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Unveiling the degraded electron durability in
reduced-dimensional perovskites†
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The operational stability of reduced-dimensional metal halide perovskites (RD-MHPs) lags far behind the

practical requirements for future high-definition displays. Thereinto, the electron durability of RD-MHPs

plays a critical role in stable LEDs during continuous operation, however, it still lacks adequate research

and a deep understanding. Herein, the electron durability and deterioration mechanism of phenethyl-

ammonium (PEA+)-modified RD-MHPs are systematically conducted through an in situ photoelectron

spectroscopy technique by implementing tunable electron-beam radiation to simulate device operation.

The formation of detrimental metallic lead (Pb0) caused by the reduction of lead ions (Pb2+) is observed

along with the decomposition of PEA+ under electron-beam radiation, thereby changing the photo-

physical properties of PEA+-doped RD-MHPs. These results provide deep insight into the process of how

injected electrons affect the performance of PEA+-doped perovskite LEDs, which may also provide

potential guidance for designing robust and effective organic spacers for RD-MHPs.

1. Introduction

Lead-based metal halide perovskites (MHPs) have attracted
extensive attention in the field of high-definition displays due
to their excellent color purity, tunable bandgaps, and feasible
solution processability.1,2 Tremendous progress has been
made in the electroluminescence (EL) efficiencies of perovskite
light-emitting diodes (PeLEDs) within the past few years.
Notably, lowering the dimension of perovskite crystals by
employing organic spacers has become a prevailing strategy
for improving the photophysical properties of MHP
emitters.3–5 Benefiting from the quantum confinement effect
and cascade energy transfer induced by organic spacers,
reduced-dimensional MHPs are prone to display higher photo-
luminescence quantum yields (PLQYs) compared with three-
dimensional (3D) MHPs.6–8 State-of-the-art reduced-dimen-
sional PeLEDs have achieved high external quantum efficien-
cies over 20% from the green to near-infrared spectral

range.5,9–12 Moreover, as hydrophobic capping layers, these
organic spacers enable MHPs with better environmental
stability.13–15

Although reduced-dimensional PeLEDs have shown decent
EL efficiencies compared with those of some commercialized
products, their poor stabilities have remained as the greatest
challenge towards practical applications. To date, a number of
studies concerning the stabilities of MHPs have been reported,
most of which reveal the degradation mechanism of MHPs
under moisture, oxygen, heating, and light radiation
conditions.16–20 However, investigations into the electron dura-
bility of MHPs, which represents a critical factor influencing
the operational stability of reduced-dimensional PeLEDs
during continuous current driving, are lacking. This lack of
research can be ascribed to measurements on the buried MHP
layers within integrated PeLEDs being extremely difficult to
undertake. It is worth noting that a special method for obtain-
ing separate MHP layers from PeLEDs is using chlorobenzene
(CB) to dissolve the upper functional layers.21 Similarly, Hu
et al. studied the property changes of MHP active layers by
removing these upper films in solar cells by employing gas
cluster ion beam sputtering.22 Such methods provide opportu-
nity for further characterizations of the inside MHP layers after
device running. Nevertheless, these works focus on the
diffused species in thick MHP layers (>50 nm), during which
the potential influences of CB washing and ion cluster sputter-
ing are neglected. Regarding typical green and blue reduced-
dimensional PeLEDs, the MHP layers are usually much
thinner, making them more vulnerable in the above methods.
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Additionally, a negative influence triggered by oxygen and
humidity exposure is unavoidable when transferring MHP
samples. Hence, it is necessary to develop a rational research
scheme to study the electron durability of reduced-dimen-
sional MHPs in PeLEDs without introducing external interfer-
ential factors.

Herein, the electron durability of phenethylammonium
(PEA+)-doped reduced-dimensional MHP thin films is
researched by in situ XPS measurements for the first time. The
charge neutralization system in the photoelectron spectro-
meter is employed to generate weak electron radiation onto
the perovskite surface in ultra-high vacuum, which can simu-
late the driving current flow in PeLEDs. The chemical state
changes of perovskite components are detected to reveal the
degradation mechanism of reduced-dimensional perovskite
films. In situ XPS measurements indicate the evidence of a
reduction reaction from lead ions (Pb2+) to metal lead (Pb0),
which is synchronous with the N escaping from PEA+ species
to the vacuum in both Cs+- and FA+-based reduced-dimen-
sional perovskite films. N escape results in A-site cation loss to
form a PbBr2-analogous state, which is easily affected by elec-
trons to induce the reduction of Pb2+. Photoluminescence (PL)
characterization demonstrates the decrease of the low-n phase
and crystal rearrangement to high-n phases. These results
provide deep insight into the mechanism of how electrons
degrade reduced-dimensional MHP films and devices.

2. Experimental section
2.1 Materials

Cesium bromide (CsBr, 99.0%) and lead bromide (PbBr2,
99.0%) were purchased from TCI. Dimethyl sulfoxide (DMSO,
99.7%) was purchased from MACKLIN. Phenethylammonium
bromide (PEABr, 99.5%) was purchased from Xi’an Polymer
Light Technology Corp. Formamidine bromide (FABr, 99.0%)
was purchased from Advanced Electron Technology Co., Ltd.
All the above chemicals were directly used without any
purification.

2.2 Perovskite films

The all-inorganic CsPbBr3 precursor solution was prepared by
dissolving CsBr and PbBr2 in a molar ratio of 1.5 : 1 in DMSO.
The concentration of PbBr2 was fixed to be 0.13 M. To obtain
reduced-dimensional perovskites, the organic spacer PEABr
was added into the precursor solution in a molar ratio of
0.6 : 1 with respect to PbBr2. The pure PbBr2, CsBr and PEABr
samples were prepared by the spin-coating method with the
same concentration of 0.13 M in DMSO. The 3D and reduced-
dimensional FAPbBr3 precursor solutions were prepared by the
same process as Cs-based perovskites. The prepared precursor
solutions were stirred at room temperature for over 4 hours in
a nitrogen-filled glovebox. All the perovskite films were pro-
duced by spin-coating onto indium-tin-oxide (ITO)-coated
glass substrates at 3000 rpm for 60 s. Before the spin-coating
process, the ITO substrates were cleaned sequentially by soni-

cation with acetone, ethanol, and DI-water for 5 min each.
Then, the dried ITO substrates were treated with UV-ozone for
20 min. After the spin-coating process, the deposited wet per-
ovskite films were annealed for 7 min at 70 °C to remove
DMSO solvent. Electron radiation treatment was performed in
a Kratos AXIS UltraDLD ultrahigh vacuum (UHV) surface ana-
lysis system integrated with a charge neutralizing gun. The
weak electron beam was generated from a tungsten filament
under a bias of 4 V.

2.3 Film properties characterization

X-ray photoemission spectroscopy (XPS) was performed with a
Kratos AXIS UltraDLD UHV surface analysis system. XPS
measurements were conducted to characterize the elemental
constituents by using a monochromatic Al Kα X-ray gun
(1486.6 eV) with a total instrumental energy resolution of 0.5
eV. Steady-state photoluminescence (PL) spectra were
measured with a FluoroMax-4 fluorescence spectrometer
(Horiba Jobin Yvon) under an ambient environment. Transient
PL decay measurements were performed with a Quantaurus-
Tau fluorescence lifetime spectrometer (C11367-32,
Hamamatsu Photonics) in ambient conditions by using a
373 nm pulsed laser with a pulse width of 100 ps and a rep-
etition rate of 5 kHz. Surface microscopic morphologies of per-
ovskite films were characterized by scanning electron
microscopy (SEM) (Zeiss Supra 55).

3. Results and discussion

To simulate a working PeLED, a schematic model based on a
charge neutralization system in the XPS instrument is depicted
in Fig. 1. Weak electron radiation onto the perovskite surface
can be generated by a tungsten filament under vacuum driven
by a magnetic field, subsequently flowing through the perovs-
kite layer to the earth wire. Meanwhile, the high vacuum in the
XPS system makes the electron radiation the dominant vari-
able for perovskites, excluding other interference factors (e.g.,
oxygen, humidity, light, and heat). To examine the stability of
PEA+-doped reduced-dimensional MHP film in ultra-high
vacuum, the XPS signals from Pb, N, Br, and Cs were detected
at various time intervals for comparison. As shown in Fig. S1,†
no change in XPS peak positions and intensities of these
elements were observed, ensuring that the subsequent
changes in chemical states and PL properties of perovskites
can be only ascribed to electron radiation.

The 3D and reduced-dimensional CsPbBr3 films were pre-
pared for comparison under the same conditions (see
Experimental section for details). As displayed in Fig. 2a–f, a
new XPS peak of the Pb 4f7/2 orbital located at ∼136.5 eV
occurs in the case of PEABr-doped MHP film after electron
radiation for 3 h.10,23 As is well known, Pb is an essential
element in perovskite unit cells, which directly influences the
structural stability of the crystal and photophysical properties.
A change of the Pb valence state provides evidence of octa-
hedron unit destruction or crystal transformation. According
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to previous research, the XPS peak of the Pb signal at ∼136.5
eV can be recognized as metallic Pb0 or Cs4PbBr6.

17,24–27 X-ray
diffraction (XRD) measurements were performed to obtain
structural information of the PEA+-doped MHP film before
and after electron radiation (Fig. S2†). The almost identical
XRD patterns indicate that no new phase is formed, which
confirms that the new XPS signal is derived from Pb0. As is
widely recognized, metallic Pb0 is detrimental for carrier
transfer and tends to induce severe non-irradiative
recombination.24,27 The reduction of Pb2+ has been reported in
MAPbI3 perovskite for solar cells as a redox process triggered

by illumination or heat, where MA+ refers to a methylamine
cation.27 The photogenerated excitons in MAPbI3 are separated
into electrons and holes, resulting in Pb2+ reduction and I−

oxidation, respectively. Since electron radiation is the only vari-
able in our work, the formation of metallic Pb0 can be ascribed
to the reduction reaction induced by electron flow.
Interestingly, the total Pb signal maintains a certain intensity,
while the N signal decreases, providing strong evidence of N
element loss into the vacuum. Hence, we speculate that the
decomposition of PEABr, which is the source of N element,
provides a great opportunity for Pb2+ reduction.

Fig. 1 Schematic experimental model of an operating PeLED by the built-in charge neutralizing system in the XPS chamber.

Fig. 2 Evolution of the chemical state and element content in 3D and reduced-dimensional CsPbBr3 films. In situ XPS spectra from the orbitals of
(a) Pb 4f7/2 and (b) N 1s in perovskite film w/PEA, and (c) Pb 4f7/2 and (d) N 1s in perovskite film w/o PEA before electron radiation; (e) Pb 4f7/2 and (f )
N 1s in perovskite film w/PEA, and (g) Pb 4f7/2 and (h) N 1s in perovskite film w/o PEA after electron radiation for 3 h.
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The optical properties of PEA+-doped reduced-dimensional
MHP film was studied by steady and transient PL measure-
ments (Fig. S3†). A decrease in PL intensity from the low-n
phase (n = 3) was observed (as marked by an arrow), along with
an obvious red shift of 4 nm in the PL spectrum, which can be
attributed to a perovskite recrystallization process. The
decomposition of organic spacer PEA+ and the reduction of
Pb2+ lead to the associated octahedron exfoliation and
decrease in the octahedron layers. However, as the octahedron
layers are being destroyed and the n values are becoming
smaller, the PL emission should have blue-shifted according
to the quantum confinement effect.28,29 Hence, a surface
recrystallization process of the low-n phase transferring to the
high-n phase under electron radiation possibly exists, which is
responsible for the spectral PL red shift. A faster transient PL
decay (Fig. S3† inset) is observed for the perovskite films
treated by electron radiation, demonstrating the increased
defects for non-radiative recombination. Fig. S4† shows the
scanning electronic microscopy (SEM) morphology of PEA+-
doped MHP film before and after electron radiation. Apparent
blurred regions can be observed in the SEM image of pristine
PEA+-doped MHP film, which can be attributed to blocked sec-
ondary electrons induced by the insulating PEABr accumu-
lation. By contrast, these blurred regions vanish after electron
radiation, which represents evidence of the reduced PEA+

content. Moreover, more pinholes appear on the electron-
radiated film, probably resulting from N escaping and perovs-
kite recrystallization.

Meanwhile, 3D CsPbBr3 perovskite without PEABr was
investigated for comparison. Different from the PEA+-doped
perovskite film, no Pb0 XPS signal is observed in the case of
the 3D perovskite sample (Fig. 2c and g). Moreover, the 3D per-
ovskite film also gives the N 1s signal, which exhibits no
change in the XPS spectra under electron radiation (Fig. 2d
and h), probably due to the absorbed nitrogen gas from the
glovebox. Considering the distinct differences in the chemical
state of Pb and the content of N, it is convincing that the

organic spacer PEABr plays an essential role in the reduction
of Pb2+.

Considering the ion migration property of perovskite
materials,30 an assessment of ion migration is needed. The
variation in surface element content was examined by in situ
XPS measurements on the PEA+-doped perovskite film to gain
more details of the reduction process. Thereinto, Pb atom is
assumed as the only unmovable species under an electric field
because of its highest activation energy in the perovskite
matrix.31 The elemental content ratios were obtained by inte-
grating the peak areas of XPS spectra. The content ratios of
perovskite components over Pb element were recorded to
evaluate the ion migration occurring during electron radiation.
As discussed above, all-inorganic 3D CsPbBr3 film shows excel-
lent electron durability even after 8 h of radiation (Fig. S5†).
However, as the radiation time increases, the XPS signal of Pb0

becomes more noticeable in PEA+-doped perovskite film, while
the N signal exhibits an opposite evolution (Fig. S6†).
Synchronous change demonstrates that Pb2+ reduction and N
escape is concomitant. To take a deep look into the underlying
process, the evolutional surface element contents are traced.
As shown in Fig. 3a, Pb0 content rises with the increasing radi-
ation time in PEA+-doped perovskite film. The content changes
of other components in perovskite film are also collected
(Fig. 3b) for comparison. The fitted integrated peak areas of
XPS spectra are listed in Table S1.† Apparently, the PEA
amount shrinks as radiation time increases, which was calcu-
lated from the N signal. According to the content ratio of Cs/
Pb, we confirm that Cs+ tends to move close to the film surface
triggered by electron radiation. An analogy can be obtained for
the N escape, indicating that the drive force probably orig-
inates from the electric field. The difference is that heavier Cs+

just remains on the surface while the lighter ammonium ion
separated from the benzene ring can be pumped into the
vacuum. Opposite to the electron flow direction, Br− tends to
move down into the perovskite film, resulting in the decrease
of the Br/Pb amount ratio. The above ion migration behaviors

Fig. 3 Content change of elements in PEA+-doped CsPbBr3 film. (a) Evolutional content ratios of Pb0. (b) PEA, Cs, and Br to the total Pb with
increasing radiation time.

Nanoscale Paper

This journal is © The Royal Society of Chemistry 2023 Nanoscale, 2023, 15, 2798–2805 | 2801

Pu
bl

is
he

d 
on

 1
9 

 1
40

1.
 D

ow
nl

oa
de

d 
on

 3
1/

03
/1

40
3 

10
:1

2:
42

 ..
 

View Article Online

https://doi.org/10.1039/d2nr06635a


can verify the effectiveness of our experimental scheme by
using a charge neutralizing system to simulate the electric
field in a working PeLED.

Since the synchronous changes in PEA+ and Pb2+ have been
confirmed, pure PEABr and PbBr2 samples were tested by
in situ XPS under electron radiation to deduce the detailed
process of perovskite degradation. Firstly, the good vacuum
stability of PEABr film was proved by an XPS survey scan
(Fig. S7a†). As the electron radiation time increases, the XPS
signals from the ITO substrate below the PEABr film become
stronger, indicating the gradual decomposition process of
PEABr molecules (Fig. 4a). As depicted in the inset, the
elemental content changes of N and Br exhibit a similar trend
as observed in PEA+-doped perovskite film under electron radi-
ation, which further verifies the PEA+ decomposition in perovs-
kite film. In reduced-dimensional perovskite crystals, PEA+

substitutes Cs+ at the same lattice position to arrange the
[PbBr6]

4− octahedrons to form a layered structure. The
decomposition of PEA+ results in the A-site becoming empty,
by which the Pb2+ ions near the grain surface become uncoor-
dinated and exposed to the vacuum, providing great opportu-
nity for the reduction reaction under electron radiation.
Taking this into consideration, the electron durability of PbBr2
film was also investigated (Fig. 4b–e). The in situ XPS measure-
ment shows an even larger tendency for Pb2+ reduction than
that in reduced-dimensional perovskite film under electron
radiation. Hence, we can deduce that the loss of A-site cations
contributes to the formation of a PbBr2-analogous state, which
is prone to be reduced under electron radiation. In addition, a
distinct XPS spectral shift of 0.9 eV is observed for both Pb
and Br elements, possibly resulting from the unbalanced
charge after Pb2+ reduction. Due to the composition migration
characteristics of perovskite film, no similar XPS spectral shift
is detected. To demonstrate the excellent electron durability of

all-inorganic CsPbBr3 film, an in situ XPS measurement on
pure CsBr film under electron radiation was performed, indi-
cating no vibration in its content change and chemical state.
Accordingly, in inorganic CsPbBr3 film, the electron-stable
A-site Cs+ can act as a robust shield for Pb2+ against the elec-
tron radiation, thereby suppressing the reduction process. It is
noteworthy that a short (∼10 s) contact with air is unavoidable
when transferring the perovskite samples from the N2-filled
glovebox into the XPS chamber. Given that oxygen and moist-
ure can decompose perovskites, the inorganic CsPbBr3 film
was placed in ambient air for 30 min before undertaking XPS
measurements. The XPS spectra still undergo no change under
electron radiation (Fig. S8†), demonstrating that the short air
contact does not affect the validity of our research.

Furthermore, the formamidine (FA+)-based 3D and PEA+-
doped reduced-dimensional perovskites were also studied to
prove the universality of our findings. The XPS spectra of Pb0

and N from PEA+ display the analogical variation trend under
electron radiation as discussed for the reduced-dimensional
Cs-based perovskite (Fig. 5a and b). Moreover, the content evol-
ution of Pb and PEA components corresponds to the phenom-
ena of Pb2+ reduction and PEA decomposition (Fig. 5c and d),
respectively. The fitted peak areas of XPS spectra are listed in
Table S2.† In addition, the electron durability of the 3D
FAPbBr3 film is as excellent as the 3D CsPbBr3 film (Fig. S9†).
Therefore, it is believed that PEA+-doped reduced-dimensional
perovskites generally feature degraded electron durability com-
pared with their 3D counterparts.

Based on the above results and discussions, we are able to
present the decomposition mechanism of PEA+-doped
reduced-dimensional perovskite, as schematically depicted in
Fig. 6. In the layered perovskite structure, as the electron beam
erodes the spacing region near perovskite octahedrons, the
positive charge centers (–NH3

+) of PEA+ escape into the

Fig. 4 Variations in elemental contents and chemical states. (a) In situ survey scan of PEABr film on ITO substrate with increasing radiation time.
The inset shows elemental content changes with respect to their initial values. In situ XPS spectra from the orbitals of Pb 4f7/2 and Br 3d before (b, c)
and after (d, e) electron radiation for 3 h.
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vacuum, leaving unmovable and uncharged phenethyl in
place. The main driving force of –NH3

+ is the electric field
induced by electron radiation. The breakages of PEA+ cations

make the surface [PbBr6]
4− octahedrons exposed to electron

radiation, marked as the orange crystal region in the diagram.
Persistently lacking A-site cations make the surface electronic

Fig. 5 Evolution of the chemical state and element content in PEA+-doped FAPbBr3 film. In situ time-resolved XPS spectra from the orbitals of (a)
Pb 4f7/2 and (b) N 1s in PEA and FA. Evolutional content ratio of (c) Pb0 and (d) FA and PEA to the total Pb with increasing radiation time.

Fig. 6 Schematic mechanism diagram of the degraded electron durability in PEA+-doped reduced-dimensional perovskites.

Nanoscale Paper

This journal is © The Royal Society of Chemistry 2023 Nanoscale, 2023, 15, 2798–2805 | 2803

Pu
bl

is
he

d 
on

 1
9 

 1
40

1.
 D

ow
nl

oa
de

d 
on

 3
1/

03
/1

40
3 

10
:1

2:
42

 ..
 

View Article Online

https://doi.org/10.1039/d2nr06635a


configuration prone to capturing electrons, leading to the
reduction process from Pb2+ to metallic Pb0. Considering the
photophysical changes induced by electron radiation, the com-
ponent migration forced by the electric field further contrib-
utes to the surface crystal rearrangement of layered perovskite
structures from the low-n phase to the high-n phase. Moreover,
we speculate that extra crystal defects may occur during this
spontaneous process. Consequently, an obvious spectral red
shift and reduced exciton decay lifetime were demonstrated for
the PEA+-doped reduced-dimensional perovskite. Therefore,
the vulnerability of the organic spacers can be a critical factor
for the degraded electron durability of reduced-dimensional
perovskites. Toward long-term practical device operation, the
layered perovskite structure may be fully depleted, leaving
growing 3D crystals with masses of defects. Such an unfavor-
able transformation would result in devastating damage in the
operational stability of reduced-dimensional PeLEDs.

4. Conclusion

In summary, the electron durability of PEA+-doped perovskites
has been investigated to unveil the critical degradation process
in reduced-dimensional PeLEDs under continuous operation.
A rational and feasible research scheme is proposed by
employing a built-in charge neutralization system to simulate
practical device operation for in situ XPS measurements in
ultra-high vacuum. In this way, the metallic Pb atom along
with spacer decomposition is observed under electron radi-
ation. We demonstrate that the current-induced PEA+ loss
makes the nearby Pb2+ prone to capturing electrons, thereby
triggering an unwanted reduction from Pb2+ to Pb0, which rep-
resents a universal drawback in the PEA+-doped reduced-
dimensional perovskites. It is further deduced that the frac-
tured layered perovskite tends to undergo crystal rearrange-
ment from the low-n phase to the high-n phase. The irrevers-
ible influence of electron flow on the layered perovskite struc-
tures is detrimental to the long-term operational stability of
the mainstream PEA+-doped PeLEDs. Our findings unravel the
critical drawback of reduced-dimensional perovskites and
provide potential guidance for upgrading organic spacers.
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