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Aleksandar R. Milosavljević,* Weixin Huang, Subha Sadhu, and Sylwia Ptasinska

Abstract: Methylammonium lead iodide perovskite
(MAPbI3), a prototype material for potentially high-efficient
and low-cost organic–inorganic hybrid perovskite solar cells,
has been investigated intensively in recent years. A study of
low-energy electron-induced transformations in MAPbI3 is
presented, performed by combining controlled electron-impact
irradiation with X-ray photoelectron spectroscopy and scan-
ning electron microscopy. Changes were observed in both the
elemental composition and the morphology of irradiated
MAPbI3 thin films as a function of the electron fluence for
incident energies from 4.5 to 60 eV. The results show that low-
energy electrons can affect structural and chemical properties
of MAPbI3. It is proposed that the transformations are
triggered by the interactions with the organic part of the
material (methylammonium), resulting in the MAPbI3 decom-
position and aggregation of the hydrocarbon layer.

Organic–inorganic perovskite solar cells have received an
immense amount of attention in recent years as one of the
most promising photovoltaic materials for solar energy
harvesting.[1–6] Their high potential for commercially afford-
able exploitation is based on a high photon-to-electron
conversion efficiency, which has now reached over 20%,[6]

and simple, low-cost solution-processed fabrication.[1,7]

Exceptional efficiency of organic–inorganic halide perov-
skites stems from several key attributes, such as high carrier
mobility, long diffusion length, and a wide spectral absorption
range,[6, 8] making them also highly promising materials for
different optoelectronic and photovoltaic applications.[6]

However, one of the key issues for the application of

organic-based perovskite absorbers is their stability during
prolonged operation under different conditions.[9] To date,
a number of studies have been investigated the transforma-
tion/degradation of lead halide perovskites due to the
influence of photon irradiation, different environments and
the temperature.[9–17] Nevertheless, reports on particle inter-
action with this material are scarce.

The crystal structure of methylammonium lead iodide
perovskite, CH3NH3PbI3 (MAPbI3), consists of an inorganic
part (PbI3)

¢ and an organic part (CH3NH3)
+. The Pb and I

atoms are arranged in an octahedral configuration PbI6,
whereas the positive methylammonium ions CH3NH3

+

(MA+) fill the intermediate free spaces between the octahe-
dra, providing charge equilibrium.[6] This organic part of the
material might be very susceptible to low-energy electron-
induced ionization/fragmentation, which could then lead to
distortion of the perovskite crystal structure. As has been
demonstrated that interactions of such electrons with mole-
cules in dense media can initiate a variety of chemical
reactions, leading to degradation and/or functionalization of
surfaces.[18] Therefore, the investigation of low-energy elec-
tron interactions with MAPbI3 is important for better under-
standing of both the structural properties and the radiation
damage of the organic–inorganic perovskite solar cells.

Recently, Xiao et al.[19] and Klein-Kedem et al.[20] have
investigated high-energy electron-induced damage in perov-
skite thin films by using cathodoluminescence spectroscopy[19]

and scanning electron microscopy (SEM).[20] Xiao et al.[19]

found that 2–10 keV electrons can significantly affect per-
ovskite properties and proposed two degradation mecha-
nisms: defect formation caused by electron impact, and phase
transformation induced by electron-beam heating.[19] Simi-
larly, Klein-Kedem et al.[20] reported that 1.5–3 keV electrons
induced morphological changes in perovskites, exhibiting an
exponential degradation as a function of the electron fluence.
However, the later studies concern only high-energy electron-
induced transformations in MAPbI3. Possible effects due to
secondary low-energy electrons, which must be produced,
have not been discussed.

Herein, we report a study of low-energy (4.5–60 eV)
electron-induced transformations in MAPbI3 thin films, by
controllable in vacuo electron irradiation of MAPbI3 samples
using an energy-tunable focusing electron gun, followed by
ex situ characterization of the irradiated samples using X-ray
photoelectron spectroscopy (XPS), scanning electron micros-
copy (SEM), and X-ray diffraction (XRD). We show that
even low-energy electrons (ca. 10 eV) can substantially affect
the MAPbI3 crystal structure. We quantify transformations in
MAPbI3 as a function of the electron fluence, based on the
decrease in nitrogen and iodine contents relative to lead as
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measured by XPS. Also, by using SEM, we observe significant
changes in the morphology of the irradiated MAPbI3

material.
We investigated the elemental decomposition of the

irradiated films by measuring the content of N and I relative
to Pb, since these elements are hardly present in the ambient
environment and thus cannot be adsorbed onto the sample
surface (See Sections 1 and 2 of the Supporting Information
for more details about the experiment). Figure 1 presents
a decrease in the iodine/lead and nitrogen/lead ratios of the
irradiated MAPbI3 samples, relative to the control samples, as
a function of the electron fluence (F). These results are
summarized from a number of different measurements
performed over several months. Therefore, the uncertainties
of the relative contents may be due to slightly different
MAPbI3 preparation parameters, different ex vacuo periods
of deposition under possibly different environmental condi-

tions, possible inhomogeneity of thin films, and positions of
the XPS sampling spots relative to the irradiated zone. Still,
the presented results demonstrate that an electron impact for
even as low as 10 eV energy, leads to a substantial trans-
formation of the MAPbI3 material above a fluence of about
1016 e¢cm¢2. Increasing the electron fluence causes the
degradation to become severe, leading to a reduction of
iodine content from I/Pb� 3 to I/Pb� 2 (I/Icontrol� 0.67), and
a near total loss of N from N/Pb� 1 to N/Pb� 0. The electron-
induced degradation was observed even at energies below
10 eV and becomes non-measurable at the energy of about
4.5 eV, for fluences probed up to 3 × 1017 e¢cm¢2. The
reduction of iodine and nitrogen content strongly increases
with an increase in the electron energy (Figure 2).

The radiation damage of solar cells has been to date
investigated for high-energy particles, typically in MeV
energy region.[21] Generally, according to extensive experi-
mental research, radiation-induced degradation of solar cell
properties follows a logarithmic dependence and can be
expressed by the following empirical formula:[21–23]

y ¼ 1¢C log ð1þ x=DÞ ð1Þ

where x is the radiation dose or the particle fluence, y is
usually the short circuit current or voltage, and C and D are
the fitting parameters. We have, therefore, used the same
formula (1) to fit the content of I and N in MAPbI3 relative to
the control sample (y) as a function of the electron fluence
(x). The measured decrease in I and N follows the law given in
(1), as shown in Figure 1. Interestingly, the fitting parameter C
appears close to that obtained for short-circuit current
dependence on the ionizing dose upon high-energy elec-
tron-induced damage of amorphous silicon alloy solar cells
(C = 0.6).[23] Therefore, even the doses at which the properties

Figure 1. Change of a) iodine and b) nitrogen content relative to lead
in the irradiated thin MAPbI3 films, relative to the control samples, as
measured using XPS, as a function of 10 eV electron fluence. The
control samples underwent the same preparation procedure and were
also kept under high vacuum conditions (10¢6 to 10¢7 Torr). The
absolute errors were obtained according to a mean variation of the
measured relative content for a number of different control samples.
Full lines represent fitting curves using formula (1), with:
a) C =0.17�0.02; D= (1.7�0.7) Ö 1016, b) C = 0.36�0.05;
D = (1.3�0.6) Ö 1016.

Figure 2. Change of iodine and nitrogen content relative to lead in the
irradiated thin MAPbI3 films, relative to the control samples, as
a function of the electron energy, at the electron fluence of about
(1.7�0.2) Ö 1017 e¢cm¢2, except for the first point at 4.5 eV, which was
obtained at the fluence of about 3.2 Ö 1017 e¢1 cm¢2.
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of these materials start to markedly change (expressed by D)
are different, their relative degradation rates (expressed by C)
are comparable.

Figure 3 compares the structure of a pristine sample (a)
with those of the control (b) and the irradiated samples (c,d),
as examined using SEM (see also the Supporting Information,
Figure S4 for lower magnification). The morphology of the
control sample already clearly differs from the pristine

sample, showing a greater number of pores (Figure 3 b). For
the incident electron energy of 10 eV and a fluence of about
1 × 1018 e¢cm¢2, some additional morphological changes were
seen, such as larger number and size of pores in the MAPbI3

material (Figure 3c) and the sample also becomes more
coarsened compared to the control sample. For this sample,
a relative decrease in iodine and nitrogen contents was
measured using XPS to be about Iirradiated/Ipristine = 0.7 and
Nirradiated/Npristine = 0.3, respectively. However, the electron
irradiation at the incident energy of 60 eV and a fluence of
about 2 × 1018 e¢cm¢2 induced severe macroscopic changes in
the MAPbI3 layer (Figure 3d). Indeed, a large number of
pores and cracks were formed over the whole scanned area,
leading to a total transformation of the morphology of the
MAPbI3 film. The surface of the film became rougher owing
to the presence of a number of pinhole-like pores. For this
sample, the measured relative decrease in iodine and nitrogen
was about Iirradiated/Ipristine = 0.68 and Nirradiated/Npristine = 0.05,
respectively. The SEM images clearly show that low-energy
electron irradiation may induce significant changes in the
morphology of the MAPbI3 material. It should be noted,
however, that only the surface of MAPbI3 samples was
affected by the present low-energy electron irradiation
experiments, as confirmed by X-ray diffraction (XRD)
analysis (see Section 4 of the Supporting Information).

The experimental results show that high electron fluences
result in the loss of one nitrogen and one iodine atom from
MAPbI3 : N/Pb = 1!N/Pb = 0 and I/Pb = 3!I/Pb = 2. Cer-
tainly, the transformation is caused by electron impact and
cannot be due to interactions with other molecules (for
example, water), since samples are kept under high-vacuum
conditions (10¢6–10¢7 Torr). We can also exclude both mech-
anisms proposed for keV electron beam damage of MAPbI3

(direct defect formation and phase transformation induced by
electron-beam heating).[19] Indeed, the local radiation power
density is about eight to nine orders of magnitude lower in the
present case (ca. 102–103 Wm¢2) than in the experiment of
Xiao et al.[19] (ca. 1011 W m¢2). Also, at low incident energies,
the ionization effect should dominate over displace-
ments.[19, 22, 23] It should be noted that the radiation-induced
degradation decreases with a decrease in the incident energy
and becomes hardly measurable at about 4.5 eV, which is
close to the calculated HOMO binding energy of MA+ in
defect-free bulk perovskites (4.5–5 eV).[8]

Therefore, we propose that low-energy electron-induced
degradation of MAPbI3 is triggered by electron impact
dissociative ionization of methylammonium ion MA+

(CH3NH3
+), which results in breakage of the C¢N bond.

The average bond dissociation enthalpy for the dissociation of
MA along the C¢N bond: CH3NH3!CH3 + NH3 was recently
calculated at 3.17 eV,[8] therefore this reaction is energetically
possible in the present experiment and should represent the
most favorable MA+ dissociation channel.[8] Moreover, such
electron-induced dissociation of MA directly leads to the
formation of stable volatile ammonium NH3 product, which
can explain the decrease in N content in the sample (N/Pb!
0). Interestingly, Delugas et al.[8] proposed that MA in
MAPbI3 could dissociate into ammonia and iodomethane
(NH3 + CH3I), which remain attached and preserve the
perovskite structure. However, this possibility is excluded in
the present study, since we clearly measured the loss of both N
and I from the sample. The present results thus indicate that
electron interactions with the MAPbI3 thin film lead to the
formation of PbI2 and a polymer hydrocarbon complex that
aggregates on the surface, while gaseous species NH3 and HI
escape from the sample and are evacuated:

CH3NH3PbI3
e¢!C¢N breakage°°°°°°°°°!ð¢CH2¢Þ þNH3 " þHI " þPbI2 ð2Þ

The present interpretation (2) is in accord with the one
recently proposed by Li et al.[24] to explain decomposition of
MAPbI3 upon water exposure. Note that low-energy electron-
induced synthesis in condensed mixed organic layers has been
frequently observed and characterized previously.[18]

The detailed XPS analysis of the carbon content was
performed to confirm reaction (2). The XPS signal in carbon
1s region of a pristine MAPbI3 sample typically yields a broad
photoelectron feature, which is composed of two peaks
(Supporting Information, Figure S6), which correspond to 1s
ionization of C¢N carbon (286.6 eV) from the CH3NH3

+ ion
of the MAPbI3 sample and C¢H carbon (285.3 eV) from
hydrocarbons inevitably present on the sample surface as
contamination.[25, 26] In our measurements, these two peaks are
of similar intensities for the pristine samples (Supporting

Figure 3. SEM images of a a) pristine sample, b) control sample,
c) sample irradiated at 10 eV and fluence of 1 Ö 1018 e¢cm¢2, and
d) sample irradiated at 60 eV and fluence of 2 Ö 1018 e¢cm¢2.
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Information, Figure S6a–d), as well as control samples (for
example, Figure 4a). However, electron irradiation drasti-
cally changes this ratio, resulting in a strong decrease in the
perovskite C¢N carbon peak relative to C¢H (Figures 4b–d),
thus confirming chemical transformation of the irradiated
surface area due to intensive C¢N bond cleavage. Moreover,
this reduction of the C¢N peak intensity directly depends on
both the electron fluence and the incident energy, in
accordance with the decrease in I and N content (Figure 2).

Apart from a drastic signal decrease in C¢N relative to
those for the C¢H bonding, the total carbon content (C¢N +

C¢H) relative to lead actually strongly increases upon
electron irradiation. For example, for Sample 1 in Figure 4b
and the Supporting Information, Figure S6 (b,f), the atomic
ratio (C¢N + C¢H)/Pb increased about 2.5 times upon irra-
diation. A tentative explanation is that the electrons affect the
surface of the sample and, since XPS also probes only a 5–
10 nm thick surface layer, the polymerization (2) leads to an
apparent increase in the C¢H signal. This conclusion was
scrutinized by analyzing a perovskite sample submitted to
extremely high electron fluence (ca. 1 × 1020 e¢cm¢2) and at
high electron energy of 60 eV (see Section 6 of the Supporting
Information). A dark spot was formed on the perovskite
surface that corresponds to direct electron beam irradiation.
The XPS performed on this spot could detect only a strong
carbon peak corresponding to C¢H bonding, whereas the
content of all other elements, including Pb, was zero. Since Pb
cannot disappear from the sample, the most logical explan-
ation is that the intensive electron irradiation produces
a hydrocarbon layer that prevents XPS analysis due to
limited escape depth of photoelectrons.

In conclusion, we have shown that low-energy electrons
induce significant transformations in methylammonium lead
iodide perovskite. The degradation of the material strongly
increases with an increase in both the radiation dose (fluence)
and the electron energy from 4.5 eV (no detectable degrada-
tion even above 1017 e¢cm¢2) to 60 eV (severe degradation
already above 1017 e¢cm¢2). We propose that the observed
degradation of MAPbI3 starts with electron-induced C¢N
bond breakage in MA+, which eventually leads to the escape
of gaseous species (NH3 and HI) and formation of PbI2 and
polymer hydrocarbon residue (¢CH2¢) on the surface. The
present results are important to better understand the
properties of organic lead halide perovskites, as potential
solar cell absorbers, particularly the role of low-energy
electron induced processes (excitation and ionization of the
organic component). Moreover, the present study shows that
secondary low-energy electrons may strongly contribute to
the radiation damage in organic–inorganic perovskites.
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