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Radiation induced structural phase transition and damage in 
methyl ammonium lead perovskites studied by focused-beam 
synchrotron X-ray diffraction
Carlos D. Redondo-Obispoa, Federico Serrano-Sáncheza, Juan Rubio-Zuazoa,b, Alicia de Andrésa* 

and Carmen Coyac*

We investigate the structural degradation of methylammonium lead iodide (MAPbI3) thin films under focused hard X-ray (10 
keV, 51013 ph/s/mm2) and violet laser (3.06 eV, 81017 ph/s/mm2) irradiation using synchrotron X-ray diffraction. The 
perovskites undergo a complex degradation landscape under irradiation charcterized by marked structural transformations, 
including phase decomposition into PbI2, increased disorder, crystallite size reduction across all phases, loss of preferential 
orientation, and the unexpected formation of an orthorhombic MAPbI3 phase. This new phase coexists with the original 
tetragonal structure, highlighting a novel irradiation-driven phase transition pathway. Photon flux (ph/s/mm2) rather than 
radiation flux (W/mm2) is the crucial parameter that triggers the partial phase transition to the orthorhombic structure which 
presents anomalously large lattice parameters. The transition is proposed to be activated by radiation-induced ion migration 
to lattice interstitial sites which restrict MA motion reducing entropy and locally increasing the orthorhombic transition 
temperature. This orthorhombic phase is surprisingly robust against radiation compared to the tetragonal one. Bi3+ doped 
MAPbI3 presents higher disorder and smaller crystal size due to the heterovalent doping but, while radiation partially ablate 
the perovskite, PbI2 formation is inhibited due to the preferred formation of BiI3. A CVD-deposited overlayer of BiI3 on MAPbI3 
offers effective protection against combined X-ray and laser damage. These results advance our understanding of radiation-
induced degradation in hybrid perovskites, revealing a previously unrecognized structural transformation pathway and 
highlighting that photon energy and fluence govern distinct and competing degradation mechanisms with potential 
implications for the stability and performance of perovskite-based optoelectronic devices. 

1. Introduction
Hybrid organic-inorganic perovskites (HOIPs), such as 
methylammonium lead iodide (MAPbI₃), have rapidly positioned 
themselves at the forefront of materials research for next-generation 
optoelectronic devices, including solar cells,1 light-emitting diodes,2 
photodetectors,3 and lasers.4 More recently, HOIPs have ventured 
into emerging fields such as neuromorphic computing, where they 
function as artificial synapses and memristors. 5 In addition, owing to 
the high atomic number of the constituting elements, strong 
absorption capabilities, and exceptional charge transport properties, 
high-energy radiation detection applications, including X-rays, γ-rays, 

and neutrons, have been demonstrated.6,7,8,9 Despite these 
remarkable advancements, the long-term structural and chemical 
stability of HOIPs under operational conditions remains a major 
challenge across all application, raising concerns about their 
reliability. Their vulnerability to degradation under solar irradiation 
is particularly critical for its use in photovoltaic and other light-driven 
applications.10 

Electromagnetic irradiation from visible to X-rays can induce 
significant modifications in MAPbI₃ films, including ion migration, 
defect formation, and phase degradation.11 This instability becomes 
even more critical under exposure to high-flux radiation, where the 
effects on the structural integrity and optoelectronic performance of 
MAPbI₃ remain insufficiently studied. Visible irradiation, especially  
short wavelengths, can lead to different effects on the structure of 
the material.12 Previous work reported the degradation in air of 
MAPbI3 into PbI2 in the presence of moisture (water) or PbOx under 
high flux laser visible irradiation in air.13 The studies on the impact of 
X-ray radiation on perovskite films report a variety of results 
revealing the relevance of the characteristics of the beam (energy 
and flux) and the experiment conditions, such as exposure time and 
atmosphere (moisture and oxygen versus inert such as He, Ar or N). 
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The studies are mainly focused on the degradation evaluated by the 
reduction of the perovskite signal and eventual increase of PbI2 by 
different techniques such as XPS or XRD. Synchrotron X-ray sources, 
due to their high photon flux, and particularly when focused, are 
especially likely to induce damage in perovskite films1415. It is then 
necessary to investigate the response of HOIPs to synchrotron 
radiation that can provide valuable insights into their structural 
evolution, stability, and resilience, offering a deeper understanding 
of their potential for long-term operation in harsh environments. 
Although complete devices comprise multiple layers, the intrinsic 
stability of the active perovskite layer remains fundamental.  
Understanding these effects on MAPbI₃ is essential for both 
fundamental and applied research.

Several studies have employed synchrotron X-ray radiation (XRD) to 
study HOIPs, as Nam-Koo et al.16  that used in-situ grazing-incidence 
wide-angle synchrotron XRD (GIWAXS) and high-resolution X-ray 
photoelectron spectroscopy (HR-XPS) to examine the thermal 
degradation of MAPbI3 solar cells under controlled air-free 
conditions (no moisture or oxygen).Their results revealed the 
decomposition of the perovskite structure into CH₃I, NH₃, and PbI₂ 
and changes in the orientation of CH₃NH₃⁺ cations. Renita et al.17 
used in situ GIWAXS to follow the structural changes that occur as 
the result of X-ray exposure (15.12 keV) of MAPbI3-xBrx. They 
observed that radiation-induced damage led to increased structural 
disorder, including the formation of ion vacancies and Schottky 
defects, almost independently from composition and relative 
humidity. X-ray irradiation studies at 7 keV under different 
atmospheres, including ambient air, inert gases, and vacuum, 
reported structural degradation in air, with minimal changes under 
dry N2.10 In contrast, Holland et al.,18 observed structural degradation  
at 15.2 keV in both, ambient air and inert atmospheres, whereas a 
stabilization and self-healing of the perovskite lattice were noted in 
vacuum conditions. 

The effects of radiation on HOIPs are complex and not yet fully 
established. Deeper investigation is essential for ensuring the 
reliability and long term performance of their many emerging 
applications.  Herein we analyze the effect of micro-focused 10 keV 
X-rays on perovskites, as well as that of violet light (3.06 eV), that 
simulates an accelerated exposure to sunlight, using X-ray diffraction 
at the European Synchrotron Radiation Facility (ESRF).  We 
investigate the impact of radiation on MAPbI₃ films as well as in 
Bismuth (Bi) modified MAPbI3 in two different ways: Bi-doped 
MAPbI3, where Bi³⁺ is incorporated into the perovskite lattice, and 
MAPbI₃ films coated with a BiI₃ layer, proposed as a potential 
protective barrier against radiation-induced damage. Recent studies 
have explored various strategies to enhance the stability of MAPbI₃, 
including chemical doping and surface passivation.19 Bismuth  doping 
has demonstrated remarkable effects showing an exceptional 
increase in photostability20,21 and modifying its optical properties.22 
A comprehensive understanding of how synchrotron radiation 
differentially affects MAPbI₃, Bi-doped MAPbI₃, and BiI₃-coated 
MAPbI₃ is presented. 

2. Experimental
2.1 Materials

All materials are reagent grade and are used as received. Perovskite 
precursors are lead iodide (PbI2, 99.999% from Sigma-Aldrich), 
bismuth iodide (BiI3, 99.999% from Sigma-Aldrich) and 
methylammonium iodide (MAI or CH3NH3I, 98% from DYESOL). The 
solvent used are dimethyl formamide (DMF anhydrous 99.9%) and 
dimethyl sulfoxide (DMSO anhydrous 99.9%) from Sigma-Aldrich, 
and toluene (C6H5CH3, 99.8%) from Alfa Aesar.

2.2 Sample fabrication

 Perovskite solutions preparation: A 25 wt% MAPbI3 precursor 
solution was prepared by dissolving equimolar amounts of PbI2 and 
MAI in a 4:1 (v/v) DMF:DMSO mixture under stirring at 90 °C until 
complete dissolution. Bi-doped MAPbI₃ (MAPb0.73Bi0.18I3) was 
synthesized following the procedure in Ref. 20. For this, PbI2, BiI3, and 
MAI were mixed in anhydrous DMF to obtain a 25 wt% solution, 
stirred overnight at 60 °C, and then heated to 90 °C for 30 minutes 
prior to filtration. All solutions were filtered through 0.2 µm 
hydrophilic PTFE syringe filters.

 Perovskite thin film preparation: Precursor solutions and 2x2 cm 
size glass substrates were maintained at 60 ºC before the deposition 
process. The MAPbI3 solution is deposited at 1000 rpm for 10 s, and 
5000 rpm for 30 s. At 20 s of the second step, an antisolvent (toluene) 
is added in a volume three times of the perovskite. 

MAPbI3:Bi perovskite thin films are deposited at 1500 rpm for 45 s 
without antisolvent step and immediately transferred onto a hot 
plate at 100 °C for 60 min to finish perovskite crystallization.

MAPbI3 layer/BiI3 layer structure. BiI3 layer is deposited by Chemical 
Vapor Deposition (CVT). A representative scheme is shown in Figure 
1. A spin-coated MAPbI₃ thin film on a glass substrate was placed at 
one end of a 40 cm quartz tube furnace. At the opposite end, 10 mg 
of BiI₃ powder was positioned. Once the furnace reached 270 °C, the 
BiI₃ precursor is located into the central heating zone, allowing its 
sublimation and subsequent diffusion toward the film. The 
evaporation lasts 20 minutes under an Argon flux (P=5.8x10-1 mbar) 
at a substrate temperature of 110 ºC. This is the minimum 
temperature that allows the appropriate BiI3 deposition.

Figure 1. Scheme of BiI3 deposition onto a spin-coated MAPbI3 film.

2.3 Film characterization

Optical characterization: For UV–vis absorption, a UV–Vis–NIR 
spectrophotometer (Varian, Cary 5000) in the wavelength range of 
300–900 nm was used. 
X-ray diffraction: Measurements were carried out at the SpLine CRG 
BM25 beamline at the European Synchrotron Radiation Facility 
(ESRF, Grenoble, France) in a six-circle diffractometer in vertical 
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geometry with a 2D hybrid pixel detector and a Si(111) 
monochromator, with an energy resolution of ΔE/E ~10-4. 
Measurements were performed at 10 keV with a focused beam of 
~50  50 µm2 (V  H) at the sample position and a flux around 5 x 
1013 ph/s/mm2. The slits before the detector were either set to 
provide high angular resolution (narrowest measured peak width: 
0.015°, estimated instrumental width:  0.008°) or to provide high 
intensity at the expense of resolution. The relevant scans are 
detector scans with a fixed incident angle of 5°. For each film, the 
sample height is optimized to locate the sample at the center of the 
diffractometer, and it is localized with x and y-directions scans at the 
(110) perovskite diffraction peak. The diffraction data were analyzed 
using the Le Bail method in the model of the FullProf software.23 The 
refined parameters as included are the following: scale factor, zero-
point error, background coefficients, pseudo-Voigt profile 
parameters, and lattice parameters.

3. Results and Discussion
3.1 MAPbI3 films

Figure 2. a) Measurement geometry: fixed incident angle at 5° and 
10 keV. ki, kf and k: incident, final and transferred momenta, n: 
surface normal vector; the laser beam is represented in violet; b) 
schema of the incident and diffracted beams and fingerprint (dark 
grey) of the beam; c) profile of the (110) MAPbI3 peak intensity along 
the x axis, the positions where the patterns were measured are 
indicated. 

The study of the structural modifications induced by hard X-ray (10 
keV) and visible (3.06 eV) irradiation on MAPbI3 films is presented 
here. The experimental configuration is schematized in Figure 2a and 
2b. To ensure a constant irradiated area throughout the entire 
pattern collection, the incident angle was fixed to 5°. The focused X-

ray beam was reduced to 50 µm  50 µm (horizontal (x)  vertical (z) 
directions), enabling the analysis of the localized impact of X-ray and 
violet irradiations on the diffraction patterns. Consequently, the size 
of the observed area under the X-rays was around 50 µm x 580 µm 
on the sample. Additionally, a continuous N2 flux directed onto the 
sample was used during the measurements so most of moisture and 
oxygen were displaced out from the sample. A profile of the (110) 
peak intensity was recorded across the sample along the x axis in 360 
µm steps (Figure 2c) showing intensity variations of approximately 
25% at the sub-mm scale, along with a significant increase on the 
right side related the thicker edge of ca. 3 mm wide. These variations 
reveal the thickness inhomogeneity of the spin-coated films due to 
the accumulation of the precursors at the edges of the substrate on 
one hand, and to different packing of the grains that leads to density 
variation along the film, on the other.  The thickness of the films is in 
the range 320-350 nm. Similar profiles were obtained for all samples.

Figure 3. Diffraction patterns corresponding to successive 
measurements obtained at the same position within the MAPbI3 film 
showing the effect of 10 keV irradiation time after 0, 900, 3800 and 
6300 s (olive green, yellow, orange and red, respectively). Blue 
arrows indicate the extra peaks formed upon irradiation. The peaks 
are indexed to the I4/mcm tetragonal phase. 

To evaluate the damage induced by the focused X-ray beam with a 
flux around 5 x 1013 ph/s/mm2, successive measurements were done 
at the same sample position indicated in Figure 2c (yellow arrow). In 
this case the slits of the detector were reduced to reach the 
maximum angular resolution due to the extremely narrow peaks of 
the pristine films (< 0.015° for the (110) reflection). Figure 3 shows 
the diffraction patterns recorded after several irradiation times with 
insets highlighting relevant angular regions.  The initial diffraction 
pattern was well fitted by including PbI2 and tetragonal MAPbI3 
phases. Due to the highly textured nature of the films and the 
diffraction geometry, a profile-matching approach (Le Bail fit) was 
employed, as Rietveld refinement did not yield convergent results. 
The perovskite peaks of the pristine films are indexed to the I4/mcm 
(SG:140) tetragonal space group, and the (001) PbI2 (𝑃3m1, SG:164) 
peak is labeled in Figure 3. Additional diffraction peaks appearing 
upon irradiation are indicated with blue arrows. 

To analyze the preferential orientation of the grains of PbI2 and 
MAPbI3 phases it is important to consider that the fixed 5° incident 
angle almost satisfies the  - 2 condition for the PbI2 (001) peak and 
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closely approximates that of the MAPbI3 (110) peak.  Thus, for these 
peaks, the transferred vector (k) is almost parallel to the normal 
surface vector (n). It is then clear that the films present a preferential 
orientation of the grains along the planes (hh0) parallel to the 
substrate, as usual for these films1320 and the extremely low 
intensities of the (002) (at 11.1825°) and (004) (at 22.440°) diffraction 
peaks (Figure 3 a and c) indicate that the film is almost fully textured 
in the [110] direction. The rocking curve on the (110) peak is around 
5º and allows the detection of other orientations whose intensities 
are larger as the angle  between their wavevector and k is smaller. 
According to Toraya empiric formula24, the probability of a reflection 
with angle  is:  p() = P1 + (1 ̶ P1).exp(-P22) where P1 is defined by 
the relative intensity of the perpendicular reflection, in this case 
(002), to the main orientation (110), while P2 is related to the width 
of the rocking curve of the (110) reflection. The domain size 
perpendicular to the film, obtained from the (110) MAPbI3 peak, is > 
320 nm for the pristine film (the width of this peak is limited by the 
instrumental function, see Figure S1 in S.I.) that coincides well with 
the perovskite film thickness of 345 nm. 

PbI2 is fully textured in the [001] direction as no other diffraction 
peaks are detected which also indicates a very narrow direction 
distribution of the grains around [001]. This full texture can only be 
explained by the formation of PbI2 grains localized at the 
substrate/perovskite interface. The domain size for PbI2, obtained 
from the (001) reflection, is 110 nm, which is surprisingly large 
considering the low intensity of the peak. Because of the different 
degrees of preferential orientation of the two phases it is not 
straightforward to evaluate their fractions within the film 25 and, 
unfortunately, Rietveld fitting could not be used. A rough estimate, 
obtained parametrizing the preferential orientation of both phases 
with the Toraya approximation, gives a PbI2 content of around 2% in 
the film at this stage. These observations indicate that large PbI2 
grains originate at discrete nucleation sites on the substrate during 
the synthesis of the MAPbI3 films. The fraction of substrate covered 
by PbI2, calculated considering the film thickness (345 nm) and 110 
nm tall PbI2 grains, is therefore around 10%. This originates the 
observed fluctuations of the PbI2 intensity in the micro-focus XRD 
patterns at the beam area scale (tens of µm). A schematic 
representation of the pristine sample evolution under X-ray 
irradiation is shown in Figure 4, from the first measurement (left 
panel) to the irradiated state (right panel).

Figure 4 Sketch of the MAPbI3 film before and after 6300’’ under X-
ray irradiation according to XRD results. White arrows correspond to 
(110) preferential orientation of the tetragonal perovskite and black 
arrows to that of PbI2 along (001). The relative sizes of the drawn 
grains correspond to the XRD domain sizes. The orange grains 
represent the orthorhombic MAPbI3 phase. 

Hard X-ray irradiation induces several notable changes in the 
diffraction patterns: a general broadening of all peaks, an increase in 

the intensity of the PbI₂ phase, a reduction in the perovskite peaks 
intensity, and the appearance of additional reflections. These 
effects—particularly the broadening of perovskite peaks and the 
contrasting evolution of the two main phases—are clearly evidenced 
in the insets of Figure 3. The concurrent decrease in MAPbI₃ peak 
intensity and increase in PbI₂ signal provide clear evidence of 
perovskite degradation, likely involving the loss of volatile 
methylammonium species. In addition, the emergence of new 
diffraction peaks (indicated by arrows in Figure 3) suggests the 
formation of a secondary phase induced by X-ray exposure.

Regarding the PbI2 phase, it maintains its (001) orientation after 
irradiation. In Figure S2 (see the S.I.), calculated patterns for 
polycrystalline and fully textured (001) PbI2 are shown together with 
the measured patterns highlighting the PbI2 peaks. At the position of 
the (011) PbI2 refection (at 20.62°), which is the most intense in 
powder samples, an extremely weak feature is discerned after 
irradiation (see inset of Figure S2 c). In order to maintain the almost 
full preferential orientation, the (001) PbI2 grains promoted by X-rays 
must be localized at the substrate/perovskite interface. The 
extremely weak peaks corresponding to reflections  (00l) (Figure S2 
c and insets) could be associated to the existence of PbI2 
nanoparticles at the perovskite-film grain boundaries, however the 
similar width of these peaks to those of the (00l) reflections has to 
be interpreted as being originated by grains with a small deviation 
from the strict (001) direction rather than to PbI2 nanoparticles since 
these would produce significantly wider peaks.  The existence of a 
small fraction of tiny and/or highly disordered PbI2 regions, however, 
cannot be discarded even if no clear signal is detected by XRD. 

The broadening of diffraction peaks upon X-ray irradiation observed 
for both MHP and PbI2 phases can be originated by microstrain, 
distortion, disorder and defects as well as by the reduction of the 
domain size. In the case of PbI2, the grain size reduction was 
estimated using the width of the sole intense peak. This is a good 
approximation since the impact of strain on the width of low-k peaks 
is small.  For the tetragonal MAPbI3 phase, the Williamson-Hall (W-
H) plot method is used to analyze the observed broadening26 (plots 
in Figure S1 in SI). The W-H plots were obtained using the widths of 
the profile matching fits and indicate a broadening caused by crystal 
size reduction (vertical shift) and by a significant increase of defects 
and stress in the structure (slope).27  The MAPbI3 film in its initial 
stage exhibits feeble microstrain that is more than doubled after 
6300 s under X-rays. The obtained microstrain values are 
overestimated since the sample is being modified while measuring. 
i.e. the width of the peaks is increased as the scan proceeds due to 
the disorder induced by the X-ray probe itself. This is important and 
should be considered, as sample modification during the 
measurement limits the feasibility of long focused-beam synchrotron 
XRD studies on this type of compounds.

Thus, to minimize the impact of X-rays on the evaluation of visible 
light irradiation using XRD, it is necessary to irradiate the film at 
different positions in the sample for several time intervals. The 
reference pattern is the same as the previously presented in the X-
ray irradiation time-dependent study. The patterns of the MAPbI3 
film before and after several violet (3.06 eV) laser irradiation times, 
from 5s to 120 s, at the locations indicated in Figure 2c were obtained 
and those for 30s and 120s are shown in Figure 5. In this case, the 
key effect is the formation of the same new peaks detected after long 
X-ray irradiation, evidenced after only 5 s of violet irradiation. 
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However, in this case, the PbI2 phase fraction e shows little variation 
and the broadening of the perovskite peaks is minor after 120 s of 
violet irradiation. The diffraction intensities of MAPbI3 and PbI2 peaks 
present some fluctuations along the samples, caused by the 
previously mentioned morphological inhomogeneities. These 
variations hinder a precise comparison of intensities arising from 
different points, but the observed trends are reliable. 

Figure 5 Patterns at different positions: pristine (olive), after 30s 
(orange) and 120 s (red) of violet, 3.06 eV, illumination. The black 
lines correspond to profile fits to tetragonal I4/mcm MAPbI3 and 
PbI2 phases. An orthorhombic Pnma MAPbI3 phase is included in the 
fit, defining the new appearing peaks after irradiation (blue arrows).

To account for the additional diffraction peaks, several possibilities 
were considered, including standard phases such as hydrated 
MAPbI3, double perovskites, lead oxides, and precursor compounds. 
Structural models involving symmetry reduction to the orthorhombic 
space group Pnma or the coexistence of two tetragonal MAPbI3 
phases with different lattice parameters and preferred orientations 
were also tested. Representative fits for several of these scenarios 
are shown in Figure S3. While the peaks at 18.55, 22.4 and 
31.9°correspond well to the alpha phase of PbO2 28, in particular to 
the  (110), (111) and (221) reflections, other emerging peaks of 
similar characteristics (width and evolution with radiation) do not 
match with this phase. The rapid diffusion of O2 within the MAPbI3 
films has been reported and is explained to be accompanied by the 
photo-induced formation of highly reactive O2

- 29  that initiate the 
perovskite degradation forming PbI2 and I2.30  Moreover, PbO2 phase 
has been identified by Raman spectroscopy as a degradation product 
of 2.54 eV laser irradiation in low relative humidity atmosphere 
(50%) while the formation of PbI2 requires higher humidity or longer 
times.13 In this case the use of N2 flux on the sample during the 
measurements seems to inhibit the formation of lead oxide. The 
profile fits of the diffraction patterns (Figure 4) show that violet 
radiation readily induces the transformation of a fraction of the 
perovskite grains to an orthorhombic structure with the same space 
group, Pnma, as the low temperature phase observed bellow 160 K 
in this compound31 , showing significantly larger lattice parameters, 
aO = 8.951(5), bO= 8.986(7) and cO= 12.666(6) Å (Figure 6). The unit 
cell volume is 8.6 % larger than for the tetragonal phase. 

Unfortunately, the profile fits do not allow the determination of the 
atomic positions of the ions within the cell. 

The in-phase octahedral rotational angle θ, is evaluated using the 
approximation: 𝜽 = 𝐜𝐨𝐬―𝟏(𝒃/ 𝟐𝒂𝒄)32 to compare the here 
identified Pnma phase with the standard one induced at low 
temperature. The obtained values, θ = 3.29° and 3.48° for samples 
irradiated 2 min at 3.06 eV and 105 min at 10 keV, respectively, are 
significantly smaller compared to that of the low-temperature Pnma 
structure at ≈8.7°.31 It should be noted that the formula assumes 
rigid, undistorted octahedra thus systematically underestimating the 
rotation. Importantly, the a and b lattice parameters in our RT Pnma 
structure are much closer in length than those at low temperature (a 
= 8.8115, b = 8.5597 Å at 10 K,31 consistent with a lower distortion in 
the irradiated Pnma phase compared to the intrinsic low-
temperature phase. 

Figure 6. Upper panels: evolution with 3.06 eV and 10 keV irradiation 
time of tetragonal MAPbI3 (black circles), PbI2 (blue circles) and 
orthorhombic MAPbI3 (red circles) phases: crystal size, (110) and 
(001) diffraction peak intensities and lattice parameters.  Lower 
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panels: area and width of the 18.56° peak of the orthorhombic phase 
under 3.06 eV (violet dots) and 10 keV (green squares) radiation. 

The top panels of Figure 6 show the variation of domain size and 
areas of the (001) PbI2 reflection and that corresponding to the (110) 
peak of tetragonal MAPbI3 after different 10 keV and 3.06 eV 
irradiation times. It evidences that X-ray exposition produces 
important damage on MAPbI3 at long times. The short time evolution 
under 3.06 eV violet radiation shows the dynamics of the initial 
degradation stage. Violet laser irradiation, with an estimated power 
density of 40 W/cm2 here, simulates an accelerated solar induced 
degradation.  PbI2 peak at 10.3° reveals a rapid and quite important 
domain size reduction at 30 s that reaches 36% in 2 minutes, while 
for MAPbI3 it is reduced only 10%. The intensities of both phases vary 
slightly for these violet irradiation times. However, the rapid surge of 
the spurious phase, monitored by the intensity of the 18.56° new 
peak, is clear in the lower panels of Figure 5 where violet dots 
correspond to violet irradiation and green squares to X-rays.  

The dynamics and characteristics of the orthorhombic phase are 
interesting: the phase is formed after only 5 s of 3.06 eV irradiation 
and the peak width shows the dominating presence of large grains 
(90 nm). The intensity of the orthorhombic peaks remains almost 
constant for longer violet irradiation times and the PbI2 phase 
fraction also remains constant. The transformation into the 
orthorhombic phase is slower when irradiated with X-rays and, while 
no further significant increased intensity is detected, its domain size 
is progressively reduced. Therefore, the irradiation first effect 
consists in the fast light-induced transformation of a fraction of the 
tetragonal MAPbI3 grains into large orthorhombic ones. Visible light 
at 3.06 eV presents a strong optical absorption that induces this 
modification of the perovskite structure much more efficiently than 
X-rays, which primarily cause random disorder. The formation of PbI2 
is accelerated by X-rays being a much slower process than the partial 
phase transition. The violet laser has four orders of magnitude more 
photon flux than the X-ray beam but the energy of the photons are 
almost four orders of magnitude less. The power densities of both 
sources are therefore similar (40 W/cm2 for the laser and 90 W/cm2 
for the x-ray beam). This indicates that the energy of the violet 
photons is enough to promote the phase transition, and the photon 
flux (ph/s/mm2) is the relevant parameter while the high energy of 
the much less numerous x-ray photons mainly produce disorder at 
short times. 

The changes in lattice parameters of the tetragonal phase are small 
with an initial decrease of cT and a subsequent increase after 880 s 
as damage proceeds (the lattice parameters vary from aO = 8.858(5) 
and cO= 12.65(2) to aO = 8.850(13) and cO= 12.64(6) for the most 
damaged sample). This is probably related to the induced disorder. 
including the displacement of ions at interstitials, either as iodide or 
as neutral iodine (II

X ) which is smaller in size and easily 
photogenerated33,  while aT remains almost constant. Figure 6 
illustrates the changes occurring in the films according to the 
obtained results: the domain sizes of PbI2 and the MHP phases are 
reduced, PbI2 extends at the perovskite/substrate interface and large 
perovskite domains are transformed into PbI2 and orthorhombic 
MAPbI3.  

Irradiation, either with X-rays or light also yield a reduction of the 
preferential orientation of the tetragonal phase, from 100% for the 
non-irradiated pattern to 60% / 15% for the 120 s violet / 6300 s X-
ray irradiated cases, respectively. Considering the recently proposed 
mechanism for the tetragonal to orthorhombic phase transition34, 
the observed loss of crystallographic orientation appears to 
correspond to the initial stages of this transition. The phase 
transition was described as a sequence of Pb-I octahedra tilting that 
induces small rotation of adjoining MA+, occurring with an overall 
very low effective energy barrier. In this process, the rotational 
entropy of MA+ cations regulates the transition temperature. We 
propose that radiation   promotes the rotation Pb-I octahedra, which 
in turn acts as a trigger for the phase transition. The subtle 
equilibrium between the two phases may also be modified by 
radiation induced point defects. The notable unit cell volume 
increase from the tetragonal ( 992 Å3) to the orthorhombic ( 1079 
Å3) structures, may reveal the presence of interstitial ions that block 
the MA+ cation rotation lowering their contribution to entropy and 
therefore modifying the equilibrium between the two phases. An 
inhomogeneous distribution of the generated interstitials would 
favor locally the phase transition to the orthorhombic structure. The 
here proposed mechanism for the room temperature tetragonal to 
orthorhombic phase transition is well supported by the theoretical 
study by Li W. et al35 whose calculations indicate that iodine 
interstitials not only create a large distortion in the Pb-I octahedra, 
they also constrain the rotation of the adjacent MA molecules.  The 
stability of the diffraction peaks intensity of this orthorhombic 
structure (see evolution of the 18.563 peak area in Figure 6) is 
extraordinary compared to the regular tetragonal one (see (110) 
evolution in the same figure).  

Finally, the changes in the tetragonal MAPbI3 and PbI2 phase 
fractions are also likely due to radiation reinforced diffusion of I and 
Pb ions. The migration of both species is required to promote the 
growth of the PbI2 layer at the MAPbI3/ substrate interface.   

3.2 MAPbI3:Bi and MAPbI3/BiI3

One of our objectives was obtaining the local structural changes 
occurring upon focused-high density laser irradiation, done 
previously in our laboratory under previously established 
conditions20, on Bi3+-doped MAPbI3 films. The typical extension of the 
laser-modified region is 300 microns that we showed to present 
distinct properties compared to the non-irradiated films.20 However, 
despite the focused synchrotron X-ray beam, the large extension of 
the X-ray trace in the y direction and especially the degradation 
occurring during the XRD measurements did not allow the detection 
and analysis of these modified micro-regions. Alternatively, we 
evaluate the effect of i) Bi3+ doping and ii) BiI3 coating of MAPbI3, on 
the degradation of the perovskite upon X-ray irradiation (Figure 7). 
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Figure 7 Diffraction patterns of a) MAPbI3:Bi film before (green) and 
after (red) 1440 s x-ray, 10 keV, irradiation at the same position of 
the film. Blue dashed lines indicate the peaks related the 
orthorhombic phase and black to BiI3 phase. The inset shows the 
evolution of the areas of perovskite (110) and (001) PbI2 peaks.  b) 
Initial pattern for MAPbI3/BiI3 film (green) and after two successive 
measurements while being continuously irradiated with the violet 
laser. 

Bi doping produces an important widening of the diffraction peaks 
due to the distortion associated with charge compensation, since 
trivalent Bi substitutes divalent Pb ions, and a reduction of the 
domain size (around 90 nm). The films also present a lower 
preferential orientation than undoped ones. These characteristics 
lead to much weaker diffraction patterns. Figure 7a shows the 
relevant regions of the XRD patterns for a Bi doped MAPI3 film before 
and after 1440 s of 10 keV irradiation. The extra peaks assigned to 
the orthorhombic phase of MAPbI3 are found in the pristine film 
(dashed blue lines) with little variation upon irradiation but with 
different relative intensities compared to the undoped case, the 
peaks at 9.7° and 22.5° are stronger. Additionally, an intense peak at 
31.5° and a weak one at 19.4° are detected. The 22.5° peak may also 
correspond to BiI3 precursor (explaining its intensity) as well as that 
at 31.5°. The intensity of the BiI3 peaks vary along the film at the 
submillimeter scale indicating some inhomogeneity in the BiI3 phase.    

Bi doped MAPI3 films show some particularities upon irradiation 
compared to undoped films. In particular, Bi doping seems to inhibit 
the formation of PbI2 under X-ray irradiation. The inset of Figure 6 
shows that PbI2 phase is almost constant while the perovskite does 
degrade significantly. This is most probably related to the presence 
of Bi that traps Iodine forming BiI3. This BiI3 phase shows a small 
increase upon perovskite degradation. The widths of the rocking 
curves of different peaks indicate a very narrow orientation 

distribution of the grains for (110) (FWHM  4°) and (220) (FWHM  
5°) while a polycrystalline character is found for the (202) peak 
(Figure S4).  The films are therefore a combination of textured grains 
and a polycrystalline fraction. The effect of X-ray radiation is opposite 
for the (004) and (224) reflections than for the (220) and (400) peaks.  
For the first peaks, intensity increases while it is reduced for the later. 
The (220) and (400) peaks correspond to the oriented grains and the 
(004) and (224) (closer to the (001) direction) are mainly related the 
polycrystalline fraction. It seems then that the oriented grains are 
more sensitive to X-rays contrary to the polycrystalline fraction that 
increases as a result of this damage. 

Figure 8 a) Absorbance of a MAPbI3 film before (black line) and after 
(red line) evaporation of a BiI3 over-layer and of a BiI3 film on glass 
(violet line); b) evolution of two relevant angular regions of the 
diffraction patterns of a BiI3/MAPbI3 film under X-rays at 90’’ 
intervals (total: 1440’’=24’)

 The effect of an ultra-thin BiI3 layer on a MAPbI3 film is then 
evaluated. A BiI3 layer was deposited by CVT on spin-coated MAPbI3 
films as described in the experimental section. The formation of a BiI3 
layer is confirmed in the absorption spectra. Figure 8a shows the 
spectra of a pristine MAPbI3 film, a MAPbI3 film with a thick BiI3 layer 
deposited by CVT on top and a reference BiI3 film. The thickness of 
the BiI3 used for the diffraction experiments was reduced so that the 
characteristic feature around 630 nm of BiI3 is almost 
indistinguishable. The high deposition temperature, 110 ºC, favors 
the formation of PbI2, which is especially important for the sample 
with a thick BiI3 layer shown in Figure 8a, but the perovskite 
crystalline structure is preserved. 

The deposited BiI3 layer protects the MAPbI3 film from degradation 
as can be observed in Figure 8b (pristine and up to 24’ under X-ray 
irradiation). Little variations in peak widths and areas are observed 
in this time scale. The sample was then measured under 
simultaneous and continuous violet laser irradiation to enhance the 
damage (Figure 7b). After 30 minutes the PbI2 phase shows some 
increment and the MAPBI3 peak area some decrease. Hints of the 
orthorhombic phase are then detected and BiI3 peaks at 22.5° and 
31.4°, which are already seen in the pristine film, slightly increase 
upon irradiation. The observed degradation is significantly reduced 
with the BiI3 over-layer, even combining X-ray and laser irradiation. 

Conclusions

b)
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Synchrotron microfocus X-ray diffraction experiments reveal 
inhomogeneity in thickness and density along MAPbI3 films 
deposited on glass by spin coating. Texture analysis reveals an 
almost complete (110) preferential orientation of the 
tetragonal grains with crystal size perpendicular to the 
substrate matching the film thickness. The small fraction of PbI2 
phase initially present in the films is fully (100) textured, 
features large crystal size (around 90 nm) and an estimated 
substrate coverage < 10 %. The measurement itself damages 
the films after a few minutes for 10 keV beam with a photon 
flux  51013 ph/s/mm2.  X-ray irradiation at short times 
(minutes) mainly produces disorder, reduces the crystal size of 
all compounds and phases and favors the degradation of the 
tetragonal perovskite structure, accelerating ionic diffusion 
resulting in the formation of fully (100) oriented PbI2 grains. We 
propose that the radiation induced PbI2 grains are confined at 
the substrate/perovskite interface. 
Violet (3.06 eV) laser irradiation, with a much higher photon flux 
(81017 ph/s/mm2) but a lower radiation flux than the focused 
X-ray beam (40 W/cm2 compared to 90 W/cm2 for X-rays), after 
only 5 s, locally induces a phase transition of the MAPbI3 
perovskite from the I4/mcm tetragonal structure to an 
orthorhombic phase with the same space group (Pnma) as the 
one below 160 K in a fraction of the film.  The X-ray beam also 
induces this phase transformation at longer times. This 
orthorhombic structure presents anomalously large lattice 
parameters that may originate from the presence of a certain 
density of interstitial ions promoted by radiation. We propose 
that these interstitials could hinder, by steric constraints, the 
well-known MA rotations occurring at room temperature thus 
reducing the entropy energy. The appropriate entropy 
reduction, occurring in some crystals within the film, triggers 
their structural transition to the orthorhombic phase at room 
temperature. The out of plane crystal size of this phase is large 
> 90 nm and only long x-ray irradiation time is able to reduce it. 
Additional X-ray irradiation induces disorder also in this phase 
but does not reduce its intensity within the measured time 
range, up to 105 min, while the tetragonal phase continuously 
decreases, evidencing the robustness of the orthorhombic 
phase.        
Doping this perovskite with Bi3+ significantly inhibits the 
formation of PbI2 and the transition to the orthorhombic phase 
during irradiation and but still the tetragonal phase is ablated. 
The formation of BiI3 appears to be more favourable compared 
than that of PbI2. Finally coating MaPbI3 films with a CVD-
deposited BiI3 extremely thin layer provides an effective 
radiation shielding even with the simultaneous use of X-ray and 
violet laser.  
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