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ABSTRACT: The presence of the detrimental PbI2 residue at the buried
interface negatively affects the photovoltaic performance of perovskite
solar cells (PSCs). However, the underlying mechanism involved in the
formation and elimination of residual PbI2 has been rarely investigated,
despite its critical significance for high-efficiency and stable PSCs. Here,
we investigated the formation and elimination mechanism of residual
PbI2 at the buried interface influenced by citric acid (CA) and found that
CA can quickly remove the PbI2·DMSO complex through a competitive
adsorption mechanism by forming highly crystallized PbI2. This promotes
the subsequent intercalation of amine cations into the PbI2 framework by
forming a stable perovskite. Consequently, the best-performing target
PSC achieves an efficiency of 25.19% (a certified efficiency of 24.64%)
and 23% from a 1 cm2 PSC. Additionally, the target PSC also
demonstrates improved light stability after 200 h of UV light soaking by maintaining 94.21% of its initial efficiency
compared with only 70.76% for the control PSC.

Perovskite solar cells (PSCs) achieve promising photo-
voltaic performance because of superb light absorption,
adjustable band gaps, and easy fabrication process.

Since 2012,1 a variety of strategies, such as material
engineering,2,3 component engineering,4,5 solvent engineer-
ing,6−8 and interface engineering,9−12 have been developed to
improve the efficiency and stability of PSCs, thereby propelling
their commercialization. Recently, a certified efficiency of
26.1% has been reported,13 which demonstrates the great
potential of PSCs in the photovoltaic field. However, because
of the fast crystallization process, a large number of defects are
inevitably formed inside the perovskite, which influence device
efficiency and stability.14 Residual PbI2 in perovskite is one of
the main defects that exhibits two sides depending on its
amount and distribution.15 A moderate amount of PbI2 on top
of the perovskite can enhance the efficiency because of the
passivation effect and the formation of type I band align-
ment.16 However, residual PbI2 at the buried interface
undergoes severe photodecomposition accompanied by the

formation of deep-level Pb0 and I2 traps, which accelerates
device degradation, especially under UV light soaking.17,18

To eliminate detrimental PbI2 at the buried interface,
interface engineering provides a feasible way to regulate it by
introducing external chemical compounds.19,20 Various inter-
facial modifiers, such as preburied amine salts21−24 or
coordination compounds,25−27 have been applied either by
consuming the excess PbI2 or by coordinating with the
perovskite. However, how residual PbI2 is formed at the buried
interface and how its elimination is influenced by interfacial
modifiers have been rarely studied despite their importance for
the enhancement of device efficiency and stability. Among
these modifiers, the carboxyl group is commonly used as a
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chemical bridge that can passivate metal oxide and coordinate
with Pb2+ ion.28−30 It has also been reported that carboxyl
groups are more likely to react with PbI2 than with amine
salts.31 Therefore, organic acids with carboxyl groups may be
good choices for affecting the crystallization process of PbI2
and better regulating the buried interface.
Here, we investigated the crystal growth mechanism of PbI2

in the vicinity of the electron transport layer (ETL) influenced
by citric acid (CA). We observed that the CA molecule with
carboxyl groups can break down the chemical interaction of
the PbI2·DMSO complex, which leads to a fast exfoliation of
DMSO. This exfoliation process is highly beneficial for the

crystallization of PbI2, which in turn facilitates the incorpo-
ration of amines into its framework, thus enabling the
formation of a stable perovskite. As a result, the target device
with reduced PbI2 achieved an efficiency of 25.19%. Moreover,
the target PSC also demonstrated good UV light stability
compared with the control device. Overall, our findings shed
light on efficiently manipulating the residual PbI2 through the
chemical interactions at the buried interface, which provides a
new strategy to improve the quality of the buried interface for
high-efficiency and stable PSCs.
The PSC with a configuration of ITO/SnO2/perovskite/

spiro-MeOTAD/Au was chosen for this research, as shown in

Figure 1. Morphology and crystal structure analysis of PbI2 and perovskite films. (a) Schematic diagram of the device structure. (b) Possible
chemical interaction at the SnO2/perovskite interface. (c) Cross-sectional SEM image and (d) corresponding bottom surface morphology of
the control PbI2 film. The scale bar is 500 nm. (e) Cross-sectional SEM image and (f) corresponding bottom surface morphology of the
target PbI2 film. The scale bar is 500 nm. (g) GIXRD patterns of PbI2 films with an incident angle of 0.5°. (h,i) Cross-sectional SEM images
of the perovskite films. The scale bar is 1 μm. (j,k) Bottom surface morphologies of perovskite films, and the insertion in each figure shows
the locally enlarged image in the rectangle. The scale bar is 2 μm. (l) XRD patterns of the perovskite films.

ACS Energy Letters http://pubs.acs.org/journal/aelccp Letter

https://doi.org/10.1021/acsenergylett.4c00386
ACS Energy Lett. 2024, 9, 2659−2669

2660

https://pubs.acs.org/doi/10.1021/acsenergylett.4c00386?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.4c00386?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.4c00386?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.4c00386?fig=fig1&ref=pdf
http://pubs.acs.org/journal/aelccp?ref=pdf
https://doi.org/10.1021/acsenergylett.4c00386?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Figure 1a, and the fabrication process of the PSC can be found
in the Supporting Information. To better understand the
growth mechanism of PbI2 at the buried interface and its
ultimate influence on device performance, we preferred
carboxyl-group-functionalized organic acid because of its
good coordination effect. Various organic acids with different
numbers of acetic acid groups are illustrated in Figure S1. With
three acetic acid groups, CA is expected to achieve superior
chelating or coordinating ability with Pb2+. Therefore, we
selected CA as the modifier to regulate the buried interface. All
samples treated without and with CA are labeled as control
and target in the following section, respectively. The schematic
diagram of the chemical interaction at the buried interface is
shown in Figure 1b. The chemical interactions between CA
and SnO2 were first characterized by Fourier transform infrared
(FTIR) spectroscopy and X-ray photoelectron spectra (XPS)
measurement, as shown in Figure S2 and Figure S3. In Figure
S2, the emerging −COOH peak at 1575 cm−1 for the target
sample confirms the existence of CA. The vibration peak of
Sn−O observed at 710 cm−1 for the control sample shifted to
698 cm−1 for the target sample, which confirms the chemical
interaction between −COO− and SnO2. Besides, the peak at
1388 cm−1 for CA powder relates to the O−C�O symmetric
stretching mode, which was shifted to 1390 cm−1, thereby
suggesting that CA binds to SnO2 via deprotonated carboxyl
group with bidentate Sn−O−C bond.32,33 XPS measurements
was performed to further characterize the chemical interaction
between CA and SnO2, as shown in Figure S3. The peaks of Sn
3d3/2 (494.9 eV) and Sn 3d5/2 (486.5 eV) observed for the
control sample slightly red shifted to 494.8 and 486.4 eV for
the target sample because of the increased electron density
around the Sn atom.26,29 The corresponding contact angle and
transmission electron microscopy (TEM) images are shown in
Figures S4 and S5. In Figure S4, the contact angles of the PbI2
precursor deposited on control and target ETL substrates are
12.2° and 12.8°, respectively. The similar wettability means
that the surface properties of ETLs will have a minimal impact
on the crystallization of PbI2. Additionally, in Figure S5, the
SnO2 nanoparticles show good dispersibility, thereby indicat-

ing that a small amount of CA does not induce the aggregation
of SnO2.
In this work, a two-step sequential deposition process was

employed to fabricate the perovskite film because of its high
film quality, which is essential for the fabrication of high-
efficiency and reproducible PSCs.34−36 We first investigated
the changes in microscale morphology of the as-prepared PbI2
and perovskite films near the ETL, which were peeled off using
a mechanical method according to a published report.37 Both
cross-sectional images of PbI2 thin films are shown in Figure
1c,e. For the control sample, the PbI2 film has coralloid
crystalline grains with a mesoporous structure, while the target
PbI2 film shows a more densely packed structure. We peeled
off the PbI2 films in the direction indicated by the right angle
arrows near the ETL substrates. The corresponding SEM
images of the bottom surface of the PbI2 films are shown in
Figure 1d,f. In comparison with the control PbI2, the target
PbI2 film appears to have a more condensed structure with a
distinctly fibrous feature. The changes in micromorphologies
can be attributed to the chemical interaction between organic
acid and PbI2, which indicates the organic acid molecules play
a critical role to the crystallization of PbI2 instead of other
factors, such as wettability or solvents.38,39 The grazing
incidence X-ray diffraction (GIXRD) technique was used to
investigate the crystalline properties of PbI2 films on the
bottom side. The incident angle was set at 0.5° for the
measurement with a penetration depth of ∼300 nm,40 as
shown in Figure 1g. The (001) diffraction peak at 12.8° for the
target PbI2 films is higher compared with the control film,
which suggests the enhanced crystallinity of PbI2. We prepared
the perovskite using the as-deposited PbI2 films and checked
for the cross-sectional images of perovskite films, as presented
in Figure 1h,i. Additionally, the top surface morphologies of
the perovskite films are displayed in Figure S6. Compared with
the control film, the target perovskite film possesses a more
compact and uniform film quality with fewer grain boundaries.
Figure 1j,k shows the bottom surfaces of peeled perovskite
films on different ETLs. It is noticed that there are some white
clusters present in the control perovskite film, which can be

Figure 2. Structural characterization of the as-prepared PbI2 precursor films. (a) Cross-sectional STEM image of control PbI2 film with its
enlarged view profile. Atomic structure of control PbI2 of (b) region 1 and (c) region 2. (d) Cross-sectional STEM image of target PbI2 film
with its enlarged view profile. Atomic structure of target PbI2 of (e) region 3 and (f) region 4.
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identified to be residual PbI2.
19,41 However, these PbI2 clusters

are completely absent at the bottom surface of the target
perovskite film, as observed from SEM images. Besides, we
investigated the X-ray diffraction spectra (XRD) of the whole
perovskite films deposited on various ETLs, as shown in Figure
1l. The area ratio of the PbI2 peak decreased from 67% to 35%
after being subjected to CA treatment, which can be ascribed
to the reduction in the amount of PbI2 present at the buried
interface.
We performed the scanning transmission election micro-

scope (STEM) to investigate the atomistic configuration
change of PbI2 nearby ETL. The PbI2 slices were achieved
using focused ion beam (FIB), and the corresponding cross-
sectional STEM images are shown in Figure 2. In Figure 2a,
the control PbI2 film exhibits stratification with the top layer
consisting of crystalline grains that are clearly visible and well
defined. However, the bottom layer shows a dark region that
lacks any crystalline structure, thereby indicating its
amorphous nature. Upon closer examination of the amorphous
region near the ETL, two small PbI2 grains are observed
(regions 1 and 2). These grains, comparatively small, provide
evidence of the poor crystallization of PbI2 on the bottom side.
In Figure 2b,c, we analyze the atomic STEM images and
corresponding fast Fourier transform (FFT) patterns of these

grains. It was found that the control PbI2 grains exhibited
crystal planes of (110) and (001) with interplane distances of
2.33 and 7.25 Å along the [110] and [110] zone axis,
respectively. Furthermore, two additional neighboring regions
were investigated and are shown in Figure S7. Both regions
show lower crystallinity levels and ultrasmall grain size, which
is a common issue found in the control PbI2 film. In Figure 2d,
orientated growth with a fibrous crystal structure is observed
for the target PbI2 film, which is consistent with the
observation in the SEM images. Unlike the control sample,
the target PbI2 film exhibited larger crystal grains, which
indicates enhanced crystallinity. In Figure 2e,f, the Pb−I
arrangements in regions 3 and 4 were analyzed, and the
corresponding interplanar distances were calculated to be 5.76
and 7.22 Å, which are indicative of the (001) crystal plane of
PbI2. In Figure S8, six additional neighboring regions were
chosen, and all of them have large PbI2 grains, which indicates
a high degree of the crystallinity and uniformity in the target
PbI2 film near the ETL. We calculated the adsorption energies
of (110) and (001) crystal planes with FA+ cation to show the
chemical interaction mechanism for the formation of perov-
skite. The optimized molecular structures of the (110) and
(001) crystal planes with FA+ cation are shown in Figure S9. It
shows that the adsorption energy of FA+ cation on the (001)

Figure 3. Crystallographic and depth characterization of the PbI2 films. (a,b) 2D GIWAXS patterns with different incident angles of as-
prepared PbI2 films (70 °C, 60 s). (c,d) ToF-SIMS depth profiles of as-prepared PbI2 films (70 °C, 60 s).
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crystal plane is −0.94 eV, which is larger than that of the (110)
plane (−0.63 eV), thereby meaning that the (001) plane can
easily react with FA+ cations to form perovskite by consuming
PbI2 at the bottom surface.
To gain a comprehensive understanding of the crystallo-

graphic characterization of the as-prepared PbI2 films, grazing
incidence wide-angle X-ray scattering (GIWAXS) was
performed with various incident angles, which can be seen in
Figure 3a,b. By changing the incident angle from 0.1° to 0.9°,
the estimated penetration depth of X-ray beam ranges from 3
to 500 nm.42 The diffraction at q ≈ 0.9 Å−1 relates to the (001)
plane of the PbI2 film. Additionally, a weak diffraction ring that
can be seen at q ≈ 0.7 Å−1 with an incident angle of 0.5° relates
to the PbI2·DMSO complex, which is randomly oriented inside
the film. Because of the low annealing temperature of 70 °C,
the PbI2·DMSO complex can be observed in both samples. As
the incident angle increases, the halo gradually brightens,
thereby indicating that the PbI2·DMSO complex is primarily
located inside the PbI2 film rather than on the surface. Time-
of-flight secondary ion mass spectrometry (ToF-SIMS) was
also performed to show the depth distribution of the PbI2·
DMSO intermediate phase. As shown in Figure 3c,d, the
dominant peak of S− relating to the DMSO-based intermediate

phase mainly distributes near the ETL substrate, which is
consistent with the GIWAXS result.
To better understand the crystallization process of PbI2, we

conducted XRD to characterize the as-prepared PbI2 films. The
XRD spectra of PbI2 films annealed at 70 °C with different
annealing times are displayed in Figure 4a,b. The diffraction
peaks at 9.9° and 12.8° relate to the PbI2·DMSO complex and
(001) plane of PbI2, respectively.

43−45 We analyzed the change
in the area ratio of the diffraction peak of (PbI2·DMSO)/PbI2
with respect to the annealing time, which is shown in Figure 4c
and Table S1. At 0 s, the area ratio for the target PbI2 precursor
film was found to be significantly higher, reaching 92.3%,
which can be ascribed to the decline of the PbI2 diffraction
peak displayed in Figure S10. For the control PbI2 film, the
area ratio decreased to 18.9%. After annealing at 70 °C for 60
s, the area ratios for both cases presented a considerable level,
consistent with the results of GIWAXS. As the annealing time
increased, the area ratio for the control sample remained
relatively constant with only a slight decrease from 8.4% to
8.2% between annealing times of 120 and 240 s. In the case of
the target sample, the area ratio dropped from 9% at 120 s to
4.7% at 240 s, which indicates the decomposition of PbI2·
DMSO. We also compared the XRD spectra of as-prepared

Figure 4. Crystallization process and chemical interaction between PbI2·DMSO and CA. (a,b) XRD patterns of PbI2 precursor films annealed
at 70 °C with varying annealing times. (c) Area ratio variation of PbI2·DMSO (#) and PbI2 (*) diffraction peaks over time. (d,e) XRD
patterns of PbI2 precursor films annealed at different temperatures for 60 s. (f) Area ratio variation of PbI2·DMSO (#) and PbI2 (*)
diffraction peaks over temperature. (g,h) FTIR spectra of DMSO, PbI2·DMSO, and PbI2·DMSO·CA solutions. (i) FTIR spectra of CA
(powder), PbI2·CA (grinded powder), and DMSO·CA (liquid).
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PbI2 films annealed at various temperatures for 60 s, which are
depicted in Figure 4d,f and Table S2. At a low temperature of
70 °C, the amount of PbI2·DMSO for the target sample was
marginally higher than that of the control sample, but it suffers
a much faster decline compared with the latter. As the
temperature increased to 100 °C, the area ratio for target PbI2
film decreased to 4.3%, while it was 8.1% for control PbI2. The
rapid decrease of area ratio for the target film again confirms
the fast decomposition of PbI2·DMSO under thermal
annealing. Additionally, the PbI2·DMSO peak completely
disappeared after annealing at 150 °C for 10 min, as shown
in Figure S11. On the basis of the above results, it can be
inferred that the organic acid molecules can remove the PbI2·
DMSO complex and enhance the crystallinity of PbI2 at the
bottom side.
FTIR was performed to analyze the chemical interaction

between CA and PbI2·DMSO complex, as illustrated in Figure
4g−i. In Figure 4g, a new peak emerged at 1715 cm−1 for PbI2·
DMSO·CA corresponding to the vibration of −COOH group,
which is lower than the 1742 cm−1 observed for CA powder
(Figure S2) because of the formation of a hydrogen bond,
thereby confirming the interaction between CA and PbI2·
DMSO. Magnifying the FTIR spectra in Figure 4h, two peaks

at 1042 and 1021 cm−1 of DMSO solution can be assigned to
the vibration stretching of free and hydrogen-bonded S�O
bonds.46 However, the shoulder peak at 1021 cm−1 is shifted to
998 cm−1 for PbI2·DMSO and 999 cm−1 for PbI2·DMSO·CA,
respectively. These shifts can be attributed to the increased
electron cloud density near the oxygen atom after interacting
with a less electronegative lead atom.47 In addition, a slightly
higher wavenumber is observed after incorporating CA because
of the formation of the Pb−O−H bond. In Figure 4i, the
stretching vibration of C�O of CA that situates at 1690 cm−1

is shifted to a higher wavenumber of 1692 cm−1 for grinded
PbI2·CA powder because of the donation of an electron pair
from CA to Pb2+. In DMSO·CA solution, the C�O vibration
is shifted to 1721 cm−1 because of the formation of hydrogen
bonds between the CA molecule and its surroundings. Given
the rapid decomposition of PbI2·DMSO and the chemical
interaction among the three, we deduce that CA and DMSO
interact with PbI2 through a strong competitive adsorption
effect, which ultimately affects the crystallization process of
PbI2.
We performed theoretical calculations to study the

interactions among CA, PbI2, and DMSO, as shown in Figure
5. The optimized molecular structures of PbI2·DMSO, PbI2·

Figure 5. Molecular dynamics and growth mechanism of perovskite. (a−d) Schematic diagram of the molecular interaction of PbI2·DMSO,
PbI2·CA, DMSO·CA, and (PbI2·DMSO)·CA. (e) Bond length change of (PbI2·DMSO)·CA at an accelerated temperature of 127°C (400 K).
(f) Control and (g) target perovskite growth mechanism to illustrate the elimination of residual PbI2.
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CA, and DMSO·CA are plotted in Figure 5a−c, and the
corresponding binding energies were calculated to be −0.68,
−0.75, and −0.76 eV, respectively, which confirms the
chemical interaction observed from the FTIR results. We
observed a slightly higher binding energy of PbI2·CA compared
with that of PbI2·DMSO, which indicates that the PbI2
molecule prefers to interact with CA rather than DMSO.
Furthermore, we noted that CA and DMSO also exhibit a high
binding energy of −0.76 eV, which indicates a strong
intermolecular interaction through hydrogen bonds. Ab initio
molecular dynamics simulation has been performed to get a
deep insight of the molecular dynamics of CA and PbI2·
DMSO, as shown in Figure 5d, Video S1, and Video S2. When
we monitored the bond length change of Pb1−O1, Pb2−O2,
and H−O2 at an accelerated temperature of 127 °C (400 K),
we observed that the bond length change for Pb1−O1 and H−
O2 varied within a reasonable range. However, a sharp bond
length increase was observed for Pb2−O2, which suggests the
decomposition of PbI2·DMSO. As can be seen from Video S1,
CA molecule drags the nearby DMSO away from PbI2 through
hydrogen bond interaction. It is worth noting that this process
will not occur at a low temperature of 27 °C (300 K), as shown
in Figure S12 and Video S2. We proposed a credible
mechanism to elucidate the influence of the CA molecule on
the crystallization process of perovskite films, as shown in

Figure 5f,g. In Figure 5f, after deposition of the PbI2 precursor,
excess DMSO at the bottom side cannot easily escape because
of the strong chemical interaction with PbI2, which prohibits
amine salts from entering the amorphous PbI2 framework. This
results in the formation of PbI2 residuals at the bottom surface
of the perovskite, as seen in Figure 1j. In contrast, when the
PbI2 precursor was deposited on the target substrate, CA
molecules broke the S�O−Pb bond and accelerated the
decomposition of PbI2·DMSO by forming (001)-oriented
crystal grains. The high crystallinity is beneficial for the
diffusion of amines toward the bottom of the substrate and
promoting the formation of perovskite, which results in the
elimination of the excess PbI2 observed in the SEM images and
XRD patterns.
The space-charge-limited current (SCLC) method is a

widely used technique for characterizing the presence of
defects within the crystal structure.48,49 Semidevices with an
architecture of ITO/SnO2/perovskite/PCBM/Au were pre-
pared and measured under dark condition. The logarithmic I−
V curves of semidevices are shown in Figure 6a. The VTFLs of
semidevices were calculated to be 0.38 and 0.17 V for the
control and the target devices, respectively. The trap density
(Ntrap) of the perovskite films is calculated according to the
formula Ntrap = 2ε0εrVTFL/qL2, where ε0 and εr are the vacuum
dielectric constant and relative dielectric constant, and q and L

Figure 6. Charge carrier dynamics and photovoltaic performance of perovskite solar cells. (a) Dark J−V curves of semidevices with an
architecture of ITO/ETL/perovskite/PCBM/Au. (b) SSPL spectra and (c) TRPL spectra of perovskite films deposited on different
substrates. (d) J−V curves of best performing PSCs using FAMA-based perovskites with an aperture area of 0.1 cm2. (e) J−V curves of a 1
cm2 PSC with forward and reverse scan. (f) J−V curves of PSCs using FACs- or FAMACs-based perovskites. (g) J−V curves of PSCs based
on different organic acids capped SnO2 ETLs. (h) Light stability of the PSCs measured with a 365 nm UV lamp (15 mW/cm2). (i) Air
stability of the PSCs stored in air with a humidity of 15 ± 5%.
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stand for the elementary charge (1.6 × 10−19 C) and thickness
of the perovskite (800 nm), respectively. Ntrap was calculated to
be 1.38 × 1015 cm−3 for the control device, whereas it
decreased to 0.5 × 1015 cm−3 for the target device. This
indicates that the trap defects were effectively reduced with a
suppressed nonradiative recombination. Steady-state photo-
luminescence (SSPL) and time-resolved photoluminescence
(TRPL) spectra were performed to study the charge carrier
dynamics at the ETL/perovskite interface, as shown in Figure
6b,c. The direction of the incident light is from the ETL layer
to the perovskite film. The SSPL intensity of the perovskite
film deposited on the target substrate was found to be much
lower than the control one, which indicates that the charge
carriers were effectively transported from perovskite to target
ETL. The charge carrier lifetime is calculated by fitting the
TRPL spectra in Figure 6c. For the perovskite deposited on the
bare glass substrate, the average lifetime was 2.03 μs, while it
decreased to 1.53 μs for the control device and 0.24 μs for the
target one. The decreased lifetime for the latter indicates a fast
charge carrier transport from perovskite to ETL, which can be
ascribed to the reduced trap defects and improved interface
contact.
We fabricated devices and checked the photovoltaic

performance of the PSCs with different ETLs using a
formamidinium methylammonium (FAMA)-based perovskite.
Statistical efficiency of devices using different ETLs was
summarized in Figure S13. The average PCE increased from
23.96% to 24.82%, the average current density (JSC) increased
from 25.93 to 26.19 mA/cm2, the open-circuit voltage (VOC)
rose from 1.13 to 1.15 V, and the fill factor (FF) increased
from 82.04% to 82.46%, respectively. Both control and target
PSCs exhibit negligible hysteresis, as shown in Figure S14. In
Figure 6d, the efficiency of PSC was improved from 24.28% for
the control device to 25.19% for the target device, which was
mainly ascribed to the increase of JSC from 25.94 to 26.36 mA/
cm2 and VOC from 1.12 to 1.15 V. We also prepared a 1 cm2

large-area device and achieved an efficiency of 23% without
hysteresis, as shown in Figure 6e. The improvement in JSC and
VOC can be ascribed to the improved interfacial contact and
reduced PbI2 defects at the bottom surface. Besides, a certified
efficiency of 24.64% was achieved under a humidity of 50% for
the target PSC without encapsulation, as shown in Figure S15.
Figure S16 shows the external quantum efficiency (EQE)
curves of the PSCs on the basis of different ETLs. A slightly
higher light absorption was observed for the target PSC
compared with the control PSC, with integrated JSC increased
from 24.9 to 25.16 mA/cm2. We explored the effectiveness of
various amine cations using the target ETL to demonstrate the
universality of this strategy, including formamidinium cesium
(FACs) and formamidinium methylammonium cesium
(FAMACs) cations, as shown in Figure 6f and Table S3.
Remarkably, all of the PSCs that were fabricated using the
target ETL demonstrated enhanced efficiency, irrespective of
the specific amine cations employed. We also prepared PSCs
using different organic acids, as mentioned above. As shown in
Figure 6g and Table S4, the efficiencies of PSCs utilizing
various organic acids were found to be comparable with that of
the CA-based device. What’s more, all the PSCs based on
organic acids demonstrate higher efficiencies than the control
PSC, thereby highlighting the significant potential of organic
acids in manipulating the buried interface and enhancing the
performance of the PSCs.

The stability of the PSCs was monitored and is shown in
Figure 6h,i. In Figure 6h, the light stability of the PSCs was
carried out under a 15 mW/cm2 ultraviolet (UV) source with a
wavelength of 365 nm. The target device demonstrates an
enhanced stability and maintains 94.21% of its initial efficiency,
while only 70.76% of the initial efficiency is maintained for the
control PSC. In addition, the maximum power point (MPP)
tracking of unencapsulated PSC was also conducted under 1
sun illumination in air with a relative humidity of ∼40%, as
shown in Figure S17, which showed improved operando
stability. The air stability of the PSCs was also assessed, as
shown in Figure 6i, where the PSCs were stored in a drybox
with a relative humidity of 15 ± 5%. Both types of PSCs
demonstrated a negligible decline after 900 h, thereby
indicating good air stability. These results indicate that the
quality of the buried interface holds greater significance in
improving light stability.
Residual PbI2 at the buried interface significantly influences

the efficiency and stability of the PSCs. In this work, we
showed that the formation of residual PbI2 at the buried
interface was related to the decomposition of the PbI2·DMSO
complex. It was proved that the chemical bond of PbI2·DMSO
could be broken by CA, thereby facilitating the crystallization
of PbI2, which led to the intercalation of amine cations into
PbI2 octahedron cages by forming stable perovskite. The
reduced residual PbI2 at the bottom surface of the perovskite
improved the interfacial contact between ETL and perovskite
with reduced nonradiative recombination. As a result, the
efficiency of the PSC was improved to 25.19% for the target
PSC with a certified efficiency of 24.64% and a 1 cm2 PSC of
23%. The target PSC also demonstrates good UV light stability
by retaining 94.21% of its initial efficiency after 200 h of UV
light soaking. This work provides a profound strategy for
efficiently manipulating the residual PbI2 at the bottom surface
of perovskite through the molecular interaction mechanism,
which holds immense potential for the development of high-
performance PSCs with good stability.
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