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Light-enhanced Oxygen Degradation of MAPbBr3 Single Crystal  
Ke Wanga, Benjamin Eckera, Maitrayee Ghoshb, Mingze Lic, Valentin V. Karasievb, S. X. Hub, Jinsong 
Huangc, and Yongli Gaoa*

Organometal halide perovskites are promising materials for optoelectronic applications, whose commercial realization 
depends critically on the stability under multiple environmental factors. In this study, methylammonium lead bromide 
(MAPbBr3) single crystal was cleaved and exposed to simultaneous oxygen and light illumination in ultrahigh vacuum (UHV).  
The exposure process was monitored using X-ray photoelectron spectroscopy (XPS) with precise control of the exposure 
time and oxygen pressure.  It was found that the combination of oxygen and light accelerated the degradation of MAPbBr3, 
which could not be viewed as a simple addition of that by oxygen-only and light-only exposures.  The XPS spectra showed 
significant loss of carbon, bromine, and nitrogen at oxygen exposure of 1010 Langmuir with light illumination, approximately 
17 times of the additive effects of oxygen-only and light-only exposure.  It was also found that the photoluminescence (PL) 
emission was much weakened by oxygen and light co-exposure, while previous reports had shown that PL was substantially 
enhanced by oxygen-only exposure.  Measurements by scanning electron microscope (SEM) and focused ion beam (FIB) 
demonstrated that the crystal surface was much roughened by the co-exposure.  Density functional theory (DFT) calculations 
revealed formation of superoxide and oxygen induced gap state, suggesting creation of oxygen radicals by light illumination 
as a possible microscopic driving force for the enhanced degradation.

Introduction
Since its first use as a light-absorbing material in a solar cell, 
organometal halide perovskites have been attracting a lot 
of attentions in recent years, with the power conversion 
efficiency (PCE) rising from 3.3% to 26.1% in 2023.1-3  
Among all perovskites, methylammonium lead halide 
(MAPbX3) has outstanding optoelectronic properties, 
including long diffusion length, long carrier lifetime, tunable 
bandgap, and high absorption coefficient.4-10  These 
characteristics not only contribute to its remarkable PCE 
but also expand its applications to light-emitting diodes, gas 
detectors, charged particle detectors and 
photodetectors.11-17  In particular, MAPbBr3 is considered 
superior to MAPbI3 in some aspects, as it has higher hole 
mobility and is more stable than MAPbI3 in air.18-21  It has 
also been widely used in the fields of optoelectronics and 
photovoltaics.22-25  Especially, its application in X-ray 
detectors has been reported having an extremely low 
surface recombination rate and longer diffusion length.13  
However, the perovskites still face some challenges before 
large-scale commercial use, and the stability of the 
perovskites is the most critical one.  A lot of environmental 

factors were studied to exam their effects on perovskite 
stability, such as moisture, heat, gases, and light 
illumination.26-36  Substantial amounts of work have been 
carried out at the device level, which are usually focused on 
the parameters such as open-circuit voltage (Voc), short-
circuit current density (Jsc), fill factor (FF), and PCE.37-41  
Therefore, the mechanisms behind the degradation process 
still need to be discovered by studying the electronic and 
chemical properties of the perovskites.

To investigate the stability of MAPbBr3 single crystal at 
the atomic level, we have performed a series of 
experiments under different environmental conditions, 
such as moisture exposure, light exposure, and different 
gases exposures.  It is found that MAPbBr3 single crystal is 
sensitive to moisture and is initially n-doped by water, then 
starts to degrade after water exposure reaches a certain 
threshold.  Both nitrogen and oxygen were able to p-dope 
the crystal.  Nitrogen was physisorbed and slowly left the 
crystal surface afterward, while oxygen could bond with C 
to form C−O.  X-ray-induced degradation was inevitable as 
the crystal was measured with XPS, which could cause 
about 10% of perovskite Pb to convert to metallic Pb.  Light 
illumination on the crystal was observed to substantially 
deteriorate the chemical composition of the crystal and 
covert about 70% of perovskite Pb to metallic Pb.  It even 
generated voids 1-3 μm below the crystal surface.30, 32  In 
addition, Murali et al. found that water can form a hydrated 
layer on MAPbBr3 single crystal surface while the bulk part 
remained intact.42  Galisteo-López et al. showed that ion 
migration induced by the light illumination caused 
structural changes in the crystal lattice.43  Ouyang et al. 
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revealed photo-oxidative degradation mechanism of 
MAPbI3 with DFT calculations.44  However, these 
degradations were mostly investigated with only one 
environmental factor except some investigations on spin-
coated MAPbI3 thin films.44-46   The biggest difference 
between light and oxygen exposure is that the MAPbBr3 
single crystal was barely degraded in the oxygen-only 
exposure, while it was significantly decomposed in the light-
only exposure.30, 32  However, in real applications, multiple 
environmental factors can act simultaneously and it is 
critical to investigate and understand whether a 
simultaneous exposure to multiple factors merely results in 
a simple addition of the individual exposures or invokes 
more profound changes and reactions.    

Herein, we present our experimental and theoretical 
investigation on the stability of in-situ cleaved MAPbBr3 
single crystal under light and oxygen co-exposure in an 
ultrahigh vacuum (UHV) system.  A dramatic enhanced 
degradation due to co-exposure of light and oxygen was 
observed.  The chemical compositional changes of the 
sample were monitored with X-ray photoelectron 
spectroscopy (XPS).  The exposure parameters such as 
pressure and time were carefully controlled and the 
exposure to oxygen was measured in Langmuir (L, 1 L = 10−6 

Torr·s).  Scanning electron microscopy (SEM) confirmed the 
high quality of the crystal and provided the change of 
morphological property.  A focused ion beam (FIB) was also 
applied to perform depth profiling and gained insights into 
the bulk part of the crystal.    A possible degradation path 
was proposed to explain the decomposition process.  The 
DFT calculations were carried out to explain the 
experimental results and provide further insight.  The 
photoluminescence (PL) indicates that oxygen could 
enhance the PL performance of MAPbBr3 single crystal, 
while the combination of light and oxygen would 
deteriorate PL emission significantly.

Methods
The MAPbBr3 single crystal was synthesized and provided 
by the collaborative group. The detailed fabrication method 
can be found in ref 13.  The crystal has a translucent orange 
color and was cut into smaller ones with an average size of 
∼5 mm × 5 mm × 5 mm.  The whole exposure process was 
conducted in a vacuum exposure chamber to rule out the 
effects from the ambient environment. The crystal was 
cleaved in-situ to obtain an uncontaminated pristine 
surface. (Fig. S1.)  The sample was put into a vacuum 
desiccator to proceed to the PL measurement after the 
exposure.  The PL measurements were performed ex-situ at 
room temperature under atmospheric pressure.  For SEM 
and FIB measurement, the pristine sample was cleaved ex-
situ right before putting into the instrument to have 
minimal exposure to the ambient environment on the 
crystal.

The configuration of our UHV system used for this study 
is shown in Fig. S2.  It consists of two major chambers. One 
is the exposure chamber with a base pressure of 1 × 10−6 
Torr used for cleaving and exposure. The other is the 
analysis chamber with a base pressure of 1 × 10−10 Torr used 
for XPS measurement.  The light illumination was from a 
blue continuous wave (CW) laser which was attached to a 
viewport on the exposure chamber.  It has a wavelength of 
408 nm and the intensity was adjusted to equivalent to 
seven standard solar irradiances (1000 W·m−2 = 1.0 
mW·mm−2).  Oxygen was fed in through a leak valve on the 
exposure chamber, which was connected to an ultrapure 
carrier-grade O2 cylinder from Airgas Inc.  The whole 
exposure process consisted of 13 steps.  Details of exposure 
time and oxygen pressure of each step can be found in 
Table 1.  The sample was immediately transferred to the 
analysis chamber for XPS measurement after each step.  A 
microscope was mounted on the analysis chamber to 
monitor the XPS measuring spot, ensuring that each 
measurement was conducted on the same spot. 

Table 1. Light and oxygen co-exposure detail

.

The 
XPS 
was equipped with a monochromatic Al Kα source (1486.6 
eV) and was running at 10 kV and 20 mA.  The spectra for 
each element were collected to estimate the elemental 
ratio of the sample surface by comparing the areas of the 
fitted curves divided by their atomic sensitivity factors.  

CasaXPS version 2.3 was used to fit the core level peak of 
each element and obtain their area of the fitted curve.  
Sample’s morphology and depth profiling was investigated 
with a Zeiss Auriga FIB-SEM.  Photoluminescence 
measurements were carried out on a Princeton Instruments 

# of Exposure Exposure (L) Oxygen pressure (Torr) Exposure Time (Second)
1 0 0 0
2 103 1×10-4 10
3 104 2×10-3 5
4 105 1×10-2 9
5 106 0.1 9
6 107 1 9
7 108 10 9
8 109 100 9
9 1010 760 12
10 1011 760 118
11 1012 760 1184
12 2×1012 760 2368
13 4×1012 760 4736
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TriVista Triple Spectrometer system with a 355 nm 
ultraviolet laser as the excitation source.

All DFT calculations were performed with Quantum-
ESPRESSO package, using the generalized gradient 
approximation (GGA) of Perdew–Burke–Ernzerhof 
exchange-correlation functional and the ultrasoft scalar 
relativistic pseudopotentials.47, 48  A plane-wave kinetic 
energy cutoff of 50 and 200 Ry for the wave functions and 
the charge density, and a k-point mesh of 6 × 6 × 3 were 
used for these calculations.  The MABr-terminated (110) 
perovskite slab model has a 2 × 2 × 2 structure containing 8 
unit cells of MAPbBr3 with a = b = 11.80 Å, and c = 26.80 Å, 
given MAPbBr3 lattice constant of 5.90 Å and a vacuum 
region of 15 Å.49

Results and discussion

The MAPbBr3 single crystals used in this study have been 
previously studied with X-ray diffraction (XRD), which 
confirm that the crystals had a highly crystalline cubic 
structure with a lattice constant of 5.90 Å.13, 22, 32, 49  The XPS 
survey scan of the as-cleaved sample is shown in Fig. 1c and 
all core level peaks are marked.  All detected elements were 
associated with the perovskite and no oxygen or silver from 
the residual silver paste.  The results suggest that the as-
cleaved sample was pure and not contaminated.  The 
elemental ratio of C/N/Pb/Br is 1.30/1.06/1/2.67, where Pb 
was set as 1 to be compared with.  This ratio is close to the 
ideal stoichiometric value.  The little bromine deficiency 
could be due to Br vacancies on the crystal surface and the 
small amounts of excess carbon and nitrogen may be 
attributed to the residual reactants used in the sample 
growth process.

Fig. 1 (a) Evolutions of Pb 4f XPS spectra with increasing light and oxygen co-exposure. (b) Metallic Pb ratio trend comparison for co-exposure and light-only exposure. 
The metallic Pb ratio was obtained by using metallic Pb peak intensity divided by the total Pb intensity. (c) XPS survey spectrum of as-cleaved MAPbBr3 single crystal.
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The spectra evolution of the Pb core level during the 
exposure is shown in Fig. 1a. The XPS spectra have been 
normalized to the same maximum height for visual clarity.  
To provide full information of the spectra, the 
normalization factors of each core levels are presented in 
Table S1.  The initial perovskite Pb 4f7/2 and 4f5/2 core levels 
were located at 139.15 and 144.03 eV, respectively.  After 
co-exposure starts, a new Pb feature quickly began to 
develop for both Pb core levels and continue to grow in 
intensity until 109 L.  The new feature was about 2.0 eV 

lower in binding energy (BE) from the perovskite Pb.  Both 
new and the original Pb components shifted to a lower BE 
during the co-exposure with a BE of ~0.46 eV.  Similar to Pb, 
this downward-moving pattern was also seen in C, N, Br 
core levels and valence band maxima (VBM). (Fig. 2)  
Therefore, the BE shift indicates a p-doping of perovskite as 
the Fermi level moves closer to the valence band.  This can 
be explained by the formation of reversible photoinduced 
p-type traps or the n-type trap reduction caused by 
photogenerated charge carriers on the sample surface.50

Fig. 2 A stack plot of the C 1s, N 1s, Br 3d core levels and VBM with increasing oxygen and light co-exposure. Each spectrum was normalized to one for perspective.

The original Pb 4f7/2 component continued to move 
downward in BE and reached the lowest position of 138.53 
eV at 109 L and the new Pb component’s ratio grew rapidly 
from 0 to 0.40 within first 72 seconds (109 L), representing 
a significant chemical change on the surface (Fig. 1b).  This 
new Pb feature represents the formation of a new Pb 
species, which has previously been reported as metallic 
Pb.30, 34, 51, 52  It also has been reported that the metallic Pb 
could deteriorate the performance of the device as an 

exciton quencher and enhance the nonradiative 
recombination.51  In contrast, light-only sample shows a 
much slower degradation rate as its metallic Pb took ~8 
hours to reach a 0.40 ratio (Fig. S3).  After 109 L exposure, 
the ratio of metallic Pb began to decrease as shown in Fig. 
1b.  This observation is significantly different from our 
previous light-only exposure, where metallic Pb continued 
to develop and eventually became the dominant Pb 
feature, representing 70% of the overall Pb signal.30  The 
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reduction of metallic Pb could be attributed to the 
formation of PbO as Anaya et al. observed the presence of 
PbO, after illumination of MAPbBr3 in an oxygen 
environment.53  There are also reports in the literature that 
studied the Pb oxidation process.54-57  Oxygen could form 
superoxide species under illumination by grabbing 
electrons from perovskite, then hydrogen peroxide (H2O2) 
can be generated from the reactions of hydroperoxyl, 
water, and oxygen.54  Peroxide anion, a strong oxidant 
could react with metallic Pb and form PbO on the perovskite 
surface.

In Fig. 2, the XPS spectra of the other perovskite 
elements, C, N, Br and VBM region are presented.  The XPS 
spectra have been normalized to the same maximum height 
for visual clarity.  Unlike Pb, there is no emerging 
component in Br 3d, which suggests no change in the 
chemical state of these elements.  While C 1s developed a 
secondary peak at 284.7 eV after 1010 L, attributed to the 
formation of C-O bond as the oxygen pressure increases.  A 
small secondary N 1s peak merged at 399 eV after 1010 L, 
indicating the reaction between perovskite and H2O formed 
under light illumination.  These changes are consistent with 
our previous observations.32  They all showed a BE shift of 
~0.46 eV toward lower BE region, confirming the p-doping 
of the surface.  The detailed BE shift and peak fitting can be 
found in Fig. S4.  However, the intensity of these elements 
experienced significant losses in the concentrations with 
increasing exposure.  As shown in Fig. 2 and Fig. 3b, at 1012 
L of exposure, C, N, and Br ratio dropped to 54%, 17% and 
51% of their initial concentration.  With two more steps of 
exposure, the C and Br ratio did not change much, while N 
further dropped to only 4% of its initial concentration, 
suggesting that the perovskite surface has fully 
decomposed.  This degradation process was much faster 
than that in the light-only exposure.  On the contrary, in Fig. 
3a, there was no oxygen detected before 1010 L, then 
started to rapidly develop at 533.09, 529.26 and 531.20 eV, 
and the ratio was also increased to 0.08, 0.13 and 0.07 
respectively. (Fig. 3c) This oxygen surge was caused by the 
increasing oxygen pressure to 760 Torr (1 atm), leading to 
the formation of PbO as previously discussed.  The three 
oxygen peaks indicate that there were three different types 
of oxygen states, which are assigned to H2O at 533 eV, 
superoxide PbO2 at 530 eV, and oxide PbO at 529 eV..58 (See 
Fig. S5 for detailed fitting) From the data presented in Fig. 
3c, the amount of the oxide and superoxide is about 17 
percent of the atomic ratio with respect to Pb, about half of 
that of metallic Pb.  Although we observed a strong 
correlation between the decrease of metallic Pb and the 
increase of O, it appeared that not all the removal of the 
metallic Pb could be counted for by the oxide and peroxide 
formation.  One of the possible explanations for this 
apparent quantitative discrepancy is that the metallic Pb 
and its oxidation occur at the very top of the surface, 
whereas the total Pb signal is from a semi-infinite slab of 
the sample from the surface science point of view.  The 
photoelectron attenuation will therefore over-emphasize 

the signal from the top layer with respect to that of the 
bulk, leading to an apparently higher percentage of metallic 
Pb.  Other possible contributing factors include that some 
of the metallic Pb may react with the remnant of the 
perovskite as the co-exposure has led to substantial change 
in the surface area of the sample as shown in Fig. 3b, or 
diffuse into the bulk of the sample during the long 
experiment.  Fig. 3c shows that superoxides and oxides 
exhibit a faster rate of increase, whereas the water content 
gradually increases.  It agrees well with the conclusion that 
water is the product of the peroxide and 
methylammonium.53  The lost substance of C, N, and Br 
could leave the sample surface in a form of volatile 
species.30  Based on the discussion above, the degradation 
process of MAPbBr3 can be expressed as the following 
equations:

CH3NH3PbBr3  Pb + CH3NH3Br↑ + Br2↑
𝐿𝑖𝑔ℎ𝑡

Pb + H2O2 → PbO + H2O

Where the formation of hydrogen peroxide can be 
attributed to either the reaction of superoxide with water 
or hydroperoxyl radical electron abstraction.54  In our 
previous oxygen-only exposure, the perovskite surface only 
saw about 10% of perovskite Pb converted to metallic Pb at 
1010 L which suggests that 10% of perovskite on the surface 
was degraded and oxygen doesn’t react with MAPbBr3 as it 
only acts as p-dopant.32 (Fig. S6)  In order to determine 
oxygen’s role in oxygen and light co-exposure, we 
compared the co-exposure with the similar amount of 
exposure time as the previous light-only exposure.  The 
ratio comparison of light-only exposure with co-exposure is 
shown in Table 2.  Both exposures started with very close 
ratios from two different samples, which again confirmed 
the high quality of the crystal.  After 30 minutes of light-only 
exposure, C, N, and Br ratio dropped to 1.18/0.92/2.41, 
which represents 23.3%, 14.0%, and 6.6% losses of their 
initial concentration respectively.  It further dropped to 
1.16/0.81/2.07 and the concentration losses were 
increased to 24.7%, 24.3%, and 19.8% respectively.  
Compared to the co-exposure, it’s obvious that the 
degradation process with light-only was much slower.  In 
other words, the presence of oxygen had accelerated the 
degradation.  As for metallic Pb, it kept growing with the 
light-only-exposure, became the dominant Pb component 
after 10 hours and eventually saturated with a composition 
of 64% of total Pb ratio. (Fig. S3)  In comparison, metallic Pb 
peaked at 60 seconds (108 L) with a ratio of 0.37, then 
quickly re-oxidized with increasing oxygen pressure.  At 1010 
L, the co-exposed sample lost 69% of its initial nitrogen, 
while the oxygen-only exposed one only saw a 3% drop.  
The light exposure was 72 seconds (see Table 1).  From the 
light-only exposure data presented in Fig. 3b, we 
extrapolated the nitrogen loss after 72 seconds of light 
exposure to be approximately 1% of the initial 
concentration, and the additive effect of light-only and 
oxygen-only exposures on nitrogen should be 4%. The 
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nitrogen loss due to co-exposure is therefore 17.25 times 
that of the additive effect, demonstrating significantly 

higher enhancement of degradation by co-exposure.

Fig. 3. (a) A stack plot of the O 1s core levels with increasing oxygen and light exposure. The three oxygen peaks formed after 1010 L are assigned to H2O at 533 eV, /O ―
2

/OH- at 530 eV ,and physical absorbed oxygen ( ) at 529 eV Each spectrum was normalized to one for perspective. (b) Ratio trend comparison of C, N and Br for O2 ―
2 O2

co-exposure and light-only exposure. It shows a much faster concentration loss in the co-exposure. (c) O ratio trend for three peak components oxide O2- (529 eV), 
superoxide  (530 eV) and H2O (533 eV). The oxygen ratios show a significant increase as co-exposure evolves.O ―

2

Table 2. Ratio comparison of light-only exposure with light and oxygen co-exposure.

Formation of superoxide plays a critical role in the 
degradation process.  We conducted the DFT calculation to 
have a better understanding of the charge redistribution 
between MAPbBr3 and oxygen.  We examined three oxygen 
absorption sites on MABr terminated surface: hollow-site, 
MA-site (close to MA cation) and Br-site (close to Br cation).  

After structural optimization of the pristine model, the 
oxygen molecule was manually added to each absorption 
site.  The charge density difference was obtained via 
following formula:

𝛥𝜌 = 𝜌𝑀𝐴𝑃𝑏𝐵𝑟 + 𝑂2 ― 𝜌𝑂2 ― 𝜌𝑀𝐴𝑃𝑏𝐵𝑟

Ratio Br Pb/Metallic Pb C N
As-cleaved (Light-only) 2.58 1/0 1.54 1.07
As-cleaved (Co-exposure) 2.67 1/0 1.30 1.06
30 min (Light-only) 2.41 0.91/0.09 1.18 0.92
24 min (1012 L of co-exposure) 1.37 0.95/0.05 0.71 0.18
150 min (Light-only) 2.07 0.79/0.21 1.16 0.81
141min (4×1012 L of co-exposure) 1.31 1/0 0.60 0.05
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Where is the charge density of oxygen-𝜌𝑀𝐴𝑃𝑏𝐵𝑟 + 𝑂2

absorbed model, and ,  are the charge density of 𝜌𝑂2 𝜌𝑀𝐴𝑃𝑏𝐵𝑟

individual oxygen molecule and MAPbBr3, respectively.  The 
calculated charge density difference is shown in Fig. 4a. The 
yellow contour surface shows the gaining of electrons while 
the cyan ones indicate electron loss.  Apparently, hollow-
site gains more electrons than other two absorption sites in 
the occupied orbital, which suggesting that hollow site is 
the optimized position for the oxygen interaction and it’s in 
line with existing MAPbI3 work.44  We propose that the 
significant spatial overlap observed between the occupied 
and unoccupied orbitals near O2 indicates the potential for 
high transition rates during optical excitation. This 
phenomenon is likely to lead to the formation of O radicals 
as a consequence. This may lead to a higher probability for 
an electron to transfer from an occupied to an unoccupied 
orbital when the model is exposed to light.  Thus, charge 
transfer between perovskite and O2 will be promoted with 
light illumination, then favors the formation of superoxide 
species and eventually enhance the breakdown of 
perovskite.  The photolytic generation of oxygen radials in 
perovskites with the light absorption has been reported in 
many existing literatures.53, 57, 59  Our DFT calculations and 
XPS measurements only provide the ground state 
information, and further investigations sensitive to the 
exited states may also be needed.  In addition, we also 
calculated density of states (DOS) of the pristine model and 
three oxygen absorbed models (Fig. 4b), the pristine 
MAPbBr3 model shows a bandgap of 2.26 eV, which is very 
close to the experimental 2.30 eV bandgap.  The calculated 
Fermi level was set to be 0 eV for the pristine model, so the 
VBM with respect to Fermi level are -1.01, -1.09 and -0.73 
eV for the hollow-site, MA-site and Br-site models, 
respectively.  It suggests that the oxygen moved the Fermi 
level lower in the bandgap which p-doped the sample.  This 
result qualitatively agrees with our experimental 
observation as the XPS core level peaks shifted ~0.46 eV 

lower after the exposure.  The BE movement at Br-site is 
0.40 eV, given the calculated bandgap of 2.26 eV.  The 
smaller simulated BE movement can be explained that our 
experimental sample has an initial Pb-rich surface due to 
the Br vacancies, leading to the self p-doping.60  Thus, the 
initial p-doping could contribute to the overall larger BE 
movement of the experimental sample.  The similar 
bandgap of the four models shows the introduction of an 
oxygen molecule to the system has little effect on the 
bandgap.  Our excitation source is a blue continuous wave 
laser with a wavelength of 408 nm, which is equivalent to a 
photon energy of 3.04 eV.  The mid-gap states introduced 
by oxygen were localized at -0.96, -1.10 and -0.74 eV below 
the Fermi level for hollow, MA and Br sites, and can be 
easily photoexcited to the unoccupied states by the light 
illumination  As a result of O2- photo ionization, a radical 
species  is generated that is highly reactive, leading to O ―

2 ·
the formation of various defect states and enhancing the 
degradation of the perovskite.  Considering the energy of 
oxygen mid-gap states in the bandgap, this degradation 
enhancement should also happen for photon energies 
greater than 1.77 eV.  In the actual experimental conditions, 
the oxygen-induced gap states should appear as a broader 
feature since the absorptions occur more randomly than in 
our four configured sites.  The experimental VBM spectra 
shown in Fig. S7 reveals that the intensity was elevated 
between Fermi level and the VBM, resulting from the 
oxygen adsorption on the surface.  Furthermore, the shift 
of the VBM towards a lower binding energy region is 
consistent with our earlier discussion.  Fig. S8 shows the 
projected density of states (PDOS) of four oxygen 
adsorption sites.  It clearly shows that the mid-gap states 
are introduced by oxygen.  The unoccupied region is 
primarily formed by Pb orbitals in all four sites without 
oxygen contributions, while occupied region was mostly 
from Br orbitals. 
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Fig. 4. (a) Top views of charge density difference of three oxygen-absorption sites.  (b) Density of states comparisons of pristine model and three oxygen absorbed 
models.
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During the co-exposure, we observed a green emission of 
the sample. (See Fig. S9) To investigate this photoemission, 
the sample was characterized by PL.  The PL spectra of the 
pristine sample and the two exposed ones are presented in 
Fig. 5.  All of the three spectra have a similar emission peak 
at ~ 540 nm with full width at half-maximum (FWHM) of ~23 
nm.  The emission peak at 540 nm confirms the green 
emission from the previous observation. It is also 
comparable to the emission peak measured on MAPbBr3 
thin films and quantum dots.61, 62  However, the PL 
intensities of these three conditions are quite different.  For 
oxygen-only exposure, the PL intensity increased 78.7% 
compared to that of the pristine one, whereas it decreased 
83.5% for the light and oxygen co-exposure sample.  Clearly, 

the poor performance of the co-exposed sample was due to 
the accelerated degradation, which severely damaged the 
perovskite structure as most carbon, nitrogen, and the 
majority of bromine escaped the sample surface.  Also, 
metallic Pb serves as quenching centers of excitons and 
have detrimental effect on the PL quantum efficiency.51  
The PL enhancement by oxygen exposure agrees with many 
existing studies. 14, 53, 63, 64  This can be explained that O2

- 
formed by absorption of oxygen on the perovskite surface 
drives halide anions migrate toward bulk part, which 
reduces bulk halide vacancies.  Therefore, the reduction of 
trap states in the bulk of the perovskite could be the main 
reason of the PL enhancement.

Fig. 5. PL spectra of oxygen-only exposed, light and oxygen co-exposed, and pristine samples.

Morphological properties and depth profiling of the 
crystal were investigated with SEM and FIB and the results 
are shown in Fig. 6.  The freshly cleaved sample has a 
smooth and featureless surface shown in Fig. 6a, while the 
co-exposed surface in Fig. 6b was significantly roughened 
and transformed.  White dots on the surface could be the 

generated PbO during the degradation, as the 
nanoparticles are visually similar to the observation by 
Minigalieva et al.65  However, the co-exposed surface still 
looks more uniform than the light-only exposed surface 
from the previous work, which was covered with large 
spherical clusters that were the metallic Pb caused by the 

Page 9 of 12 Physical Chemistry Chemical Physics



ARTICLE Journal Name

10 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

degradation.30  FIB was used to create microscopic trenches 
with a depth of 2-3 μm.  As shown in Fig. 6c and d, both 
samples have no voids or any other features below the 
surface, indicating that the bulk part of the crystals 
remained unaltered.  This result is quite different from our 
previous 44-hour light-only work observed that large voids 
were seen 1–3 μm down into the material in the light-
exposed region, which were caused by the light exposure.  
The formation of these voids was previously reported as the 
result of the Kirkendall effect, suggesting that the voids 
were created by the irreversible chemical reactions from 

undesired diffusion under light illumination.30  The missing 
of the voids in the co-exposure could be explained by the 
limitation of exposure time, as the total exposure time for 
the co-exposure was only 141 minutes compared with 44-
hour light-only exposure.  Given the limited exposure time, 
we expect that the metallic Pb and its oxidation to occur 
primarily at the top few atomic layers of the surface.  
Another possibility is that the co-exposure induced surface 
degradation hindered the diffusion under light illumination.  
In either case, the diffusion process in the bulk part of the 
crystal may not be enough to form the voids.

Fig. 6. (a)(b) The SEM image of the surface of the freshly cleaved and the exposed samples respectively.  (c)(d) The FIB milled trenches for the freshly cleaved and the 
exposed samples respectively. The FIB milled trench of the exposed region revealed about 2 μm deep into the material.

Conclusions
In summary, we have studied light-enhanced oxygen 
degradation of MAPbBr3 single crystal.  This quantitative 
and systematic investigation was carried out at the surface 
level in UHV condition.  Compared to exposure to oxygen-
only or light-only exposures, the light and oxygen co-
exposure substantially accelerated the degradation process 
of MAPbBr3 as evidenced by the more rapid decrease in the 
ratios of C, N, and Br, which is attributed to the presence of 
the superoxides.  It suggests that C, N, and Br were formed 
into volatile species then leave the surface.  We observed 
that a small portion of Pb was initially converted into 
metallic Pb, then oxidated with increasing oxygen pressure.  
At 1010 L, the enhanced degradation is 17.25 times the 

simple additive effect of light-only and oxygen-only 
exposure, in terms of nitrogen loss.  DFT calculations further 
confirms that the formation of superoxide, which leads to 
the photoexcitation to oxygen radicals and enhancement of 
the degradation by the co-exposure.  SEM and FIB results 
showed that the exposed area of the surface was 
roughened but the bulk part remained intact, which may 
also explain a significantly decreased PL performance.  We 
believe this work has revealed the chemical and 
morphological effects resulting from the co-exposure of 
light and oxygen. These findings can help to build a better 
understanding of the degradation process of perovskite in 
real environments, thus taking a step forward towards 
finding a solution for perovskite stability issues.
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