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ABSTRACT: Mixed A-site engineering is an emerging strategy to overcome
the diﬃculties in realizing high-quality perovskite ﬁlms together with high
ambient stability. Particularly, the α-FACsPbI3-based hybrid perovskites have
been considered as a promising candidate for solar cell applications. However,
the degradation mechanism of α-FACsPbI3 hybrid perovskites induced by light
illumination remains unclear. Here, the illumination-caused instability of αFACsPbI3 hybrid perovskites is investigated using various surface detection
technologies, including photoelectron spectroscopy, scanning electron microscopy, and grazing incidence X-ray diﬀraction. The experimental ﬁndings reveal
that the A-site vacancies arise from the migration of Cs+ cations from the
perovskite surface into the bulk under light illumination, while their content is
dependent on the light energy. The visible light enlarges the crystal lattice on
the perovskite surface, leading to the Cs+ cation migration along with the lattice
distortion of the PbI64− octahedron and phase separation. However, the
ultraviolet light further causes a stronger interaction between FA+ and [PbI6]4−, leading to the partial decomposition of [PbI6]4− into
Pb0 and I−. These results enrich the photodegradation mechanism, guiding the design of eﬃcient and stable perovskite solar cells
through surface passivation to suppress the Cs+ cation migration and to increase the octahedron dissociation energy.
KEYWORDS: perovskite, in situ PES, vacancy, stability, light illumination
because of its smaller radius than that of iodide (I−) in ionic
size.21 When the iodide vacancies couple with oxygen, the
perovskite frameworks will irreversibly degrade into PbI2 in dry
air under illumination.22,23 Although it was reported that the
perovskite decomposition could not take place under
conditions with only dry air or light,24 the degradation of
MAPbI3 perovskites with the decomposition of MA+ cations
has been observed under the illumination of a white light
source under vacuum conditions.25−27 These studies revealed
the instability of cations and halide ions in perovskite materials
under light illumination. In addition, the ultraviolet (UV) light
with higher energy than that of visible light has been proved to
be more harmful to MAPbI3 in perovskite solar cells.28
To improve the perovskite stability, mixed A-site engineering is a promising strategy to realize high-quality perovskite
ﬁlms with high ambient stability. Compared with MA+, FA+
and Cs+ have smaller dipoles and better chemical stability,

1. INTRODUCTION
Metal halide perovskite materials have been emerging as one of
most promising candidates in solar energy-harvesting devices
because of their unique properties such as high optical
absorption coeﬃcients, tunable energy bandgaps, high charge
mobility, long diﬀusion lengths, small exciton binding energy,
and solution processibility.1−12 Metal halide perovskites have
the general formula ABX3, where A is a monovalent cation
such as C or formamidinium (FA), B is usually Pb or Sn, and X
represents a halogen anion such as I, Br, and Cl.1 However, the
high sensitivity of the perovskite ﬁlms to the moisture, thermal
heating, and light illumination is the current obstacle that
needs to be overcome in order to realize the practical
applications of perovskite solar cells.5,8−12 Particularly, lightinduced decomposition in lead halide perovskite materials is
one of the most urgent issues to be solved.13−17 However, the
underlying mechanisms are not yet understood.
Recently, the increase in ionic mobility has been observed in
the typical methylammonium lead iodide (MAPbI3) perovskites when they are in an excited sate induced by the light
illumination.18 As a result, the creation of iodide vacancies will
occur in the MAPbI3 perovskites.19,20 The theoretical
calculation indicated that iodide atoms can be oxidized by
photogenerated holes, leading to easy escape from the lattice
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Figure 1. SEM images of α-FACsPbI3 perovskite ﬁlms (a) without and with (b) red, (c) green, (d) blue, and (e) UV light illumination for 110 h.

which induce negligible interaction with PbI64− octahedron. A
weaker dipole of A-site cations not only impedes the creation
of I− vacancies but also increases the A-site ionic mobility.19,29
The theoretical calculations indicate the presence of an
interaction between the A-site vacancy and A-site cation
dipole. Therefore, the α-FACsPbI3 hybrid perovskite with an
appropriate tolerance factor and stability is a good selection to
investigate the interaction between the A-site vacancy and Asite cation dipole,30 which will beneﬁt the understanding of the
degradation mechanism of α-FACsPbI3 hybrid perovskites
induced by light illumination.
Here, the illumination-stimulated interaction in α-FACsPbI3
perovskites was investigated using light sources with various
emission wavelengths (Figure S1, Supporting Information). It
is found that the generation of A-site vacancies in α-FACsPbI3
perovskite ﬁlms occurs with the migration of Cs+ cations from
the perovskite surface into the bulk under the illumination of
either visible or UV light. Scanning electron microscopy
(SEM) characterization indicates that the α-FACsPbI3 perovskite ﬁlm is more instable under the UV illumination than that
under visible light. The grazing incidence X-ray diﬀraction
(GIXRD) measurements reveal that the light illumination
enlarges the crystal lattice on the perovskite surface, leading to
the Cs+ cation migration along with the lattice distortion of the
PbI64− octahedron and phase separation. Moreover, the crystal
lattice on the perovskite surface changes in diﬀerent degrees
depending on the energy of the illuminated light. The in situ
photoelectron spectroscopy (PES) detection of the αFACsPbI3 ﬁlm showed that a strong interaction takes place
between FA+ cations and [PbI6]4− octahedrons, and an
interface dipole is formed on the α-FACsPbI3 surface after

illumination. Particularly, the UV light further causes the
partial decomposition of [PbI6]4− into Pb0 and I−.

2. EXPERIMENTAL DETAILS
2.1. Film Preparation. To prepare α-FACsPbI3 and δ-FACsPbI3
perovskites, the precursors were ﬁrst prepared by dissolving the
mixture of 1 mmol formamidine iodide (FAI), 0.2 mmol cesium
iodide (CsI), and 1.2 mmol lead iodide (PbI2) in 1 mL mixed solvent
of N,N-dimethylformamide (DMF) and dimethyl sulfoxide (DMSO)
with a volume ratio of 7:3. For α-FAPbI3, δ-FAPbI3, and δ-CsPbI3, the
precursors consisted of a mixture of 1 mmol FAI (or CsI) and 1.2
mmol PbI2 in 1 mL of DMF solvent. The perovskite ﬁlms were
prepared by spin coating a 30 μL precursor on cleaned indium−tin−
oxide (ITO) glass with two steps (at 1000 rpm for 10 s and then at
6000 rpm for 30 s) and dripping 110 μL of chlorobenzene during the
spin-coating process, which was followed by the annealing treatment
at 110 °C for 5 min (for the δ phase, no annealing was used). For αCsPbI3, the precursor consisted of a mixture of 1 mmol PbI2 and 1
mmol CsI in 1 mL of DMSO. After the spin coating of α-CsPbI3
perovskites with the aforementioned procedure, the samples were
treated by preannealing at 31 °C for 5 min and then annealing at 150
°C for 10 min.
2.2. Property Characterization. A ﬁeld-emission scanning
electron microscope (G500, Zeiss Co.) was used to characterize the
morphologies of the perovskite ﬁlms. GIXRD measurements were
performed at the BL 14B1 beamline of the Shanghai Synchrotron
Radiation Facility (SSRF) using an X-ray beam with a wavelength of
1.2398 Å. Two-dimensional (2D) GIXRD patterns were acquired
using a MarCCD mounted vertically at distance = 348.12 mm from
the sample with a grazing incidence angle of 0.2 or 0.5° and an
exposure time of 60 s. The 2D GIXRD patterns were analyzed using
the FIT2D and q2D software and then displayed in scattering vector q
coordinates. X-ray and UV photoemission spectroscopies (XPS and
UPS) were performed with a Kratos AXIS UltraDLD ultrahigh vacuum
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(UHV) surface analysis system, in which an analyzer chamber (base
pressure < 6 × 10−10 Torr) was connected with a fast load-lock
chamber through a multiport carrousel chamber (<1 × 10−9 Torr).
XPS measurements were performed to characterize the elemental
constituents and chemical reactions using a monochromatic Al Kα Xray gun (1486.6 eV) with a total instrumental energy resolution of
500 meV. UPS analysis was used to determine the position of valence
states, which was conducted using an unﬁltered He I (21.2 eV) gas
discharge lamp with a total instrumental energy resolution of 100
meV. The binding energy scale was calibrated on the basis of the Au
4f7/2 peak position of the Au foil. The Fermi level (EF) was referred to
the zero-binding energy in all of the UPS and XPS spectra. The
prepared samples in a shaded and sealed container ﬁlled with nitrogen
were transferred from the nitrogen-ﬁlled glove box into the highvacuum fast load-lock chamber. The transfer process was carried out
under the protection of the nitrogen gas to avoid the exposure of
samples to ambient air and contamination. Light illumination was
conducted in the analyzer chamber, in which a series of 150 W LEDs
with UV, blue, red, and green emissions were focused on the samples
using convex lens through the chamber viewport at a distance of ∼17
cm. To eliminate the possible impact of the environmental light, this
viewport was shaded except for the illumination process. After each
cycle of light illumination, the in situ XPS and UPS measurements
were conducted without a vacuum break. In addition, the temperature
of the metal base which is directly in contact with the sample was
recorded during the whole illumination process, basically excluding
the inﬂuence of heating on perovskites (Figure S2, Supporting
Information). X-ray diﬀraction (XRD) patterns were recorded with an
X-ray PANalytical diﬀractometer with Cu Kα radiation (λ = 1.5418
Å) at a scan rate of 4° min−1. Time-resolved photoluminescence
(TRPL) decays were measured with a Quan-taurus-Tau ﬂuorescence
lifetime spectrometer (C11367-32, Hamamatsu Photonics) with a
373 nm pulsed laser (pulse width of 100 ps, repetition rate of 5 kHz).
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Figure 2. GIXRD patterns of α-FACsPbI3 ﬁlms under various light
illuminations with an incidence angle of 0.2°. Perovskite ﬁlms (a)
without and (b−e) with illumination under (b) red, (c) green, (d)
blue, and (e) UV light for 110 h. (f) Integration curves from 2D
GIXRD patterns. q is related to the diﬀraction angle (θ) and incident
wavelength (λ) by q = (4π/λ) sin θ. The wavelength of the X-ray used
here is λ = 1.2398 Å.

3. RESULTS AND DISCUSSION
The perovskite ﬁlms used in this study were all prepared under
nitrogen gas conditions and stored in dark circumstances
before they were transferred to various tests (GIXRD, PES,
XRD, and SEM). For better understanding of the response of
α-FACsPbI3 perovskites to light energy, the samples were
illuminated for 110 h using four light sources with red (624
nm), green (520 nm), blue (435 nm), and UV (366 nm)
emissions (Figure S1, Supporting Information). The morphological changes of perovskite ﬁlms are shown in Figure 1. It was
obvious that the morphologies of the perovskite ﬁlms were
diﬀerent between the pristine and illuminated samples. The
samples illuminated by visible light become misty at the grain
boundaries, while the UV-illuminated perovskite surface was
destroyed severely. To understand the changes in perovskite
crystal structures under diﬀerent light illuminations, the
GIXRD technique was utilized to investigate the crystal lattice
parameters, following the previously reported methods.31
When 0.5° incidence angle is used, the X-ray can eﬀectively
penetrate the bulk of perovskites. The corresponding GIXRD
patterns reveal the almost identical characters for the
perovskites under the illumination of various light sources
(Figure S3, Supporting Information). Meanwhile, there is no
peak at q = ∼8 nm−1 and q = ∼7 nm−1 related to the hydrate
phase, indicating that the water inﬂuence can be ignored in the
experiments.32 However, the surface-sensitive GIXRD patterns
were obtained using an incidence angle of 0.2°, demonstrating
the obvious structural changes after various illuminations
(Figure 2a−e). All the samples reveal the presence of PbI2 at
∼9 nm−1 in integrated curves from 2D GIXRD patterns
(Figure 2f). As reported previously,30 the excess PbI2 in small
amounts has a negligible impact on the device performance,

while the excess PbI2 can, to some extent, passivate the
perovskite ﬁlms eﬀectively to enhance the stability.33 The
integrated curves also demonstrate a new peak located at
∼9.86 nm−1 after light illuminations (Figure 2f), which can be
assigned to the α-FAPbI3 phase.32 The generation of the αFAPbI3 phase may arise from the separation of the α-FACsPbI3
perovskites under light illuminations. The peak positions are
dependent on the illumination wavelengths, which are 9.88 ±
0.01, 9.86 ± 0.01, and 9.80 ± 0.01 nm−1 for red, green, and
blue light, respectively. However, there is lack of such a peak
after UV light illumination. It has been reported that the
photoinduced phase separation to lead halides was a polaronic
eﬀect34 and the photoinduced lattice expansion in mixed A-site
perovskites has also been found.35 Therefore, it is reasonable to
infer that the light with higher energy enlarges the surface
lattice of the α-FACsPbI3 perovskite more easily. The
migration of Cs+ cations with the formation of vacancies
may be one of the key factors, which would inﬂuence the bond
length of Pb−I and distort the inorganic octahedron.19 Here,
the Pb−I bond is enlarged, which makes the perovskites
unstable because the peak of α-FAPbI3 at ∼9.86 nm−1 shifts to
a lower q value after illumination. It has been reported that the
phase separation always appeared in the mixed A, B, or X site
of perovskites such as MAPb(IxBr1−x)3,36,37 resulting in the
localized polarization eﬀect of FA+, halide redistribution, and
photoinduced degradation.38−40 However, no α-FAPbI3 peak
can be observed at ∼9.86 nm−1 after UV illumination for 110 h
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Figure 3. Evolution of XPS spectra of Cs 3d, N 1s, Pb 4f, and I 3d core levels in α-FACsPbI3 perovskite ﬁlms as a function of the illumination time.
(a−d) Perovskite ﬁlms illuminated by red light. (e−h) Perovskite ﬁlms illuminated by UV light. (i) Elemental ratios of Cs/Pb and (j) content
variations of I as a function of the illumination time.

(Figure 2f), implying that a part of the α-FACsPbI3 perovskites
have been destroyed in combination with the SEM analysis
(Figure 1). The TRPL characterization (Figure S4, Supporting
Information) conﬁrms the trend observed in SEM and GIXRD
characterizations, and the perovskite under UV illumination
exhibits more loss in exciton lifetime than the pristine sample.
To investigate the chemical states in α-FACsPbI3 materials,
in situ PES measurements were utilized to monitor the core
levels and valence band (VB) of perovskites under various
illumination conditions. It was observed that there was no
change in chemical states of perovskites after storage in the
dark under the UHV environment for 110 h (Figure S5,
Supporting Information). Figure 3 displays the in situ XPS
spectra of Cs 3d, N 1s, Pb 4f, and I 3d core levels in αFACsPbI3 perovskite ﬁlms that were continuously illuminated
by red and UV light. The corresponding spectra for the
samples illuminated by blue and green light are shown in
Figure S6, Supporting Information. As shown in Figure 3a

(illuminated by red light) and Figure 3e (illuminated by UV
light), the Cs 3d core levels are centered at 725.0 eV (Cs
3d5/2) and 738.9 eV (Cs 3d3/2).41 Figure 3i summarizes the
elemental ratio of Cs/Pb as a function of the illumination time,
indicating that the Cs+ content on the perovskite surface
dramatically decreases from 16 to 8% after red light
illumination. Similarly, the Cs+ content decreases from 16 to
∼6% after the illumination of blue light and green light.
Because the Cs+ cation has a smaller radius than the FA+
cations do, the FACsPbI3 lattice is not very stable on the
perovskite surface, and a small external disturbance can
inﬂuence the stability of the crystal lattice. The decrease in
the Cs+ content on the sample surface implies the generation
of the A-site vacancies. In accordance to the XPS depth
analysis (Figure S7, Supporting Information), the Cs+ cations
will migrate from the perovskite surface to the bulk. However,
it is evident in Figure 3i that the change law of Cs+ cations is
quite diﬀerent under UV light illumination, which may be
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Figure 4. PES spectra of α-FACsPbI3 perovskite ﬁlms illuminated by red, green, blue, and UV lights for 110 h. XPS spectra of (a) Cs 3d, (b) N 1s,
and (c) Pb 4f core levels. (Black dots: measured data. Color lines: ﬁtting curves.) (d) UPS spectra of the SECO and VB regions (EF = 0 eV). (e)
Schematic diagram of interface dipoles on the α-FACsPbI3 surface after illumination.

attributed to the degradation of the PbI64− octahedron and the
redistribution of Cs+ throughout the surface. Furthermore, the
migration rates of the Cs+ cations are aﬀected by the
illumination intensity. The Cs+ cation migration takes place
faster under the illumination of blue light with a higher
intensity (Figure S8, Supporting Information), while the trend
remains almost unchanged.
In Figure 3b, a new peak located at 402.5 eV (marked with
V···FA+) appears in the N 1s core level spectra for the
perovskite ﬁlms after the illumination of red light for longer
than 12 h. As a comparison, no similar peak can be observed
for the perovskite ﬁlms illuminated by UV light (Figure 3f).
According to the previous calculation,42 the charge transfer
from the inorganic cage to the monovalent cation for α-FAPbI3
perovskites was predicted under light illumination. Correspondingly, such a kind of charge transfer will lead to the shift
of the N 1s core level (400.6 eV) to a lower binding energy.
Therefore, the new peak observed in the high binding energy
region for N 1s cannot be attributed to the interaction between
the inorganic cage and FA+ cation. As deduced from the
change in the Cs+ content (from 16 to 9%) (Figure 3i), the
vacancy content was inferred to increase from 0 to 7% when
the α-FACsPbI3 ﬁlm was illuminated by red light for longer
than 12 h. Therefore, the new peak in the N 1s core level
spectra located at 402.5 eV may arise from the dipole
interaction between vacancies and FA+ cations, which has been
theoretically conﬁrmed by Pazoki and co-workers.19 It is
acceptable because the charge transfer from the FA+ dipole to
vacancies can result in the shift of the N 1s core level to a

higher binding energy. However, this new peak cannot be
observed in the perovskites illuminated by UV light for 110 h
(Figure 3f). Such discrepancy is associated with the fact that
the UV-treated perovskites were unstable and could be easily
decomposed when the content of vacancies exceeds 6%, during
which the PbI64− octahedron was destroyed and Pb0 was
formed (Figure 3g). Moreover, the Cs+ content of the
perovskites under UV illumination can increase dramatically
from 10 to 18% when the illumination time is increased from 4
to 110 h (Figure 3i), implying that the PbI64− octahedrons
have been destroyed with the redistribution of various ions on
the sample surface. The UV light illumination induces the
more obvious shift of the Pb 4f peak than visible light (Figure
3c,g), which indicates that the Pb−I bond length will be
expanded more easily under higher energy illumination. The
expanded Pb−I bond length will thus make the perovskites
unstable. As a result, the UV illumination can easily destroy the
perovskite structure (PbI64−) via the FA+−vacancy interaction.
Furthermore, it has been conﬁrmed that the change in the
surface structure in α-FACsPbI3 perovskites is dependent on
the illumination light energy as observed by the GIXRD
measurements.
As compared to the cases of N 1s and Pb 4f core levels,
Figure 3d,h reveal the negligible shift for I 3d core level spectra
under light illuminations, which are centered at 619.6 eV (I
3d5/2) and 641.2 eV (I 3d3/2), respectively. It is thus inferred
that no additional interaction occurs between I− and other
elements for the perovskites. The change in the I− content
(Figure 3j) is similar to that of Cs+, which could be ascribed to
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Figure 5. Comparisons of XRD patterns and PES spectra of diﬀerent perovskites, including δ-FAPbI3, δ-CsPbI3, α-FAPbI3, α-CsPbI3, and αFACsPbI3. (a) XRD patterns. XPS spectra of (b) Pb 4f, (c) I 3d, (d) Cs 3d, and (e) N 1s core levels. (f) SECO region of UPS spectra.

the instability of the PbI6 4− octahedrons under light
illumination and the I − migration into the vacuum.
Furthermore, the FA+ and Cs+ cations at the A-site can also
impede the migration of I−.19,29 It is well-known that the
perovskite is a trap-tolerant material; the maximum content of
∼3% for the I− migration will not signiﬁcantly inﬂuence the
perovskite structure.30,43
To further estimate the dipole interaction between the
vacancy and the FA+ cation under diﬀerent light illuminations,
Figure 4 compares the XPS spectra of Cs 3d, N 1s, and Pb 4f
core levels of α-FACsPbI3 and their UPS spectra. As shown in
Figure 4a, the peak positions of Cs 3d core levels at 725.0 eV
(Cs 3d5/2) and 738.9 eV (Cs 3d3/2) remain almost constant
under the illumination of diﬀerent lights. For the counterpart
FA+ (HC(NH2)2+), the new peak of the N 1s core level located
at 402.5 eV (marked with V···FA+) appears under visible light
illumination, and the peak intensity increases obviously with
the increase in the light energy (Figure 4b). Clearly, the FA+
cation is more sensitive to light than Cs+ because of the larger
dipole of FA+ than that of Cs+.10 When increasing the light
energy from the red to blue region, more A-site vacancies will
be induced, showing the more obvious interaction between
FA+ and vacancy. Furthermore, the UV light can destroy the
PbI64− octahedron to form Pb0, as shown in Figure 4c, which is
accompanied with the disappearance of A-site vacancies due to
the destruction of the PbI64− octahedrons. As a result, the
interaction between the vacancy and FA+ cannot be detected in
the case of UV-illuminated perovskite ﬁlms (V···FA+ peak in
Figure 4b).
Figure 4d shows the UPS spectra of the α-FACsPbI3
perovskite ﬁlms under various light illuminations. It is noted
that the secondary electron cut-oﬀ (SECO) and the VB onset
for the illuminated perovskites shift gradually toward higher
binding energy as a reference to the pristine one when
increasing the light energy from red to UV sources. A similar
trend has been reported for the MAPbI3-based perovskites.44
According to the theoretical calculation,19 the VB maximum is

composed of the I 5p orbital, while the conduction band
minimum is composed of the hybridization between the Pb 6p
orbital and part of the I 5p orbital. A-site cations only aﬀect the
PbI64− octahedron.19 The lattice change (e.g., octahedron
distortion) can induce the electron redistribution and thus
inﬂuences the VB of perovskites. The SECO shift toward the
higher binding energy region reveals the reduction in the work
function on the perovskite surface, which corresponds to the
appearance of an interface dipole with the polarization of the
FA+ cation or the distortion of PbI64− octahedrons induced by
the light illumination (Figure 4e). In addition, a low trap level
near the VB is observed in the UPS spectra (Figure 4d), which
is related with the light-activated trap states.
According to the previous report,43 the tolerance factor of
FACsPbI3 is calculated to be 0.923 according to the rules of
the Goldschmidt tolerance factor, indicating the good stability
of FACsPbI3. The potential α-FAPbI3 perovskite has a large
tolerance factor (t = 0.987) and is easy to form δ-FAPbI3 at
room temperature.30 Moreover, ion migration in perovskites
always leads to the phase transition as demonstrated in
previous reports.31,45 It is thus necessary to consider whether
δ-FAPbI3 is formed on the surface of α-FACsPbI3 when the
ion migration occurs. Figure 5a presents the XRD patterns of
the correlative subphases related to α-FACsPbI3, and the
related morphologies of these samples are shown in Figure S9
of the Supporting Information. The characteristic peaks of α
and δ phases are marked with square and circle symbols,
respectively. Figure 5b−e summarize the XPS spectra of P 4f, I
3d5/2, Cs 3d5/2, and N 1s core levels in δ-FAPbI3 and δ-CsPbI3
phases, which are centered at a lower binding energy than
those in α-CsPbI3 and α-FAPbI3 phases. As compared with the
peak positions of I 3d, Cs 3d, and N 1s in Figure 3, it is thus
inferred that the phase transition does not appear on the αFACsPbI3 surface after light illumination. The UPS spectra
(Figure 5f) also provide that the SECO of the δ-phase of
FAPbI3 and CsPbI3 shifts to the lower binding energy region
relative to that of the α-FACsPbI3 (Figure 4d). These results
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Figure 6. Schematic diagram of the phase separation and decomposition of α-FACsPbI3 perovskites under diﬀerent light illuminations.

■

are consistent with the observation of the GIXRD patterns, in
which no phase transition on the surface of illuminated αFACsPbI3 ﬁlms can be observed and α-FACsPbI3 decomposes
to α-FAPbI3 after the Cs+ migration.
The schematic diagram of Cs+ migration and the interaction
between vacancy and FA+ on the α-FACsPbI3 surface is shown
in Figure 6. Visible lights can induce the migration of a part of
Cs+ ions and thus the partial decomposition of α-FACsPbI3 to
α-FAPbI3 on the material surface. Some vacancy will be left on
the surface because of the migration of Cs+ ions, which will
interact with the FA+ cations. The UV light leads to the
unstable PbI64− octahedrons, and a part of these octahedrons
can be destroyed by the interaction between FA+ cations and
A-site vacancy. For more clearly clarifying the role of A-site
vacancies, especially, the distorted PbI64− octahedron and the
interaction between FA+ and A-site vacancies, the theoretical
calculation will be further performed in the future work.
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4. CONCLUSIONS
In summary, we have investigated the light-induced degradation mechanism of the α-FACsPbI3 hybrid perovskite ﬁlms
under light illumination in an ultrahigh vacuum environment
for providing a comprehensive understanding of the photostability in perovskite solar cells. The experimental results
demonstrate the diversity of the perovskite ﬁlms under the
illumination of visible and UV lights. The A-site vacancies
originate from the migration of Cs+ cations from the perovskite
surface into the bulk because of the illumination-induced
lattice distortion, while their content is dependent on the light
energy. As demonstrated by the PES characterization, the Cs
migration-induced vacancies result in the interaction between
FA+ cations and the unstable distorted PbI64− octahedrons,
escalating the degradation of perovskite materials. Compared
to the visible light, the UV illumination leads to the stronger
interaction along with partial decomposition of [PbI6]4− into
Pb0 and I−. These results enrich the photodegradation
mechanism by the ﬁrst detection of the FA+−vacancy
interaction, which can guide the design of eﬃcient and stable
perovskite solar cells by eﬀectively suppressing the ion
migration.
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