PCE of 23.74%, a VOC of 1.147 V, an 
FF of 82.7%, and an H index of 2.58 (as shown in Fig. 5D and 
Table S3). �e enhanced device performance can be attributed to 
the synergistic e�ects of residual strain relief in the perovskite 
�lm and the halogen compensation and Pb coordination at the 
buried interface after the PFN-Br/IAI pre-embedding treat-
ment. Furthermore, the PCE distribution statistics of PSCs with 
di�erent pretreatments revealed that the PCE of the PFN-Br/IAI 
group had a narrow range of variation, indicating better device 
repeatability and process reliability (Fig. 5C). Consistent with the 
above analysis of the synergistic mechanism of the hybrid system, 
the enhanced J–V characteristics of the devices and the negligible 
hysteresis largely stem from the improved quality of the perovskite 
layer, favorable PTAA/perovskite interfacial contact, and suppres-
sion of nonradiative composites.

In Fig. 5E, the normalized PCE intrinsic stability of unen-
capsulated PSCs was tracked at room temperature (25°C) in the 
N2 atmosphere. It can be seen that the PCE of the DMF, IAI, 
and PFN-Br groups dropped to about 80% of the initial e�-
ciency a�er 25, 36, and 48 d, respectively, in contrast to the 
devices with PFN-Br/IAI treatment, which realized the longest 
intrinsic stability of 76 d (approximately 1,800 h). It is still 
mainly originated from the PFN-Br/IAI treatment to form a 
favorable interface of perovskite/PTAA through the modulation 
of polar mismatch. Moreover, we attained the steady-state power 
output curve of the target device with an e�ciency of 21.74% 
at the maximum power point a�er 600 s of continuous illumina-
tion, as shown in Fig. 5F. To assess the impact of external factors 
on the devices, we performed a series of long-term stability tests 
on unencapsulated PSCs and �lms based on the 1.55-eV com-
ponent (Fig. S16). By tracking the performance evolution of the 
devices in an air environment [RH (relieve humility), 20 ± 5%; 
RT (room temperature), 20 ± 5 °C] (Fig. 5G), the target devices 
based on PFN-Br/IAI maintain more than 91% of the original 
e�ciency a�er aging for 960 h, compared to only 73% for the 
control devices, presenting a rather excellent long-term air 

stability for the target group. �e accelerated aging of the 
perovskite �lms was carried out by exposing them to air with 
high humidity (RH, 70 ± 10%), and the variation of their mor-
phology was recorded (Fig. S17). It was found that the control 
degraded rapidly within 4 d and appeared as a yellow PbI2 phase, 
while the target �lm appeared to be more resistant. To further 
evaluate the thermal stability of the device (Fig. 5H), it revealed 
that the T80 (time required to reduce to 80% of the initial e�-
ciency) of the target PSC under 65 °C heating was over 680 h, but 
the performance of the control severely degraded to 54% of the 
original e�ciency. As shown in Fig. 5I, the continuous operational 
stability of the devices was evaluated by tracking the maximum 
power point under one solar irradiation. Notably, the target 
device exhibits advanced operational stability, maintaining nearly 
97% of the initial e�ciency a�er 240 h of continuous irradiation, 
while the control device retains only 56% of the initial (200 h). 
�e above results indicated that the released residual stresses and 
optimized crystallinity in the perovskite �lms not only improved 
the device e�ciency but also helped to achieve superior long-term 
stability when the pre-embedded coembedding strategy was used.

To quantitatively assess the defect density (Nt) in perovskite 
�lms deposited on di�erent substrates, we fabricated the HTL-
only transport devices with indium tin oxide/PTAA/modi�ed 
layer/perovskite/Spiro-OMeTAD/Au structure. In conjunction 
with the space charge limiting model, as illustrated in Fig. 5G 
and Note S3, the corresponding trap �lling limit voltage (VTFL) 
can be gained [52,53]. When compared with the VTFL of 0.601 V 
of the control device, the VTFL of the PFN-Br/IAI-treated device 
was only 0.352 V. �e Nt of the equivalent HTL-only devices 
were 5.99 × 1015 cm−3 and 3.51 ×and15 cm−3, respectively, dem-
onstrating that the coembedding strategy e�ectively dimin-
ished the trap-state density of the perovskite bulk by 41% and 
well suppressed the interfacial nonradiative recombination 
[54]. To further visually gauged the role of defect reduction on 
the optoelectronic performance of the devices, we used PSCs 
with di�erent interfacial modi�cations as perovskite light-
emitting diodes (PLEDs) to obtain the external quantum e�-
ciency of electroluminescence (EQEEL) during EL at a bias 
voltage of 2.4 V. As presented in Fig. 5H and I, the PLED based 
on the PFN-Br/IAI treatment with red light emission exhibited 
about 2.0% of the best EQEEL and the highest EL intensity. �e 
center of the EL spectrum is at 798 nm, and there is a small 
shi� within the acceptable range to the parameters measured 
in the PL spectra (Fig. 3A). On the contrary, the much lower 
EQEEL of 0.257%, 0.439%, and 0.689% for the PLEDs is based 
on DMF, IAI, and PFN-Br, respectively. It was well known that 
superior PSCs should be an excellent PLED as well, and, 

Table. Statistics of J–V parameters of PSCs based on different pretreatments of PTAA (15 cells per group). These data were the mean values 
and standard deviations of each parameter.

Groups VOC (V) JSC (mA·cm−2) FF (%) PCE (%) PCEmax (%)

DMF 1.05 ±0.02 22.28 ±0.18 73.26 ±3.02 17.16 ±0.50 18.13

IAI 1.12 ±0.01 22.64 ±0.42 75.32 ±1.83 19.02 ±0.46 19.62

PFN-Br 1.07 ±0.03 22.87 ±0.23 80.19 ±1.32 19.56 ±0.45 20.21

PFN-Br/IAI 1.14±0.02 23.07±0.29 80.72±0.96 21.32 ±0.43 21.93
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therefore, the EL/EQEEL can re�ect the nonradiative recombi-
nation of the devices [27]. �e defect-assisted recombination 
and carrier transport losses were key factors in open-circuit 
voltage losses in PSCs/PLEDs [55]. Hence, the enhanced EL 
perform ance would imply a reduction of deep energy level 
defects within the PSCs, leading to a remarkably higher PCE.

Conclusion
In summary, we demonstrated that a hybrid system of PFN-Br 
and imidazolium analog salts (IAI) embedded at the buried inter-
face of perovskite could regulate the polarity mismatch issue and 
improve the photovoltaic performance of inverted PSCs. A�er 
the modi�cation of the PTAA layer by PFN-Br/IAI, the dynamic 
twisting or stretching of the alkyl chains on the PFN-Br e�ectively 
reduces the residual strain of the lattice between the perovskite/
substrate. Furthermore, because of the free anion (Cl−/Br−) ion-
ized by PFN-Br/IAI and the Lewis base groups on it, we revealed 
a collaborative mechanism of halogen compensation and immo-
bilization of uncoordinated Pb2+ at the buried interface during 
perovskite crystallization. Bene�ted from the improved wettabil-
ity of PTAA substrate, residual strain relief, and suppression of 
heterogeneity at the buried interface, it could facilitate the obtain-
ing of dense and uniform high-quality perovskite �lm, enhance 
the carrier electrical transport properties, and reduce the nonra-
diative recombination. As a consequence, the optimized inverted 
PSC has a PCE of 21.93% (VOC of 1.16 V) based on perovskite 
with a 1.62-eV bandgap with a reduction of defect state density 
and remarkable intrinsic stability. In addition, this coembedding 
strategy can be extended to RbCsFAMA-based perovskite �lms, 
and the champion device achieved a PCE of 23.74% (bandgap of 
1.55 eV) compared to 21.47% (control) with negligible hysteresis 
and remarkable resistance to external conditions and operational 
stability. �us, this research o�ered a simple and e�ective coem-
bedding design strategy that can synergistically enhance device 
e�ciency and endurance.

Materials and Methods
Detailed Materials and Methods can be found in the Supp-
lementary Materials.

Acknowledgments
Funding: �is work was funded by the National Natural Science 
Foundation of China (62004165) and the Fundamental Research 
Funds for the Central Universities.
Author contributions: B.Z.: methodology, validation, formal 
analysis, investigation, and writing—original dra�. C.S.: formal 
analysis, investigation, and writing—review and editing. C.W.: 
methodology and writing—review and editing. D.Q.: validation 
and writing—review and editing. J.Q.: methodology and inves-
tigation. X.Z., W.Z., and R.H.: methodology. S.D., Y.X., and 
Y.K.: investigation. F.Y. and X.Y.: resources. Y.T. and W.H.: con-
ceptualization, methodology, resources, supervision, and fund-
ing acquisition.
Competing interests: �e authors declare that they have no 
competing interests.

Data Availability
All data needed to evaluate the conclusions in the paper are 
present in the paper or the Supplementary Materials.

Supplementary Materials
Materials and Methods 
Figs. S1 to S17 
Tables S1 to S4 
Notes S1 to S3

References

 1. Eperon GE, Stranks SD, Menelaou C, Johnston MB, Herz LM, 
Snaith HJ. Formamidinium lead trihalide: A broadly tunable 
perovskite for e�cient planar heterojunction solar cells. Energy 
Environ Sci. 2014;7(3):982–988.

 2. Sun Q, Zhao C, Yin Z, Wang S, Leng J, Tian W, Jin S. Ultrafast 
and high-yield polaronic exciton dissociation in two-dimensional 
perovskites. J Am Chem Soc. 2021;143(45):19128–19136.

 3. Yan C, Yu J, Li Y, Fong PWK, Ding R, Liu K, Xia H, Ren Z,  
Lu X, Hao J, et al. Ambipolar-transport wide-bandgap 
perovskite interlayer for organic photovoltaics with over 18% 
e�ciency. Matter. 2022;5(7):2238–2250.

 4. Dong Q, Fang Y, Shao Y, Mulligan P, Qiu J, Cao L, 
Huang J. Electron-hole diffusion lengths > 175 μm in 
solution-grown CH3NH3PbI3 single crystals. Science. 
2015;347(6225):967–970.

 5. Xu J, Maxwell A, Wei M, Wang Z, Chen B, Zhu T, Sargent EH. 
Defect tolerance of mixed B-site organic–inorganic halide 
perovskites. ACS Energy Lett. 2021;6(12):4220–4227.

 6. Chang X, Fan Y, Zhao K, Fang J, Liu D, Tang M-C, Barrit D, 
Smilgies D-M, Li R, Lu J, et al. Perovskite solar cells toward 
eco-friendly printing. Research. 2021;2021:9671892.

 7. Wang S, Yang T, Yang Y, Du Y, Huang W, Cheng L, Li H,  
Wang P, Wang Y, Zhang Y, et al. In situ self-elimination 
of defects via controlled perovskite crystallization 
dynamics for high-performance solar cells. Adv Mater. 
2023;35(42):e2305314.

 8. Wang C, Qu D, Zhou B, Shang C, Zhang X, Tu Y, Huang W. 
Self-healing behavior of the metal halide perovskites and 
photovoltaics. Small. 2023;2307645.

 9. Jiang Q, Tong J, Xian Y, Kerner RA, Dun�eld SP, Xiao C, 
Scheidt RA, Kuciauskas D, Wang X, Hautzinger MP, et al. 
Surface reaction for e�cient and stable inverted perovskite 
solar cells. Nature. 2022;611(7935):278–283.

 10. Zhang J, Yu B, Sun Y, Yu H. Minimized energy loss at the 
buried interface of p-i-n perovskite solar cells via accelerating 
charge transfer and forming p-n homojunction. Adv Energy 
Mater. 2023;13(19):2300382.

 11. Li Z, Li B, Wu X, Sheppard SA, Zhang S, Gao D, Long NJ,  
Zhu Z. Organometallic-functionalized interfaces for highly 
e�cient inverted perovskite solar cells. Science. 2022;376(6591): 
416–420.

 12. Zhang S, Ye F, Wang X, Chen R, Zhang H, Zhan L, Jiang X,  
Li Y, Ji X, Liu S, et al. Minimizing buried interfacial 
defects for e�cient inverted perovskite solar cells. Science. 
2023;380(6643):404–409.

 13. Peng W, Mao K, Cai F, Meng H, Zhu Z, Li T, Yuan S, Xu Z, 
Feng X, Xu J, et al. Reducing nonradiative recombination in 
perovskite solar cells with a porous insulator contact. Science. 
2023;379(6633):683–690.

 14. Wu X, Gao D, Sun X, Zhang S, Wang Q, Li B, Li Z, Qin M, 
Jiang X, Zhang C, et al. Backbone engineering enables highly 
e�cient polymer hole-transporting materials for inverted 
perovskite solar cells. Adv Mater. 2023;35(12):e2208431.

https://doi.org/10.34133/research.0309


Zhou et al. 2024 | https://doi.org/10.34133/research.0309 10

15. He R, Wang W, Yi Z, Lang F, Chen C, Luo J, Zhu J, 
�iesbrummel J, Shah S, Wei K, et al. Improving interface 
quality for 1 cm2 all-perovskite tandem solar cells. Nature. 
2023;618(7963):80–86.

 16. Zhang T, Chen Y, Kan M, Xu S, Miao Y, Wang X, Ren M,  
Chen H, Liu X, Zhao Y. Ma cation-induced di�usional growth 
of low-bandgap FA-Cs perovskites driven by natural gradient 
annealing. Research. 2021;2021:9765106.

 17. Azmi R, Ugur E, Seitkhan A, Aljamaan F, Subbiah AS, Liu J, 
Harrison GT, Nugraha MI, Eswaran MK, Babics M, et al. Damp 
heat–stable perovskite solar cells with tailored-dimensionality 
2D/3D heterojunctions. Science. 2022;376(6588):73–77.

 18. Wang C, Wang X, He Z, Zhou B, Qu D, Wang Y, Hu H, Hu Q, 
Tu Y. Minimizing voltage de�cit in methylammonium-free 
perovskite solar cells via surface reconstruction. Chem Eng J. 
2022;444:Article 136622.

 19. Wang F, Chang Q, Yun Y, Liu S, Liu Y, Wang J, Fang Y,  
Cheng Z, Feng S, Yang L, et al. Hole-transporting low-
dimensional perovskite for enhancing photovoltaic 
performance. Research. 2021;2021:9797053.

 20. Yang T, Ma C, Cai W, Wang S, Wu Y, Feng J, Wu N, Li H, 
Huang W, Ding Z, et al. Amidino-based Dion-jacobson 2D 
perovskite for e�cient and stable 2D/3D heterostructure 
perovskite solar cells. Joule. 2023;7(3):574–586.

 21. Zhou L, Su J, Lin Z, Guo X, Ma J, Li T, Zhang J, Chang J, 
Hao Y. Synergistic interface layer optimization and surface 
passivation with �uorocarbon molecules toward e�cient 
and stable inverted planar perovskite solar cells. Research. 
2021;2021:9836752.

 22. Guo H, Wang X, Li C, Hu H, Zhang H, Zhang L, Zhu W-H, 
Wu Y. Immobilizing surface halide in perovskite solar cells via 
Calix[4].pyrrole. Adv Mater. 2023;35(26):e2301871.

 23. Li H, Xie G, Wang X, Li S, Lin D, Fang J, Wang D, Huang W, 
Qiu L. Buried interface dielectric layer engineering for highly 
e�cient and stable inverted perovskite solar cells and modules. 
Adv Sci. 2023;10(19):e2300586.

 24. Chen S, Dai X, Xu S, Jiao H, Zhao L, Huang J. Stabilizing 
perovskite-substrate interfaces for high-performance 
perovskite modules. Science. 2021;373(6557):902–907.

 25. Ji X, Bi L, Fu Q, Li B, Wang J, Jeong SY, Feng K, Ma S, Liao Q,  
Lin FR, et al. Target therapy for buried interface enables 
stable perovskite solar cells with 25.05% e�ciency. Adv Mater. 
2023;35(39):e2303665.

 26. Yang X, Luo D, Xiang Y, Zhao L, Anaya M, Shen Y, Wu J, 
Yang W, Chiang YH, Tu Y, et al. Buried interfaces in halide 
perovskite photovoltaics. Adv Mater. 2021;33(7):e2006435.

 27. Chen P, Xiao Y, Li L, Zhao L, Yu M, Li S, Hu J, Liu B, 
Yang Y, Luo D, et al. E�cient inverted perovskite solar 
cells via improved sequential deposition. Adv Mater. 
2023;35(5):e2206345.

 28. Chen J, Dong H, Li J, Zhu X, Xu J, Pan F, Xu R, Xi J, Jiao B, 
Hou X, et al. Solar cell e�ciency exceeding 25% through  
Rb-based perovskitoid sca�old stabilizing the buried 
perovskite surface. ACS Energy Lett. 2022;7(10):3685–3694.

 29. Tong J, Gong J, Hu M, Yadavalli SK, Dai Z, Zhang F, Xiao C,  
Hao J, Yang M, Anderson MA, et al. High-performance 
methylammonium-free ideal-band-gap perovskite solar cells. 
Matter. 2021;4(4):1365–1376.

 30. Luo C, Zheng G, Gao F, Wang X, Zhan C, Gao X, Zhao Q. 
Engineering the buried interface in perovskite solar cells 
via lattice-matched electron transport layer. Nat Photonics. 
2023;17(10):856–864.

 31. Chen C-H, Hu F, Su Z-H, Yu Y-J, Wang K-L, Shi Y-R, Chen J, 
Xia Y, Gao X-Y, Wang Z-K, et al. Spring-like ammonium salt 
assisting stress release for low-temperature deposited FAPbI3 
�lms toward �exible photovoltaic application. Adv Funct 
Mater. 2023;33(15):2213661.

 32. Huang J, He S, Zhang W, Saparbaev A, Wang Y, Gao Y,  
Shang L, Dong G, Nurumbetova L, Yue G, et al. E�cient and 
stable all-inorganic CsPblBr2 perovskite solar cells enabled by 
dynamic vacuum-assisted low-temperature engineering.  
Sol RRL. 2021;6(4):2100839.

 33. Yuan G, Xie W, Song Q, Ma S, Ma Y, Shi C, Xiao M, Pei F,  
Niu X, Zhang Y, et al. Inhibited crack development by 
compressive strain in perovskite solar cells with improved 
mechanical stability. Adv Mater. 2023;35(17):e2211257.

 34. Chen Y, Shen Y, Tang W, Wu Y, Luo W, Yuan N, Ding J,  
Zhang S, Zhang WH. Ion compensation of buried interface 
enables highly e�cient and stable inverted MA-free perovskite 
solar cells. Adv Funct Mater. 32(14):e2206703.

 35. Zhang Y, Song Q, Liu G, Chen Y, Guo Z, Li N, Niu X, Qiu Z,  
Zhou W, Huang Z, et al. Improved fatigue behaviour of 
perovskite solar cells with an interfacial starch–polyiodide 
bu�er layer. Nat Photonics. 2023;17(12):1066–1073.

 36. Xiong Q, Wang C, Zhou Q, Wang L, Wang X, Yang L, Ding J, 
Chen C-C, Wu J, Li X, et al. Rear interface engineering to suppress 
migration of iodide ions for e�cient perovskite solar cells with 
minimized hysteresis. Adv Funct Mater. 2022;32(7):2107823.

 37. Yang T, Gao L, Lu J, Ma C, Du Y, Wang P, Ding Z, Wang S,  
Xu P, Liu D, et al. One-stone-for-two-birds strategy to 
attain beyond 25% perovskite solar cells. Nat Commun. 
2023;14(1):839.

 38. Wang Y, Duan L, Zhang M, Hameiri Z, Liu X, Bai Y, Hao X. 
PTAA as e�cient hole transport materials in perovskite solar 
cells: A review. Sol RRL. 2022;6(8):2200234.

 39. Li B, Xiang Y, Jayawardena KDGI, Luo D, Wang Z, Yang X, 
Watts JF, Hinder S, Sajjad MT, Webb T, et al. Reduced bilateral 
recombination by functional molecular interface engineering 
for e�cient inverted perovskite solar cells. Nano Energy. 
2020;78:Article 105249.

 40. Lee J, Kang H, Kim G, Back H, Kim J, Hong S, Park B, Lee E,  
Lee K. Achieving large-area planar perovskite solar cells 
by introducing an interfacial compatibilizer. Adv Mater. 
2017;29(22):1606363.

 41. Tu Y, Yang X, Su R, Luo D, Cao Y, Zhao L, Liu T, Yang W, 
Zhang Y, Xu Z, et al. Diboron-assisted interfacial defect control 
strategy for highly e�cient planar perovskite solar cells. Adv 
Mater. 2018;30(49):e1805085.

 42. Chen Q, Zhou H, Song T-B, Luo S, Hong Z, Duan H-S, Dou L, 
Liu Y, Yang Y. Controllable self-induced passivation of hybrid 
lead iodide perovskites toward high performance solar cells. 
Nano Lett. 2014;14(7):4158–4163.

 43. Kisan B, Bhuyan RK, Mohapatra RK. Chapter 23 - 
Nanocrystalline Nio powder: Synthesis, characterization 
and emerging applications. In: Nano-biosorbents for 
decontamination of water, air, and soil pollution. Amsterdam 
(Netherlands): Elsevier; 2022. p. 529–550.

 44. Kim G, Min H, Lee KS, Lee DY, Yoon SM, Seok SI. Impact of 
strain relaxation on performance of α-formamidinium lead 
iodide perovskite solar cells. Science. 2020;370(6512):108–112.

 45. Lv W, Hu Z, Qiu W, Yan D, Li M, Mei A, Xu L, Chen R. 
Constructing so� perovskite–substrate interfaces for dynamic 
modulation of perovskite �lm in inverted solar cells with over 
6200 hours photostability. Adv Sci. 2022;9(28):e2202028.

https://doi.org/10.34133/research.0309


Zhou et al. 2024 | https://doi.org/10.34133/research.0309 11

46. Meng Y, Wang Y, Liu C, Yan P, Sun K, Wang Y, Tian R, Cao R, 
Zhu J, Do H, et al. Epitaxial growth of α-FAPbI3 at a well-
matched heterointerface for e�cient perovskite solar cells and 
solar modules. Adv Mater. 2023;2309208.

 47. Sun S, Isikgor FH, Deng Z, Wei F, Kieslich G, Bristowe PD, 
Ouyang J, Cheetham AK. Factors in�uencing the mechanical 
properties of formamidinium lead halides and related hybrid 
perovskites. ChemSusChem. 2017;10(19):3740–3745.

 48. Krishna A, Škorjanc V, Dankl M, Hieulle J, Phirke H,  
Singh A, Alharbi EA, Zhang H, Eickemeyer F, Zakeeruddin SM,  
et al. Mitigating the heterointerface driven instability in 
perovskite photovoltaics. ACS Energy Lett. 2023;8(8): 
3604–3613.

 49. Yang X, Ni Y, Zhang Y, Wang Y, Yang W, Luo D, Tu Y, Gong Q,  
Yu H, Zhu R. Multiple-defect management for e�cient 
perovskite photovoltaics. ACS Energy Lett. 2021;6(7): 
2404–2412.

 50. Kim J-H, Oh C-M, Hwang I-W, Kim J, Lee C, Kwon S, Ki T, 
Lee S, Kang H, Kim H, et al. E�cient and stable quasi-2D 
ruddlesden–popper perovskite solar cells by tailoring crystal 

orientation and passivating surface defects. Adv Mater. 
2023;35(31):2302143.

 51. Zhong Y, Yang J, Wang X, Liu Y, Cai Q, Tan L, Chen Y. 
Inhibition of ion migration for highly e�cient and stable 
perovskite solar cells. Adv Mater. 2023;35(52):e2302552.

 52. Song Q, Gong H, Sun F, Li M, Zhu T, Zhang C, You F, He Z, 
Li D, Liang C. Bridging the buried interface with piperazine 
dihydriodide layer for high performance inverted solar cells. 
Small. 2023;19(29):Article e2208260.

 53. Wang Y, Wang X, Wang C, Cheng R, Zhao L, Wang X, 
 Zhang X, Shang J, Zhang H, Zhao L, et al. Defect suppression 
and energy level alignment in formamidinium-based 
perovskite solar cells. J Energy Chem. 2021;67:65–72.

 54. Qu D, Wang Y, Dong S, Zhou B, Wang C, He Z, Zhang X,  
Liu F, Tu Y. Formate di�usion engineering of hole transport 
layer for highly e�cient n-i-p perovskite solar cells. Mater 
Today Phys. 2022;28:Article 100886.

 55. Wang S, Cao Y, Peng Q, Huang W, Wang J. Carrier dynamics 
determines the optimization strategies of perovskite Leds and 
PVs. Research. 2023;6:0112.

https://doi.org/10.34133/research.0309



