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Two-dimensional (2D) hybrid organic-inorganic perovskites have recently attracted the

attention of the scientific community due to their exciting optical and electronic properties

as well as enhanced stability upon exposure to environmental factors. In this work, we

investigate 2D perovskite layers with a range of organic cations and report on the Achilles

heel of these materials—their significant degradation upon exposure to vacuum. We

demonstrate that vacuum exposure induces the formation of a metallic lead species,

accompanied by a loss of the organic cation from the perovskite. We investigate the

dynamics of this reaction, as well as the influence of other factors, such as X-ray

irradiation. Furthermore, we characterize the effect of degradation on the microstructure

of the 2D layers. Our study highlights that despite earlier reports, 2D perovskites may

exhibit instabilities, the chemistry of which should be identified and investigated in order

to develop suitable mitigation strategies.

Keywords: 2D perovskites, stability, vacuum, cations, X-ray photoemission spectroscopy

INTRODUCTION

Lead halide perovskites are a fascinating class of materials with superior optoelectronic properties
(Stoumpos et al., 2013; Stranks et al., 2013; Xing et al., 2013; Green et al., 2014; Saba et al., 2014;
DeQuilettes et al., 2015; Dong et al., 2015). Their properties can be controlled by tuning their
composition (Roldán-Carmona et al., 2015; Saliba et al., 2016a,b; Yang et al., 2017; Fassl et al.,
2018), defect density (Buin et al., 2014; Ball and Petrozza, 2016; Fassl et al., 2019b), microstructure
(Grancini et al., 2015; Sun et al., 2018; Xu et al., 2018; Fassl et al., 2019a), and dimensionality (Quan
et al., 2016; Gao et al., 2018) among other examples. In particular, low dimensional 2D perovskites
have recently attracted the attention of the scientific community and found application in a range
of optoelectronic devices (Cao et al., 2015; Byun et al., 2016; Chen and Shi, 2017; Cohen et al.,
2017; Etgar, 2018; Grancini and Nazeeruddin, 2019). In 2D perovskites, the inorganic perovskite
sheet is isolated by long organic cations, creating a layered structure as shown in Figure 1. The
structure is well-defined only for a monolayer of the inorganic sheet (n = 1), but for higher values
of n, a mixture is formed containing also lower n perovskites, so such structures are termed quasi-
2D perovskites. Unlike 3D perovskites that severely degrade upon exposure to environmental
conditions such as oxygen (Pearson et al., 2016; Aristidou et al., 2017; Pont et al., 2017; Sun et al.,
2017), and water (Mosconi et al., 2015; Ma et al., 2017; Wang Q. et al., 2017) 2D and quasi-
2D perovskites exhibit a far enhanced stability and robustness to water (Smith et al., 2014; Tsai
et al., 2016; Chen et al., 2017; García-Benito et al., 2018). This has led to their incorporation
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FIGURE 1 | Schematic structure of the 2D perovskite with an empirical formula of (cation)2PbI4 (left) and the molecular structures of the organic cations investigated

in this work (right).

in photovoltaic devices either as a capping layer of a 3D
perovskite layer (Cao et al., 2015; Ma et al., 2016; Grancini et al.,
2017; Cho et al., 2018) or mixed with a 3D perovskite in a 2D-
3D stacking- or heterostructure (Wang Z. et al., 2017; Lin et al.,
2018), resulting in a significant increase in device stability.

Apart from poor environmental stability, 3D perovskites have
also been shown to similarly degrade under vacuum conditions,
however more slowly than in air (Alberti et al., 2015). In
particular, it has been shown that methylammonium iodide
sublimes in vacuum, leading to the formation of lead iodide
(Deretzis et al., 2015; Juarez-Perez et al., 2018; Alberti et al., 2019).
Exposure to vacuum has also been shown to lead to the formation
of metallic lead in 3D perovskites (Gunasekaran et al., 2018) and
to the reduction of photoluminescence (Fang et al., 2016; Tang
et al., 2016). To date, the effect of vacuum on 2D perovskites
remained unexplored.

In this work, we investigate the effect of vacuum exposure on
2D perovskites (n = 1) with five different organic cations, the
chemical structure of which is shown in Figure 1. We follow the
evolution of the composition of the 2D perovskite samples and
quantify the dynamics of their degradation. We also characterize
the microstructural changes in the films. Our results demonstrate
that 2D perovskites are sensitive to vacuum with the choice of
cation strongly affecting the stability of the 2D perovskite.

RESULTS AND DISCUSSION

Effect of Exposure to Vacuum on the
Composition of 2D Perovskites
To investigate whether exposure to vacuum has an effect
on the composition of 2D perovskite layers, surface-sensitive
X-ray photoemission spectroscopy (XPS) measurements were
performed on pristine samples and samples that were exposed
to vacuum for 24 h. It is noteworthy, that since XPS is performed
under vacuum, even pristine samples are exposed to the vacuum
for a short period of time, but this time was minimized as much
as possible and was on the order of a few minutes. The high-
resolution spectra for Pb4f, I3d, C1s, N1s, and F1s (present only
in F-PEA and L) are shown in Figure 2 for 2D perovskites with

the five different cations both before and after vacuum exposure.
By comparing the spectra, it is evident that exposure to vacuum
has a significant effect on the composition of 2D perovskites.
In particular, the choice of cation appears to play a critical role
in the stability of the perovskite layer since the evolution of the
XPS spectra is starkly different for different cations. For example,
while BuA shows a significant increase in the amount of metallic
lead (which appears at a 1.5 eV lower binding energy than the
main 2D perovskite Pb peak), no such changes in the spectra of
F-PEA can be observed. Similarly, we observe that the effect of
vacuum on L manifests itself as a loss of organic cation, with C,
N and F signals significantly decreasing, most likely as a result
of the organic cations becoming volatile in vacuum. For other
cations, this loss is significantly supressed. We note that for
cation L, the FWHM of all XPS peaks, especially the N1s peak, is
significantly increased after exposure to vacuum. The broadening
is most likely the result of subtle changes in the oxidation states
of the elements which result in a range of species that are close
in binding energy, but are slightly shifted as compared to the
pristine peak. The full compositional profiles corresponding to
Figure 2 are shown in Figure S1. Additionally, Tables S1 and
S2 summarize the atomic percentage values before and after
vacuum exposure.

Dynamics of Degradation
To investigate in detail the effect of vacuum on the composition
of 2D perovskites and in order to evaluate the dynamics of their
degradation, XPS measurements were performed once an hour
on 2D perovskite samples for a total duration of 24 h. In addition,
to identify whether X-ray irradiation also plays a role in the
degradation of 2D perovskites, the samples were either solely kept
in vacuum in between XPS measurements or were continuously
exposed to X-ray irradiation (hν = 1,486.6 eV) throughout
the experiment. The experimental procedure is schematically
summarized in Figure 3A.

The theoretical composition of 2D perovskites should result in
a ratio of I/Pb= 4. Figures 3B,C follow the evolution of this ratio
with time in samples exposed to only vacuum and vacuum with
X-ray irradiation, respectively. The initial value of I/Pb surpasses
the theoretical value of 4 for all samples, with a particularly
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FIGURE 2 | XPS spectra of the 2D perovskites with organic cations (a) BuA, (b) F-PEA, (c) PEA, (d) L and (e) L9c at 0 and 24 h in vacuum. The XPS peaks were

shifted so that the C-C peak is at a binding energy of 285 eV.

high value of 5.8 for the L9c cation sample. This suggests the
presence of excess iodide at the surface of the samples, which
has been commonly observed also for 3D perovskites (Sun et al.,
2017, 2018; Fassl et al., 2018). Alternatively, the excess could
originate from elemental iodine contamination of the parent
organic ammonium iodide. In the case of the BuA, F-PEA and
PEA samples, the I/Pb ratios range from 4.3 to 4.9 and remain
largely constant throughout the measurement. In contrast, L
and L9c exhibit continuously decreasing ratios indicating the
loss of volatile iodine. Over the duration of the experiment,
the values decrease from 4.4 to 2.8 and from 5.8 to 4.2 for L

and L9c, respectively. When exposing the samples to vacuum
and X-rays (Figure 3C), the ratios of BuA, PEA and F-PEA are
no longer constant, but decrease to I/Pb≈4 after 24 h. While
irradiation does not seem to influence the dynamics of L9c,
continuously irradiating the L sample strongly enhances the
decreasing trend observed previously for vacuum only, thereby
reducing its I/Pb ratio to a final value of 1.8. These results suggest
that X-rays enhance the loss of volatile iodine in vacuum, possibly
due to the extra energy provided to the 2D perovskite films.
Furthermore, the 2D perovskite containing the L cation seems

to be the most unstable among the investigated cations, with its
final I/Pb≈2 ratio suggesting the formation of lead iodide as a
degradation product.

It is important to note that the ratios calculated above
include the contributions of all lead and iodine species in
order to evaluate the overall loss as a result of vacuum
exposure. However, as Figure 2 suggests, the samples exhibit
the presence of metallic lead (Pb0), which evolves throughout
the experiment. Figures 3D,E show the relative contribution of
the metallic lead species to the overall Pb content in samples
exposed to vacuum and vacuum with X-rays, respectively. We
would like to highlight that all the 2D perovskites contain
a small amount of metallic Pb even during the first XPS
measurement. As mentioned above, XPS studies are performed
in vacuum, so samples are exposed to vacuum for several minutes
prior to the first XPS measurement during their transfer to
the analysis chamber. Thus, it is possible that the observed
traces stem from a very fast formation of metallic Pb in
vacuum prior to the acquisition of the first measurement.
However, it is also possible that traces of metallic Pb are
already present in the pristine films, which seems likely for the
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FIGURE 3 | (A) Schematic representation of the experimental procedure of vacuum degradation experiments. In each measurement cycle, the XPS measurement

took 10min and then the sample was kept in vacuum or in vacuum with continuous X-ray irradiation for the remaining 50min. I to Pb ratios of BuA, F-PEA, PEA, L

and L9c over time when exposed to (B) vacuum or (C) vacuum in combination with X-rays. Evolution of the metallic lead content (with respect to the total amount of

Pb) in BuA, F-PEA, PEA, L, and L9c over time when exposed to (D) vacuum or (E) vacuum in combination with X-rays.

comparably high starting concentration of metallic Pb in BuA

and L9c.
When exposed to vacuum alone, four of the samples show

an increase in the metallic lead content over time. F-PEA has
the lowest initial percentage of metallic Pb starting at a value of
1.7% and increasing to stable values of around 3% in vacuum.
Similarly, PEA starts at a value of 2% and stabilizes at ∼7% after
12 h in vacuum. BuA and L9c exhibit continuously increasing
percentages of metallic Pb with initial values of 6 and 12% and
values just below 16 and 23% after 24 h in vacuum. We propose
that upon exposure to vacuum, the 2D perovskites are first
degraded into PbI2, which further decomposes into metallic lead
and volatile I−2 ions. It is noteworthy that similar formation of
metallic lead was also observed for 3D perovskites when exposed
to vacuum conditions (Gunasekaran et al., 2018).

When the samples are irradiated with X-ray in addition to
being exposed to vacuum, a different trend is observed.While the
initial amounts of metallic Pb stay roughly the same, instead of a
continuous increase, we observe an initial short-term increase,
followed by a prolonged decrease in the metallic Pb content over
time. Consequently, in the course of the 24 h, the metallic Pb
content in F-PEA is reduced to almost 0%, BuA and PEA to
∼4.5% and L9c to ∼8% of the overall lead content. The change
in dynamics must be attributed to the X-rays. It is likely that
while the exposure to vacuum still results in the formation of
metallic lead, this species is oxidized due to the presence of a
continuous irradiation.

Interestingly, samples with the cation L follow a different
trend in vacuum as well as in combination with X-ray irradiation.
In this case, we observe that the initial metallic Pb content of
roughly 4% vanishes within the first 2 h in vacuum and does

not reappear during the remaining 22 h of the experiment. More
detailed discussion regarding the compositional evolution of
samples L and L9c follows in section Degradation of L and L9c.

To monitor more closely the loss of the organic cations for
the various samples, we probed the evolution of the intensity of
the C, N, and F elements upon exposure to vacuum (Figure S2).
We observe that in BuA, F-PEA, and PEA no significant loss
of organic cations takes place. However, in combination with
X-ray irradiation, ∼5–10% loss is observed in the case of BuA
and PEA. F-PEA shows a small decreasing trend in the C, N,
and F peak intensities under both conditions. In contrast, L
and L9c show a much stronger decrease in the peak area of
the elements related to the organic cation by up to 35 and
25%, respectively, under both conditions. These losses in the
contribution of the organic cation to the XPS spectra indicate that
the concentration of the organic compound in the 2D perovskite
films is reduced, similar to the loss of MAI in 3D perovskites
when exposed to vacuum. Interestingly, the loss appears to be
smaller for shorter organic cations (BuA, PEA, F-PEA) than for
the longer-chained ones (L, L9c). The exact origin of this effect is
topic to ongoing investigation.

Degradation of L and L9c
While the compositional changes in BuA, PEA, and F-PEA

are predominantly limited to formation of metallic lead, the
changes in the case of cations L and L9c are more complex.
Figure 4 displays the evolution of the Pb4f doublets measured on
samples L and L9c when exposed to either vacuum or vacuum in
combination with X-ray irradiation. When exposed to vacuum
alone, the Pb4f peak of L (Figure 4A) becomes continuously
broader with its full width half maximum (FWHM) rising from
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FIGURE 4 | Time evolution of the P4f peaks of (A) L in vacuum, (B) L in vacuum combined with X-ray exposure, (C) L9c in vacuum and (D) L9c in vacuum with X-ray

exposure with the corresponding time given on the right-hand side of each spectrum. Compositional profiles of the Pb species in L and L9c when exposed to (F)

vacuum and (G) vacuum combined with X-rays. The legend for panels (F,G) is shown in (E).

0.82 to 1.55 eV after 24 h. This broadening most likely occurs due
to subtle changes in the oxidization states but without forming
any distinct peak features which makes assigning specific lead
species difficult. Likewise, the FWHM of the Pb4f peak of L9c
in vacuum (Figure 4C) rises from 0.84 to 1.06 eV. With X-rays,
the peak broadening is present as well, but additionally a double
feature appears at a higher binding energy as compared to the
main doublet for both materials (Figures 4B,D). In the case of
L, the high binding energy species emerges after 2 h in vacuum
and makes up 50% of the Pb content after 6 h. In the following
hours, its amount fluctuates between 50 and 60%. In the case
of L9c, this species emerges after 4 h, makes up 30% of the Pb
content after 7 h and then continuously deceases to 17% after
24 h. The exact percentages of each Pb species are summarized
in Figures 4F,G.

The appearance of the third Pb species must be related to
the exposure to X-rays. All other parameters such as vacuum
pressure, substrate and XPS measurement time were kept the
same. It is possible that the additional energy provided by the X-
rays triggered a chemical reaction in the L and L9c perovskites.
The XPS spectra of I3d and N1s support this hypothesis as both

these elements show the evolution of new species when exposed
to vacuum and X-rays (Figure 5). Alternatively, the Pb peak
could be made up of several oxidation states up to Pb4+ or could
form due to surface charging. The exact identification of this
species is a topic of future work.

Changes in Layer Microstructure and Bulk
Properties
In addition to a strong influence on the composition of 2D
perovskites, exposure to vacuum may strongly affect their
microstructure. To evaluate this effect on the sample surface
morphology, samples were imaged using scanning-electron
microscopy (SEM) both before and after exposure to vacuum
(Figure 6). The samples containing cations L9c and L show
the strongest changes in surface topography upon exposure to
vacuum. In case of L9c the relatively smooth surface of platelets
of ca. 1µm size becomes more irregular and rougher. The
degraded film exhibits a grainy surface texture of agglomerates
of only 10–100 nm in size. Larger platelets of 2D-perovskites
as in the pristine film are no longer observed. In the case
of cation L the overall porosity and roughness of the film is
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FIGURE 5 | Time evolution of the (A) N1s and (B) I3d peaks of L and the (C) N1s, and (D) I3d peaks of L9c in vacuum combined with X-ray exposure. The

corresponding time is given on the right-hand side of each spectrum.

dramatically increased and the exposure to vacuum leaves a
“sponge-like” scaffolding behind. These obvious changes in the
surface morphology are in line with the strong compositional
changes of the 2D perovskite film in case of cations L and
L9c. Pristine films with cations PEA, F-PEA, and BuA consist
of crystalline material with significantly larger domain sizes
compared to films of L and L9c. Upon exposure to vacuum no
apparent morphological change can be identified in these three
films. The crystalline domains seem to remain mainly intact
and the surface structure remains largely unaffected. Films of
F-PEA perovskite do not cover the substrate completely (in
agreement with observed XPS signal from the FTO substrate,
Figure S1) and form agglomerates of crystalline perovskite
platelets. BuA and PEA form homogenous and compact films.
For all three cations the perovskite crystallites feature a common
appearance: all platelets exhibit small holes and a texture on

the platelet surface. In the case of PEA this texture consists
of small crystallites, dozens of nm long, growing only along
two perpendicular directions on top of each grain. Exposure
to vacuum might affect the described surface texture, however
changes are too subtle to be reliably identified in this experiment
and might require longer exposure times. Furthermore, we
cannot fully exclude that even the transfer of the samples in
the vacuum of the SEM and the exposure to the electron beam
already caused changes even on the pristine samples. To exclude
effects of vacuum and electron beam exposure, we imaged
the film surfaces also using atomic force microscopy (AFM)
in ambient conditions before and after exposure to vacuum
(Figure S3). The AFM images show generally similar changes in
the surface structure of the layers, confirming that they occurred
during the exposure to vacuum, and are not the result of SEM
imaging experiments.
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FIGURE 6 | Scanning electron microscope images of the pristine film (top) and films after several hours of vacuum exposure (bottom). Scale bar 1µm.

While XPS and SEM provide valuable information about the
degradation of the surface of 2D perovskites upon exposure to
vacuum, it is important to investigate its effect also on the bulk
properties of the layers. For this purpose, we collected X-ray
diffraction (XRD) and UV-VIS spectra prior and after vacuum
exposure. As can be seen in Figure S4, the XRD spectra exhibit
the characteristic features of 2D perovskites confirming their
crystalline structure. Furthermore, the same diffraction patterns
are observed after vacuum exposure with no changes to the
position or width of the XRD reflections. Furthermore, no new
reflections appear in the spectra upon degradation, suggesting
that the degraded species are predominantly non-crystalline.
Figure S5 shows the UV-VIS spectra collected prior and after
degradation. The absorption spectra of BuA, F-PEA, and PEA

remain largely unaffected by vacuum degradation, with only a
slight blue-shift by ∼3–5 nm and a broadening in the case of
BuA and F-PEA. We note that the large roughness of sample
F-PEA results in significant scattering, which manifests itself as
an increased absorbance over the entire spectrum. However, in
the case of L and L9c the degradation induces a stronger loss
in absorbance which in combination with the observations from
SEM and AFM suggests that the degradation is not limited to
the surface but affects also the bulk of the sample. This could
originate from the porous structure observed for the degraded
samples in SEM, which triggers the degradation of deeper layers.
Therefore, we conclude that vacuum degradation under the
conditions tested in this study is mostly limited to the surface
for cations BuA, F-PEA, and PEA, but has a more pronounced
effect on the bulk properties of the 2D perovskites based on L and
L9c cations.

CONCLUSIONS

We demonstrate that vacuum exposure induces the formation
of a metallic lead species which, in the cases of the organic
cations L and L9c, is accompanied by a loss of the organic
cation from the perovskite. Investigating the dynamics of this

reaction revealed that the metallic lead content increases while
the organic content decreases over time in vacuum with the
exact slope being dependent on the choice of organic cation.
When exposed to vacuum with constant X-ray illumination, the
dynamics change, and we observe a decrease in the metallic lead
content. Additionally, X-rays may cause or enhance the loss of
volatile iodine depending on the cation. In the case of L and
L9c, X-rays may trigger a chemical reaction which leads to the
formation of a third lead species at a higher binding energy
indicating severe degradation. In agreement with the XPS results,
we see that the microstructure of L and L9c drastically changes
upon vacuum exposure while BuA, F-PEA, and PEA remain
largely unaffected.

Our study emphasizes the importance of selecting suitable
organic cations for 2D perovskites to prevent degradation. The
exact chemistry behind such degradation should be identified
and investigated in detail in order to develop suitable mitigation
strategies. Until then, these findings should be taken into
considerations when fabricating and measuring 2D perovskite
films on their own or as capping layers on top of 3D perovskites.
Many commonly used fabrication routines include vacuum
deposition of, for example, the perovskites themselves as well
as hole-transport layers, passivating layer and contacts on top
of the perovskites. It is possible that exposure to vacuum
during these processes commences the degradation of the
2D perovskites or hinders the formation of a proper film.
Furthermore, degradation may also happen during spectroscopic
or microscopic measurements which take place in vacuum,
which would gradually alter the results as the measurement is
carried out.

EXPERIMENTAL

2D Perovskite Sample Fabrication
First of all, PbI2 was dissolved in dimethyl sulfoxide (DMSO)
at a concentration of 1.2M at 60◦C. After the solution had
cooled down, 2.4M of the organic cation (BuA, F-PEA,
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PEA, or L9c) was added to the solution. In the case of
(L)2PbI4, the concentration of the precursors was reduced to
get the optimal thickness. In particular, 1M of fluorinated
cation L was added to 0.5M of PbI2 in DMSO (García-Benito
et al., 2020). Then, the perovskite solutions were deposited
onto the FTO substrate via a consecutive two-step spin-
coating process at 1,000 rpm for 10 s and 5,000 rpm for
30 s. During the second step, 100 µL of chlorobenzene was
deposited as an antisolvent. No antisolvent was used for the
formation (L9c)2PbI4 perovskite. Lastly, the resulting films were
annealed at 100 ◦C for 10min. The resulting film thickness
is∼500 nm.

X-ray Photoemission Spectroscopy (XPS)
The samples were transferred into an ultrahigh vacuum (UHV)
chamber of the PES system (Thermo Scientific ESCALAB
250Xi) for measurements. The chamber pressure was 2 ×

10−9 mbar. XPS measurements were performed using an XR6
monochromated Al Kα source (hν = 1,486.6 eV) and a pass
energy of 20 eV. The sample surface was connected to the
sample holder with a copper clip to prevent charging. Vacuum-
induced degradation was monitored by performing a series of
XPS measurements every 60min (60min = one measurement
cycle) and analyzing the compositional changes. Two spots were
measured on each sample. The X-ray spot size was 650µm and
the distance between the two measurement spots was 5mm
to prevent illumination through scattered X-rays. The spot
“vacuum” was exposed to X-rays for only 10min during each
measurement cycle to collect the XPS spectra. The spot “vacuum
+ X-rays” was exposed to X-rays for a total of 50min during
each measurement cycle including the 10min needed to collect
the XPS spectra.

Scanning Electron Microscopy (SEM)
The samples were imaged prior and post degradation in UHV for
24 h. SEM imaging was performed using a JSM-7610F FEG-SEM
(Jeol). Samples were mounted on standard SEM holders using
conductive Ag paste on the exposed FTO corner to avoid sample
charging. The images were recorded using the secondary electron
detector (LEI) at an acceleration voltage of 1.5 kV and a chamber
pressure <10−6 mbar.

Atomic Force Microscopy (AFM)
AFM images (5 × 5 µm²) were taken in tapping mode in
ambient atmosphere on an AIST-NT Combiscope1000 using
NANOSENSORSTM PPP-NCHR probes. Pristine samples were
used after fabrication of the perovskite layers. Degraded samples
were exposed to vacuum (2 × 10−7 mbar) for 36 h and imaged
directly afterwards. Samples with cation F-PEA could not be
imaged with AFM due their high surface roughness.

UV-VIS Spectroscopy
The samples were measured prior and post degradation in
vacuum (2× 10−7 mbar) for 36 h with a Shimadzu UV-3100 UV-
VIS-NIR recording spectrometer. An empty FTO substrate was
used for the baseline measurement.

X-ray Diffraction (XRD)
X-ray diffraction (XRD) measurements were conducted in
ambient on a Bruker Advance D8 diffractometer equipped with
a 1.6 kW Cu-Anode (λ = 1.54060 Å) and a LYNXEYE_XE_T
detector operated in 0D-Mode. The scans (from 2θ= 2◦-60◦, step
size 0.01◦, 0.2 s/step) were measured in Standard Bragg-Brentano
Geometry (goniometer radius 420mm) with IS = 0.2mm and
RS = 0.2mm and a 25mm beam mask. The measured data
was background (subtracted FTO/glass-measurement) corrected
and contribution of Kα2 was stripped using the Diffrac.Eva V4.3
software. The films were scanned prior and post degradation in
vacuum (2× 10−7 mbar) for 36 h.

DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the
article/Supplementary Files.

AUTHOR CONTRIBUTIONS

YH performed the degradation experiments, XPS measurements
and analysis, and UV-VIS measurements. SO synthesized the L9c
cation. IG-B fabricated the samples. FP performed the SEM and
AFM imaging and XRD measurements. GG and YV guided and
supervised the project. YH and YV wrote the manuscript, which
has been edited by all co-authors.

FUNDING

This work was supported by the DFG (SFB 1249, Project C04
and VA 991/2-1). GG acknowledges the HY-NANO project
that has received funding from the European Research Council
(ERC) Starting Grant 2018 under the European Union’s Horizon
2020 research and innovation programme (Grant agreement
No. 802862). This project has also received funding from
the European Research Council under the European Union’s
Horizon 2020 research and innovation programme (ERC Grant
Agreement no. 714067, ENERGYMAPS). We acknowledge
financial support by Deutsche Forschungsgemeinschaft within
the funding programme Open Access Publishing, by the Baden-
Württemberg Ministry of Science, Research and the Arts and by
Ruprecht-Karls-Universität Heidelberg.

ACKNOWLEDGMENTS

The authors would like to kindly thank Prof. J. Zaumseil for
access to the SEM. IG-B acknowledges the Toyota Technical
Centre through the project PeLED. We thank Martin Kroll for
assistance with the XRD measurements.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fchem.
2020.00066/full#supplementary-material

Frontiers in Chemistry | www.frontiersin.org 8 February 2020 | Volume 8 | Article 66

https://www.frontiersin.org/articles/10.3389/fchem.2020.00066/full#supplementary-material
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Hofstetter et al. Vacuum-Induced Degradation of 2D Perovskites

REFERENCES

Alberti, A., Bongiorno, C., Smecca, E., Deretzis, I., La Magna, A., and
Spinella, C. (2019). Pb clustering and PbI 2 nanofragmentation during
methylammonium lead iodide perovskite degradation. Nat. Commun. 10:2196.
doi: 10.1038/s41467-019-09909-0

Alberti, A., Deretzis, I., Pellegrino, G., Bongiorno, C., Smecca, E., Mannino,
G., et al. (2015). Similar structural dynamics for the degradation of
CH3NH3PbI3 in air and in vacuum. ChemPhysChem 16, 3064–3071.
doi: 10.1002/cphc.201500374

Aristidou, N., Eames, C., Sanchez-Molina, I., Bu, X., Kosco, J., Islam, M. S.,
et al. (2017). Fast oxygen diffusion and iodide defects mediate oxygen-
induced degradation of perovskite solar cells. Nat. Commun. 8, 1–10.
doi: 10.1038/ncomms15218

Ball, J. M., and Petrozza, A. (2016). Defects in perovskite-halides and their effects
in solar cells. Nat. Energy 1:16149. doi: 10.1038/nenergy.2016.149

Buin, A., Pietsch, P., Xu, J., Voznyy, O., Ip, A. H., Comin, R., et al. (2014). Materials
processing routes to trap-free halide perovskites. Nano Lett. 14, 6281–6286.
doi: 10.1021/nl502612m

Byun, J., Cho, H., Wolf, C., Jang, M., Sadhanala, A., Friend, R. H., et al.
(2016). Efficient Visible quasi-2D perovskite light-emitting diodes. Adv. Mater.

7515–7520. doi: 10.1002/adma.201601369
Cao, D. H., Stoumpos, C. C., Farha, O. K., Hupp, J. T., and Kanatzidis, M. G.

(2015). 2D Homologous perovskites as light-absorbing materials for solar cell
applications. J. Am. Chem. Soc. 137, 7843–7850. doi: 10.1021/jacs.5b03796

Chen, S., and Shi, G. (2017). Two-dimensional materials for halide
perovskite-based optoelectronic devices. Adv. Mater. 29, 1–31.
doi: 10.1002/adma.201605448

Chen, Y., Sun, Y., Peng, J., Zhang, W., Su, X., Zheng, K., et al. (2017).
Tailoring organic cation of 2D air-stable organometal halide perovskites
for highly efficient planar solar cells. Adv. Energy Mater. 7, 1–7.
doi: 10.1002/aenm.201700162

Cho, K. T., Grancini, G., Lee, Y., Oveisi, E., Ryu, J., Almora, O., et al. (2018).
Selective growth of layered perovskites for stable and efficient photovoltaics.
Energy Environ. Sci. 11, 952–959. doi: 10.1039/C7EE03513F

Cohen, B., El, W. M., and Etgar, L. (2017). High efficiency and high open circuit
voltage in quasi 2D perovskite based solar cells. Adv. Funct. Mater. 27:1604733.
doi: 10.1002/adfm.201604733

DeQuilettes, D. W., Vorpahl, S. M., Stranks, S. D., Nagaoka, H., Eperon, G. E.,
Ziffer, M. E., et al. (2015). Impact of microstructure on local carrier lifetime in
perovskite solar cells. Science 348, 683–686. doi: 10.1126/science.aaa5333

Deretzis, I., Alberti, A., Pellegrino, G., Smecca, E., Giannazzo, F., Sakai, N., et al.
(2015). Atomistic origins of CH3NH3PbI3 degradation to PbI2 in vacuum.
Appl. Phys. Lett. 106:131904. doi: 10.1063/1.4916821

Dong, Q., Fang, Y., Shao, Y., Mulligan, P., Qiu, J., Cao, L., et al. (2015). Electron-
hole diffusion lengths > 175m m in solution-grown CH 3 NH 3 PbI 3 single
crystals. Science 347, 967–970. doi: 10.1126/science.aaa5760

Etgar, L. (2018). The merit of perovskite’s dimensionality; can this replace the 3D
halide perovskite? Energy Environ. Sci. 11, 234–242. doi: 10.1039/C7EE03397D

Fang, H. H., Adjokatse, S., Wei, H., Yang, J., Blake, G. R., Huang, J., et al. (2016).
Ultrahigh sensitivity of methylammonium lead tribromide perovskite single
crystals to environmental gases. Sci. Adv. 2, 1–10. doi: 10.1126/sciadv.1600534

Fassl, P., Lami, V., Bausch, A., Wang, Z., Klug, M. T., Snaith, H. J., et al.
(2018). Fractional deviations in precursor stoichiometry dictate the properties,
performance and stability of perovskite photovoltaic devices. Energy Environ.
Sci. 11, 3380–3391. doi: 10.1039/c8ee01136b

Fassl, P., Ternes, S., Lami, V., Zakharko, Y., Heimfarth, D., Hopkinson, P. E., et al.
(2019a). Effect of crystal grain orientation on the rate of ionic transport in
perovskite polycrystalline thin films.ACSAppl.Mater. Interfaces 11, 2490–2499.
doi: 10.1021/acsami.8b16460

Fassl, P., Zakharko, Y., Falk, L. M., Goetz, K. P., Paulus, F., Taylor, A. D.,
et al. (2019b). Effect of density of surface defects on photoluminescence
properties in MAPbI 3 perovskite films. J. Mater. Chem. C 7, 5285–5292.
doi: 10.1039/C8TC05998E

Gao, P., Bin Mohd Yusoff, A. R., and Nazeeruddin, M. K. (2018). Dimensionality
engineering of hybrid halide perovskite light absorbers. Nat. Commun. 9, 1–14.
doi: 10.1038/s41467-018-07382-9

García-Benito, I., Quarti, C., Queloz, V. I. E., Hofstetter, Y. J., Becker-Koch,
D., Caprioglio, P., et al. (2020). Fluorination of Organic Spacer Impacts on
the Structural and Optical Response of 2D Perovskites. Front. Chem. 7:946.
doi: 10.3389/fchem.2019.00946

García-Benito, I., Quarti, C., Queloz, V. I. E., Orlandi, S., Zimmermann,
I., Cavazzini, M., et al. (2018). Fashioning fluorous organic spacers for
tunable and stable layered hybrid perovskites. Chem. Mater. 30, 8211–8220.
doi: 10.1021/acs.chemmater.8b03377

Grancini, G., and Nazeeruddin, M. K. (2019). Dimensional tailoring
of hybrid perovskites for photovoltaics. Nat. Rev. Mater. 4, 4–22.
doi: 10.1038/s41578-018-0065-0

Grancini, G., Roldán-Carmona, C., Zimmermann, I., Mosconi, E., Lee,
X., Martineau, D., et al. (2017). One-Year stable perovskite solar cells
by 2D/3D interface engineering. Nat. Commun. 8, 1–8. doi: 10.1038/
ncomms15684

Grancini, G., Srimath Kandada, A. R., Frost, J. M., Barker, A. J., De Bastiani,
M., Gandini, M., et al. (2015). Role of microstructure in the electron-hole
interaction of hybrid lead halide perovskites. Nat. Photonics 9, 695–701.
doi: 10.1038/nphoton.2015.151

Green, M. A., Ho-Baillie, A., and Snaith, H. J. (2014). The emergence of perovskite
solar cells. Nat. Photonics 8, 506–514. doi: 10.1038/nphoton.2014.134

Gunasekaran, R. K., Chinnadurai, D., Selvaraj, A. R., Rajendiran, R., Senthil,
K., and Prabakar, K. (2018). Revealing the self-degradation mechanisms
in methylammonium lead iodide perovskites in dark and vacuum.
ChemPhysChem 19, 1507–1513. doi: 10.1002/cphc.201800002

Juarez-Perez, E. J., Ono, L. K., Maeda, M., Jiang, Y., Hawash, Z., and Qi, Y. (2018).
Photodecomposition and thermal decomposition in methylammonium halide
lead perovskites and inferred design principles to increase photovoltaic device
stability. J. Mater. Chem. A 6, 9604–9612. doi: 10.1039/C8TA03501F

Lin, Y., Bai, Y., Fang, Y., Chen, Z., Yang, S., Zheng, X., et al. (2018). Enhanced
thermal stability in perovskite solar cells by assembling 2D/3D stacking
structures. J. Phys. Chem. Lett. 9, 654–658. doi: 10.1021/acs.jpclett.7b02679

Ma, C., Leng, C., Ji, Y., Wei, X., Sun, K., Tang, L., et al. (2016). 2D/3D perovskite
hybrids as moisture-tolerant and efficient light absorbers for solar cells.
Nanoscale 8, 18309–18314. doi: 10.1039/c6nr04741f

Ma, C., Shen, D., Qing, J., Thachoth Chandran, H., Lo, M. F., and Lee, C. S.
(2017). Effects of small polar molecules (MA+ and H2O) on degradation
processes of perovskite solar cells. ACS Appl. Mater. Interfaces 9, 14960–14966.
doi: 10.1021/acsami.7b01348

Mosconi, E., Azpiroz, J. M., and De Angelis, F. (2015). Ab initio molecular
dynamics simulations of methylammonium lead iodide perovskite degradation
by water. Chem. Mater. 27, 4885–4892. doi: 10.1021/acs.chemmater.5b01991

Pearson, A. J., Eperon, G. E., Hopkinson, P. E., Habisreutinger, S. N., Wang,
J. T. W., Snaith, H. J., et al. (2016). Oxygen degradation in mesoporous
Al2O3/CH3NH3PbI3-xClx perovskite solar cells: kinetics and mechanisms.
Adv. Energy Mater. 6, 1–10. doi: 10.1002/aenm.201600014

Pont, S., Bryant, D., Lin, C. T., Aristidou, N., Wheeler, S., Ma, X., et al. (2017).
Tuning CH3NH3Pb(I1-:XBrx)3 perovskite oxygen stability in thin films and
solar cells. J. Mater. Chem. A 5, 9553–9560. doi: 10.1039/C7TA00058H

Quan, L. N., Yuan, M., Comin, R., Voznyy, O., Beauregard, E. M., Hoogland,
S., et al. (2016). Ligand-stabilized reduced-dimensionality perovskites. J. Am.

Chem. Soc. 138, 2649–2655. doi: 10.1021/jacs.5b11740
Roldán-Carmona, C., Gratia, P., Zimmermann, I., Grancini, G., Gao, P., Graetzel,

M., et al. (2015). High efficiency methylammonium lead triiodide perovskite
solar cells: the relevance of non-stoichiometric precursors. Energy Environ. Sci.
8, 3550–3556. doi: 10.1039/C5EE02555A

Saba, M., Cadelano, M., Marongiu, D., Chen, F., Sarritzu, V., Sestu, N., et al. (2014).
Correlated electron-hole plasma in organometal perovskites. Nat. Commun.

5:5049. doi: 10.1038/ncomms6049
Saliba, M., Matsui, T., Domanski, K., Seo, J.-Y., Ummadisingu, A., Zakeeruddin,

S. M., et al. (2016a). Incorporation of rubidium cations into perovskite
solar cells improves photovoltaic performance. Science. 354, 206–209.
doi: 10.1126/science.aah5557

Saliba, M., Matsui, T., Seo, J. Y., Domanski, K., Correa-Baena, J. P., Nazeeruddin,
M. K., et al. (2016b). Cesium-containing triple cation perovskite solar cells:
improved stability, reproducibility and high efficiency. Energy Environ. Sci. 9,
1989–1997. doi: 10.1039/c5ee03874j

Frontiers in Chemistry | www.frontiersin.org 9 February 2020 | Volume 8 | Article 66

https://doi.org/10.1038/s41467-019-09909-0
https://doi.org/10.1002/cphc.201500374
https://doi.org/10.1038/ncomms15218
https://doi.org/10.1038/nenergy.2016.149
https://doi.org/10.1021/nl502612m
https://doi.org/10.1002/adma.201601369
https://doi.org/10.1021/jacs.5b03796
https://doi.org/10.1002/adma.201605448
https://doi.org/10.1002/aenm.201700162
https://doi.org/10.1039/C7EE03513F
https://doi.org/10.1002/adfm.201604733
https://doi.org/10.1126/science.aaa5333
https://doi.org/10.1063/1.4916821
https://doi.org/10.1126/science.aaa5760
https://doi.org/10.1039/C7EE03397D
https://doi.org/10.1126/sciadv.1600534
https://doi.org/10.1039/c8ee01136b
https://doi.org/10.1021/acsami.8b16460
https://doi.org/10.1039/C8TC05998E
https://doi.org/10.1038/s41467-018-07382-9
https://doi.org/10.3389/fchem.2019.00946
https://doi.org/10.1021/acs.chemmater.8b03377
https://doi.org/10.1038/s41578-018-0065-0
https://doi.org/10.1038/ncomms15684
https://doi.org/10.1038/nphoton.2015.151
https://doi.org/10.1038/nphoton.2014.134
https://doi.org/10.1002/cphc.201800002
https://doi.org/10.1039/C8TA03501F
https://doi.org/10.1021/acs.jpclett.7b02679
https://doi.org/10.1039/c6nr04741f
https://doi.org/10.1021/acsami.7b01348
https://doi.org/10.1021/acs.chemmater.5b01991
https://doi.org/10.1002/aenm.201600014
https://doi.org/10.1039/C7TA00058H
https://doi.org/10.1021/jacs.5b11740
https://doi.org/10.1039/C5EE02555A
https://doi.org/10.1038/ncomms6049
https://doi.org/10.1126/science.aah5557
https://doi.org/10.1039/c5ee03874j
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Hofstetter et al. Vacuum-Induced Degradation of 2D Perovskites

Smith, I. C., Hoke, E. T., Solis-Ibarra, D., McGehee, M. D., and Karunadasa, H. I.
(2014). A layered hybrid perovskite solar-cell absorber with enhanced moisture
stability.Angew. Chemie Int. Ed. 53, 11232–11235. doi: 10.1002/anie.201406466

Stoumpos, C. C., Malliakas, C. D., and Kanatzidis, M. G. (2013). Semiconducting
tin and lead iodide perovskites with organic cations: phase transitions, high
mobilities, and near-infrared photoluminescent properties. Inorg. Chem. 52,
9019–9038. doi: 10.1021/ic401215x

Stranks, S. D., Eperon, G. E., Grancini, G., Menelaou, C., Alcocer, M. J. P.,
Leijtens, T., et al. (2013). Electron-hole diffusion lengths exceeding. Science 342,
341–345. doi: 10.1126/science.1243982

Sun, Q., Fassl, P., Becker-Koch, D., Bausch, A., Rivkin, B., Bai, S., et al.
(2017). Role of microstructure in oxygen induced photodegradation of
methylammonium lead triiodide perovskite films. Adv. Energy Mater.

7:1700977. doi: 10.1002/aenm.201700977
Sun, Q., Fassl, P., and Vaynzof, Y. (2018). Large-scale compositional and

electronic inhomogeneities in CH 3 NH 3 PbI 3 perovskites and their
effect on device performance. ACS Appl. Energy Mater. 1, 2410–2416.
doi: 10.1021/acsaem.8b00509

Tang, X., Brandl, M., May, B., Levchuk, I., Hou, Y., Richter, M., et al. (2016).
Photoinduced degradation of methylammonium lead triiodide perovskite
semiconductors. J. Mater. Chem. A 4, 15896–15903. doi: 10.1039/C6TA06497C

Tsai, H., Nie, W., Blancon, J. C., Stoumpos, C. C., Asadpour, R., Harutyunyan, B.,
et al. (2016). High-efficiency two-dimensional ruddlesden-popper perovskite
solar cells. Nature 536, 312–317. doi: 10.1038/nature18306

Wang, Q., Chen, B., Liu, Y., Deng, Y., Bai, Y., Dong, Q., et al. (2017).
Scaling behavior of moisture-induced grain degradation in polycrystalline
hybrid perovskite thin films. Energy Environ. Sci. 10, 516–522.
doi: 10.1039/C6EE02941H

Wang, Z., Lin, Q., Chmiel, F. P., Sakai, N., Herz, L. M., and Snaith, H. J.
(2017). Efficient ambient-air-stable solar cells with 2D-3D heterostructured
butylammonium-caesium-formamidinium lead halide perovskites.Nat. Energy
2, 1–10. doi: 10.1038/nenergy.2017.135

Xing, G., Mathews, N., Lim, S. S., Lam, Y. M., Mhaisalkar, S., and Sum, T. C.
(2013). Long-range balanced electron- and hole-transport lengths in organic-
inorganic CH 3 NH 3 PbI 3. Science 342, 344–347. doi: 10.1126/science.
1243167

Xu, W., Lei, G., Tao, C., Zhang, J., Liu, X., Xu, X., et al. (2018). Precisely
controlling the grain sizes with an ammonium hypophosphite additive
for high-performance perovskite solar cells. Adv. Funct. Mater. 28, 1–9.
doi: 10.1002/adfm.201802320

Yang, W. S., Park, B. W., Jung, E. H., Jeon, N. J., Kim, Y. C., Lee, D. U., et al.
(2017). Iodide management in formamidinium-lead-halide-based perovskite
layers for efficient solar cells. Science 356, 1376–1379. doi: 10.1126/science.
aan2301

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Hofstetter, García-Benito, Paulus, Orlandi, Grancini and Vaynzof.

This is an open-access article distributed under the terms of the Creative Commons

Attribution License (CC BY). The use, distribution or reproduction in other forums

is permitted, provided the original author(s) and the copyright owner(s) are credited

and that the original publication in this journal is cited, in accordance with accepted

academic practice. No use, distribution or reproduction is permitted which does not

comply with these terms.

Frontiers in Chemistry | www.frontiersin.org 10 February 2020 | Volume 8 | Article 66

https://doi.org/10.1002/anie.201406466
https://doi.org/10.1021/ic401215x
https://doi.org/10.1126/science.1243982
https://doi.org/10.1002/aenm.201700977
https://doi.org/10.1021/acsaem.8b00509
https://doi.org/10.1039/C6TA06497C
https://doi.org/10.1038/nature18306
https://doi.org/10.1039/C6EE02941H
https://doi.org/10.1038/nenergy.2017.135
https://doi.org/10.1126/science.1243167
https://doi.org/10.1002/adfm.201802320
https://doi.org/10.1126/science.aan2301
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

	Vacuum-Induced Degradation of 2D Perovskites
	Introduction
	Results and Discussion
	Effect of Exposure to Vacuum on the Composition of 2D Perovskites
	Dynamics of Degradation
	Degradation of L and L9c
	Changes in Layer Microstructure and Bulk Properties

	Conclusions
	Experimental
	2D Perovskite Sample Fabrication
	X-ray Photoemission Spectroscopy (XPS)
	Scanning Electron Microscopy (SEM)
	Atomic Force Microscopy (AFM)
	UV-VIS Spectroscopy
	X-ray Diffraction (XRD)

	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


