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1. Introduction

Since middle of 20th century perovskite materials have been 
intensively studied by the scientific community because of 

A detailed understanding of the surface and interface properties of lead halide 
perovskites is of interest for several applications, in which these materials 
may be used. To develop this understanding, the study of clean crystal-
line surfaces can be an important stepping stone. In this work, the surface 
properties and electronic structure of two different perovskite single crystal 
compositions (MAPbI3 and CsxFA1–xPbI3) are investigated using synchrotron-
based soft X-ray photoelectron spectroscopy (PES), molecular dynamics 
simulations, and density functional theory. The use of synchrotron-based soft 
X-ray PES enables high surface sensitivity and nondestructive depth-profiling. 
Core level and valence band spectra of the single crystals are presented. The 
authors find two carbon 1s contributions at the surface of MAPbI3 and assign 
these to MA+ ions in an MAI-terminated surface and to MA+ ions below the 
surface. It is estimated that the surface is predominantly MAI-terminated but 
up to 30% of the surface can be PbI2-terminated. The results presented here 
can serve as reference spectra for photoelectron spectroscopy investigations 
of technologically relevant polycrystalline thin films, and the findings can be 
utilized to further optimize the design of device interfaces.

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/smll.202106450.

Rising Stars

© 2022 The Authors. Small published by Wiley-VCH GmbH. This is an 
open access article under the terms of the  Creative Commons Attribution- 
NonCommercial License, which permits use, distribution and reproduc-
tion in any medium, provided the original work is properly cited and is 
not used for commercial purposes.

their unprecedented multifunctional 
properties.[1,2] In 2009 one subclass of 
perovskites, known as hybrid perovskites, 
with the general formula ABX3 revolu-
tionized the optoelectronic field after the 
discovery of their unprecedented and 
remarkable optical and electronic prop-
erties.[3] In the ABX3 structure, A is a 
monovalent cation, usually methylam-
monium (MA+, CH3NH3

+), formami-
dinium (FA+, CH(NH2)2

+), and/or Cs+, B 
is a divalent cation, usually Pb2+ or a mix 
of monovalent and trivalent cations (e.g., 
Bi3+ and Ag+), and X is an anion, usually 
a halogen or mix of halogens (I−, Br−, 
and/or Cl−). These materials, specially 
Pb-based perovskites, have been used, 
among other applications, in solar cells, 
now achieving efficiencies over 25%,[4] 
in light-emitting diodes with external 
quantum efficiency exceeding 21%[5–7] and 
as photodetectors.[8,9]

Most of the actual perovskite-based 
optoelectronic devices typically consist of a thin film of a mul-
ticrystalline perovskite sandwiched between two selective con-
tacts. Therefore, the interfaces significantly influence the sta-
bility and performance of any perovskite-based device. Knowing 
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the morphology and composition of the surface of the perov-
skite is crucial for understanding the interfaces as well as to 
improve the quality of the contacts which will lead to the fabri-
cation of highly stable and efficient devices.[10,11]

While most of the existing studies in the literature focus on 
polycrystalline materials, single crystal hybrid perovskites have 
also been synthesized and applied in multiple devices.[12,13] 
Thanks to their lower defect concentration and their orientation 
dependent transport behavior, they have shown an improve-
ment in stability, longer carrier diffusion lengths, and low 
charge recombination rates compared to their polycrystalline 
counterparts. This makes single crystalline perovskites a very 
promising candidate for many applications.[14–16] Accordingly, 
the growth of high-quality single-crystal perovskite thin films 
is becoming a great strategy for the fabrication of defect-free 
perovskite solar cells with photovoltaic parameters close to the 
theoretical limit.[17]

Also, despite the huge advances in the design and synthesis 
of new perovskite compositions as well as in the fabrication 
of high quality perovskite thin films and thin single crystals, 
a detailed understanding of perovskite surfaces is still partly 
lacking, and therefore in a need for further studies.[18,19] The 
surface of a semiconductor can be described as the termination 
of the periodic structure of the crystal lattice which creates the 
dangling bonds on the surface. Due to the minimization of the 
surface energy, this process is accompanied by the reconstruc-
tion of the atomic structure to saturate dangling bonds, thereby 
generating specific surface states that deviate from those in 
the bulk crystal.[20] For multicrystalline perovskite films, the sur-
face region might be amorphous and contain unreacted perov-
skite precursors.[21] To perform studies on clean and crystalline 
perovskite surfaces, single crystals cleaved under vacuum con-
ditions have to be used. Due to the difficulty of preparing such 
surfaces, most of surface research was done theoretically. Con-
sequently, there is limited experimental evidence on the atom-
istic origins of the perovskite-transport layer interface.

Focusing on the simplest possible perovskite composition, 
the surface termination of the methylammonium lead triiodide 
(MAPbI3, CH3NH3PbI3) perovskite has been studied theoreti-
cally and experimentally by several groups. Taking into account 
that the MAPbI3 surface can be terminated by MAI (CH3NH3I) 
or by PbI2 (with or without vacancies), Quarti et  al. predicted, 
based on density functional theory (DFT) calculations on a 
MAPbI3 (001) surface that a MAI termination is more stable 
than a PbI2 termination.[22] In addition, Haruyama et al. exam-
ined, also theoretically, various types of PbIx terminations on 
the (100), (101), (110), and (001) surfaces of tetragonal MAPbI3 
finding that vacant termination is more stable than the PbI2-
rich flat one on all the surfaces.[23] Moreover, She et al. reported 
an MAI-terminated (001) surface on an epitaxially grown 
orthorhombic MAPbI3 film on Au (111) surface,[24] and in 
December 2020, Yoshida and coworkers also demonstrated this 
experimentally by using a combination of ultraviolet photoelec-
tron spectroscopy (UPS) and metastable-atom electron spec-
troscopy on a MAPbI3 thin film.[25]

In addition, it is worth highlighting that the surface termi-
nation of several MAPbBr3 single crystals was experimentally 
studied. Using a combination of angle resolved photoemission 
spectroscopy (ARPES) and inverse photoemission spectroscopy, 

as well as theoretical modeling, Dowben and coworkers sug-
gested that the termination of MAPbBr3 single crystals consist 
on a methylammonium bromide (MABr) layer.[26] Moreover, Qi 
and coworkers, using an atomic force microscopy for character-
izing an in situ cleaved MAPbBr3 single crystal, demonstrated 
a MABr-flat-terminated surface as well.[27] Despite this, Qi and 
coworkers were not able to exclude the possibility of the coexist-
ence of a mixture of MABr and PbBr2 surface terminations and 
PbBr2 surface terminations with vacancies.

Photoelectron spectroscopy (PES) is well known as a very 
powerful technique to investigate electronic and chemical prop-
erties of surfaces and interfaces experimentally, as it provides 
information with elemental sensitivity. PES has been exten-
sively used on the characterization of polycrystalline thin film 
halide perovskites surfaces, giving information about their 
chemical composition and also following reactions such as 
in situ formation and degradation.[18,21,28–33] However, character-
izing halide perovskites surfaces is challenging due to their low 
stability under ultrahigh vacuum (UHV) conditions, the com-
plexity of the materials itself, and the difficulty of obtain a clean 
surface for study.[34] This last challenge was addressed in 2017, 
when researchers from EPFL cleaved a MAPbBr3 single crystal 
under UHV conditions.[35] Since then, several studies were car-
ried out on cleaved perovskite single crystal surfaces, most of 
them on MAPbBr3.[26,27,36]

In 2020, Iwashita et  al. reported the electronic structure of 
the interface of a MAPbI3 single crystal and Spiro-OMeTAD.[37] 
Very recently we were able to report results for in situ cleaved 
MAPbI3 single crystals.[38,39] Despite that, up to date, studies 
on perovskite cleaved single crystals have mainly focused on 
ARPES and UPS and not on core level characterization.[40–42] As 
core level studies are a common tool for the characterization of 
polycrystalline thin films samples, there is a need for a detailed 
analysis of hybrid perovskites surface composition on clean 
single crystal surfaces. This analysis could provide a reference 
for the studies carried out on multicrystalline perovskites with 
different compositions, where detailed analysis of the organic 
components can be hindered by surface contamination.

While MAPbI3 was one of the first hybrid perovskites to be 
successfully used in solar cells and is by far the most studied, 
perovskite compositions based on other organic and inorganic 
cations such as formamidinium (FA+, CH2(NH2)2) and cesium 
(Cs+) have been used to improve efficiency and stability of per-
ovskite-based optoelectronic devices by replacing the methyl-
ammonium cation.[43,44] A detailed analysis also of the surface 
composition of a more complex mixed Cs+/FA+ perovskite 
single crystal will therefore be of interest for the application of 
perovskites in devices.

In this work, we performed synchrotron-based high-resolu-
tion soft X-ray PES on clean surfaces of MAPbI3 (CH3NH2PbI3), 
CsxFA1–xPbI3 (Csx(CH2(NH2)2)1–xPbI3) and reference PbI2 
single crystals, which were cleaved in situ under UHV. We were 
able to resolve the details of the C 1s core level of MAPbI3 and 
CsxFA1–xPbI3 crystals through varying the photon energy and 
therefore the probing depth. For MAPbI3, the C 1s core level 
of MA+ cations is observed at different binding energies for 
the surface and the bulk of the material, which is supported by 
theoretical investigations with molecular dynamics (MD) simu-
lations and DFT calculations. In addition, the valence electronic 
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structures of MAPbI3 and CsxFA1–xPbI3 were determined with 
experimental results and DFT calculations pointing to differ-
ences in band alignment and chemical bonding.

2. Results and Discussion

Single crystals of MAPbI3 and black-phase CsxFA1–xPbI3 
between 1 and 0.5 cm of diameter were obtained by inverse tem-
perature crystallization. PbI2 yellow single crystals were synthe-
sized following a cosolvent method previously described by Liu 
and coworkers.[45] Crystals of higher cubicity were selected and 
kept in nitrogen atmosphere and transported to MAX IV to be 
measured (see Figure S1, Supporting Information, for photos 
of single crystals). The remaining crystals from the same batch 
were grounded using a pestle and mortar and characterized by 
powder X-ray diffraction analysis. As can be seen at Figure S2, 
Supporting Information, the polycrystalline samples (obtained 
by grounded single crystals) are a single-phase material with 
the diffraction peaks in agreement with the profile obtained by 
single crystal XRD.

The surfaces of MAPbI3, CsxFA1–xPbI3, and PbI2 single crys-
tals were characterized by PES using different photon energies 
(415, 535, and 758 eV) after cleaving the crystals in vacuum. The 
valence band and Pb 5d, I 4d, Cs 4d, Pb 4f, C 1s, and N 1s core 
levels were measured. Results obtained using 535  eV photon 
energy are shown in Figure 1. The binding energies of the 
perovskites were calibrated against the Fermi level by placing 
Au 4f7/2 measured on an external reference at 84.0 eV. The PbI2 
single crystal showed some charging during measurement and 

therefore the binding energies of this crystal were calibrated 
against Pb 4f7/2 set to 138.54  eV. All intensities were normal-
ized to Pb 4f. Figure S3, Supporting Information, shows the 
N 1s and C 1s CsxFA1–xPbI3 core levels measured before and 
after the cleaving process. Before cleaving, perovskite N 1s 
and C 1s core levels were practically impossible to detect due 
to the high amount of adventitious carbon and extra nitrogen 
deposited in the surface region of the perovskite single crystal. 
After the cleaving, we are able to detect narrow and clear peaks 
corresponding to the perovskite core levels without any extra 
signals. Moreover, the O 1s core level was also recorded with 
758 eV to monitor any possible contamination (Figure S4, Sup-
porting Information). The intensity of O 1s core level signal 
was below the detection limits of the instrument during all the 
measurements. Therefore, we can confirm that, after cleaving, 
we obtained clean perovskite surfaces for the studies.

As can be seen in Figure 1, both position and shape of Pb 4f 
and Pb 5d core levels spectra are very similar for all three mate-
rials. The I 4d spectra confirms the similarities between the two 
perovskites and the expected difference with PbI2, where the 
intensity of I 4d core level is close to 2/3 of that obtained for the 
perovskites in accordance with their stoichiometry. C 1s and N 
1s core levels for the two perovskites samples show clear differ-
ences in position, which are expected from the chemical differ-
ences between the organic cations. C 1s has a similar intensity 
for both perovskites and the peak shape is clearly asymmetric 
for both perovskites. In addition to the expected difference 
in position, N 1s also shows a clear difference in intensities 
(CsxFA1–xPbI3 approximately double than MAPbI3), as expected 
due to the composition of the organic cations. Formamidinium 
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Figure 1. Photoelectron spectra of the Pb 4f, C 1s, N 1s, Pb 5d, I 4d, and Cs 4d core levels recorded from MAPbI3 (blue line), CsxFA1–xPbI3 (black line), 
and PbI2 (red line) single crystals cleaved under vacuum. All core levels were measured using the FlexPES beamline at MAX IV synchrotron with a 
photon energy of 535 eV. Binding energies of the perovskites were energy calibrated against Au 4f7/2 at 84.0 eV while binding energies of PbI2 were 
calibrated against Pb 4f7/2 at 138.54 eV. All intensities were normalized to Pb 4f.
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is an organic molecule with two nitrogen atoms, while meth-
ylammonium has only one nitrogen. In PbI2, no N 1s or C 1s 
signal was expected, nevertheless as can be seen in Figure  1, 
a small amount of adventitious carbon was detected around 
285 eV during the measurement, this was due to the difficulty 
of cleaving PbI2 single crystals. For CsxFA1–xPbI3, the observa-
tion of a Cs 4d signal confirms the presence of Cs in the single 
crystals.

More detailed core level analysis was obtained using Voigt 
functions (Figure S5, Supporting Information). The binding 
energy positions determined from these fits are presented in 
Table 1. As can be seen in Figure 1, Pb 5d, I 4d, and Pb 4f core 
levels signals are narrow and curve fitting confirmed the pres-
ence of only one spin-orbit doublet with a full width at half 
maximum (FWHM) below 0.8 eV for all fitted peaks.

The main Pb 4f7/2 contribution associated with Pb2+ is located 
at 138.54 eV for both perovskite materials. These positions are 
similar to those observed in studies on perovskite multicrystal-
line thin films.[29,46] For both perovskites, we only detect the 
Pb2+ and do not observe any contribution of metallic lead (Pb0), 
often seen at a binding energy of 137.0 eV.[28] However, on PbI2 
single crystal a new Pb 4f signal associated with Pb0 appears at 
137.1 eV, which might form in small amounts due to X-ray expo-
sure.[47] Analysis of the Pb 5d core level agrees with the analysis 
of the Pb 4f core level, with very similar binding energy posi-
tions for Pb 5d5/2 for MAPbI3, CsxFA1–xPbI3, and PbI2.

The three compounds show a single I 4d5/2 peak with 
binding energy at 49.41 eV for MAPbI3, at 49.36 eV for CsxFA1–

xPbI3, and at 49.45 eV for PbI2. These results indicate small dif-
ferences in the peak separation between I 4d and Pb 4f/Pb 5d 
for the three materials.

For both perovskites the N 1s core level is wider than the Pb 
and I core levels (FWHM ≈ 1 eV). Moreover, a small amount of 
asymmetry had to be included in the peak modeling to obtain 
a good fit for CsxFA1–xPbI3. Binding energy positions (Table 1) 
agree well with those reported in literature.[29,48]

The C 1s core levels are more complex. An accurate mod-
eling of the C 1s peak positions of the organic cations in hybrid 
lead perovskites are generally highly challenging due to the dif-
ficulty of obtaining clean surfaces. The comparison between the 
single crystal samples before and after cleaving (Figure S3, Sup-
porting Information) shed light on the origin of the C 1s peak 

that appears at lower binding energies (around 284.8  eV) for 
thin film samples and can usually be attributed to adventitious 
carbon deposited on samples from the preparation environ-
ment.[49–51] However, there have also been several suggestions 
by the scientific community attributing this signal to C from 
CH3NH2,[32,49,52] CH3I,[32,52,53] or remaining solvents arising 
from chemicals in the preparation.[54] Thanks to the cleaving 
process, we remove all the nonperovskite carbon from the 
surface of the sample (see Figure 1 and Figure S3, Supporting 
Information) in a UHV environment, and therefore we detect 
a clear perovskite C 1s core level. Our C 1s spectrum recorded 
from clean surfaces of single crystals shows that the dominant 
spectral contributions from the perovskite material are posi-
tioned at >286 eV.

Accordingly, the asymmetry observed in the C 1s can there-
fore be interpreted as a property of the investigated single 
crystal perovskite surface. To further examine the origin of the 
C 1s shape, core-levels at different photon energies were meas-
ured. The inelastic mean free path (IMFP), which describes 
how far an electron on average can travel through a solid before 
it scatters inelastically, increases with the kinetic energy of the 
emitted electrons and consequently for a single core level with 
the energy of the incoming photons.[55] The probing depth of 
the experiment, which is responsible for 95% of the signal 
intensity, is defined as 3 × IMFP. Therefore, by changing the 
photon energy we were able to change the surface sensitivity of 
the measurements. The IMFP for the different core electrons 
at the photon energies used in this study are given in Table S1, 
Supporting Information.

Before analyzing the effect of surface sensitivity on C 1s, we 
note that the shape of Pb 4f, Pb 5d, I 4d, and N 1s core levels 
are the same when comparing data using photon energies of 
535 and 758 eV (see Figure 1 and Figure S4, Supporting Infor-
mation). Moreover, the binding energies are similar with only 
minor differences in the absolute peak positions (less than 
0.05  eV). We therefore used the binding energy positions 
obtained from both photon energies to calculate the binding 
energy differences between the different core levels (presented 
in Table 2). These values can be taken as material constants, 
as they do not depend on the Fermi level position or on the 
method of binding energy calibration. They can therefore be 
used as reference values for future measurements of perovs-
kite-based devices.
Figure 2 shows the C 1s core level spectra for MAPbI3 and 

CsxFA1–xPbI3 at different photon energies. No clear changes 
with photon energy are observed for CsxFA1–xPbI3 except for 
a small shift in the peak position at 425  eV photon energy. 
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Table 1. Binding energies positions and standard deviations (SD) in eV, 
for the core levels of MAPbI3 and CsxFA1–xPbI3 perovskite and PbI2 single 
crystals measured at 535 eV and calibrated against Au 4f7/2 (against Pb 
4f7/2 for PbI2). The SD represents the uncertainty in the peak position.

Binding energy positions [hv = 535 eV]

N 1s [eV] C 1s [eV] Pb 4f7/2 [eV] I 4d5/2 [eV] Pb 5d5/2 [eV]

MAPbI3 402.51 286.41a) 138.54 49.41 19.67

SD 0.02 0.01 0.01 0.01 0.01

CsxFA1–xPbI3 400.89 288.54 138.54 49.36 19.66

SD 0.02 0.02 0.01 0.01 0.02

PbI2 138.54 49.45 19.68

SD 0.01 0.01 0.01

a)Value for the MA+ carbon at lower binding energy (CL).

Table 2. Binding energy differences (in eV) between different perovskite 
and PbI2 core levels determined from measurements with photon ener-
gies of 535 and 758 eV.

Energy difference to Pb 4f 7/2 Energy difference  
I 4d5/2–Pb 5d5/2N 1s C 1s I 4d 5/2 Pb 5d 5/2

MAPbI3 263.96 147.85a) −89.13 −118.87 29.74

CsxFA1–xPbI3 262.31 149.98 −89.18 −118.88 29.71

PbI2 – – −89.1 118.9 29.8

a)Value for the MA+ carbon at lower binding energy (CL).



www.advancedsciencenews.com www.small-journal.com

2106450 (5 of 12) © 2022 The Authors. Small published by Wiley-VCH GmbH

The FA+ C 1s peak could be fitted with a single asymmetric 
peak to obtain the binding energy position and energy differ-
ence to Pb 4f7/2 presented in Tables  1 and  2. The asymmetry 
in the FA+ C 1s peak is unaffected by photon energy and has 
also been observed in more bulk sensitive PES measurements 
using hard X-ray (photon energies greater than 2000 eV) with a 
probing depth of more than 11 nm,[29,56] suggesting that it has 
to be independent of the surface sensitivity. The origin of this 
asymmetry should be investigated in future studies, as we are 
instead focused on the detailed interpretation of the MA+ C 1s 
spectra here. The shape of the MA+ C 1s spectra clearly changes 
continuously as a function of the photon energy. The highest 
intensity is moved to lower binding energies, as we increase the 
photon energy, and we are able to distinguish a clear trend in 
the shape when going from lower photon energies to higher 
photon energies. The change in peak shape suggests that there 
are several states contributing to the MA+ carbon peak and that 
the intensity of these varies with photon energy. Additionally, a 
small amount of adventitious carbon is observed at ≈284.8 eV 
in particular for the measurement with the most extreme sur-
face sensitivity (415 eV).

Accordingly, the C 1s core level spectra of MAPbI3 were fitted 
with several peaks to account for the different types of carbon 
within the MA+ feature. A good fit was obtained at all photon 
energies when two peaks were used to fit the MA+ feature 
and one peak to account for the small amount of adventitious 
carbon observed on the samples, which appears with time after 
cleaving (Figure 3). In this fit, the peak separation between the 
two MA+ peaks was constrained to 0.75 eV at all photon energies 
and both peaks were fitted with the same FWHM. A clear trend 
is observed where the relative intensity of the high binding 
energy peak (CH) decreases as the photon energy increases and 
the intensity of the low binding energy peak (CL) increases. The 
intensity ratio of the two peaks (CH/CL) decreases from 1.11 at 
415 eV, to 0.66 at 535 eV and to 0.42 at 758 eV. This trend sug-
gests that the high binding energy MA+ peak originates from 
the surface while the low binding energy MA peak originates 
from deeper within the sample.

To further investigate the origin of the two types of carbon 
in MAPbI3, we performed classical MD simulations to probe 
the distribution of MA+ orientations and surface structures of 

the single crystals, as in earlier theroretical studies.[58] We car-
ried out DFT-based total energy calculations to estimate the 
relative core-level 1s binding energies, within the Z+1 approxi-
mation, of carbon and nitrogen located at the different layers 
of the perovskite surface slabs. Slab models of different sizes 
(large and small) were constructed from the crystal coordinates 
of the tetragonal phase (corresponding system sizes and further 
details are given in the computational details). Classical MD 
simulations were performed on both the large and small sur-
face slab models, with both showing closely similar structural 
results, and thus the smaller size was used for calculations of 
core level binding energies. Figure 4a shows a snapshot of the 
large surface structure model of the MAI-terminated MAPbI3 
(001) surface during the MD simulation and Figure  4b repre-
sents the distribution of the nitrogen atoms sampled over the 
simulation. Carbon and nitrogen distributions in other planes 
can be found in Figure S6, Supporting Information.

The MAI-terminated MD simulations clearly show that the 
MA+ molecules at the surface layer prefer a specific orientation 
thereby the nitrogen of the molecule points into the surface 
toward the iodide ions, indicating an interaction between them 
through NH···I hydrogen bonding and thus influencing the 
MA+ orientation.[57] There are four iodide ions in the plane sur-
rounding the MA+ molecule but, as can be seen in Figure S6, 
Supporting Information, the N atom of MA+ generally points 
in toward the iodide ions in the underlying PbI2 layer. Conse-
quently, focusing on surface C atoms, these results show that 
they point almost exclusively away from the surface. On the 
other hand, MA+ molecules in the layer below the surface pre-
sent more uniform orientations as it is shown in the lower half 
of Figure  4b and also in Figure S6, Supporting Information. 
Overall, our finite temperature classical MD simulations for the 
MAI-terminated surface show that distributions of MA+ mole-
cules at the surface and bulk are distinct with restricted (carbon 
facing outward) and free rotation of MA+, respectively. Thus, 
the spectral character associated with these types of atoms can 
be different. However, the PbI2-terminated surfaces instead 
show a more equal distribution of externally facing carbon and 
nitrogen in the outermost layer.[58]

To probe the above point and support the experimental data, 
we determine 1s core-level binding energy differences between 
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Figure 2. C 1s core level of MAPbI3 single crystal (left) and CsxFA1–xPbI3 single crystal (right) recorded at different photon energies and energy calibrated 
against Pb 4f7/2 at 138.54 eV.
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carbon and nitrogen atoms in MA+ molecules in the surface layer 
and the layer below using DFT-based calculations within the Z+1 
approximation, for the small ten-layer models of the MAI- and 
PbI2-terminated MAPI surfaces. Surfaces with either carbon or 

nitrogen facing out (external) from the surface were optimized 
using the MYP1 force-field, and further MAI-terminated surfaces 
were created by re-optimization after flipping the MA+ orienta-
tion in the first inner layer from the surface (S-1). This creates 
a total of four MAI-terminated surfaces (C-external, C-external 
with S-1 flipped, N-external, and N-external with S-1 flipped) 
and 2 PbI2-terminated surfaces (C-external and N-external). The 
optimized geometries for the carbon-external MAI-terminated 
system are shown in Figure S7, Supporting Information.

The results of the Z+1 calculations for these six systems and 
the difference in binding energy between the surface (S) and the 
S-1 atoms are given in Tables 3 and 4 for the MAI-terminated 
systems and Table 5 for the PbI2-terminated systems. Both the 
C- and N-external MAI-terminated results show a significant 
S → S-1 difference for carbon but not for nitrogen, which is in 
accordance with the experimental results. Conversely, the PbI2-
terminated surfaces do not show this difference, indicating that 
such a surface should not cause a binding energy difference in 
the C 1s core levels.

According to the results shown in Figure  4b, the MAI-ter-
minated MAPbI3 surface shows almost exclusively the carbon 
pointing outwards from the surface as opposed to the nitrogen, 
while the inner layers are more homogeneous in the MA+ ori-
entation. Therefore, those geometries which have the carbon 
atom outwards on the surface layer (Table  3) should be con-
sidered more likely than the others, and these results closely 
match the experimental observation of a >0.7 eV shift between 
two types of carbon as seen in Figure 3.

The theoretical modeling of the MAPbI3 surface presented 
here therefore suggests that carbon atoms in the MA+ mole-
cules in the surface layer of the MAI-terminated MAPbI3 crystal 
should appear at a higher binding energy than those in the 
layer below the surface. This large difference in binding energy 
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Figure 3. C 1s core level spectra of MAPbI3 recorded at different photon 
energies and curve fitted with three contributions: MA+ carbon at the 
surface (CH, blue), MA+ carbon more toward the bulk (CL, green), and 
adventitious carbon (yellow).

Figure 4. a) Snapshot of the YZ plane (a side view) of the surface structure during the MD simulation of the large model of the MAI-terminated MAPbI3 
structure. The purple sphere represents Pb, black is I, light blue is N, brown is C, and pink spheres represent H atoms. b) Spatial distribution of N 
atoms displayed against the inorganic framework in the YZ plane for the top two MAI layers along with Pb–I sublattice for MAI-terminated MAPbI3 
structure. Intensity of the color of the distribution refers to the average density.

Table 3. Comparison of Z+1 binding energy differences in MAI-termi-
nated MAPbI3 systems with C-external surfaces between the surface (S) 
and S-1 layers for carbon and nitrogen atoms. Positive values indicate a 
higher binding energy on the surface compared to S-1.

Surface MA+ 
orientation

C S → S-1 shift  
[eV]

N S → S-1 shift  
[eV]

C–N difference  
[eV]

C-external 0.85 −0.03 0.88

C-external flipped S-1 1.12 0.20 0.92
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is, however, not observed for the corresponding nitrogen atoms. 
Furthermore, this difference is also not observed for the PbI2-
terminated surfaces. These results are in agreement with the 
experimental findings, where a significant separation between 
surface and not-surface peaks is only observed for carbon but 
not nitrogen. We can therefore assign the high binding energy 
C 1s peak seen in Figure 3 to carbon in MA+ molecules at the 
MAI-terminated surface.

If we assume that all carbon atoms sitting in the MAI surface 
layer appear at the higher binding energy and all carbon atoms 
in MA+ molecules in other layers appear at the lower binding 
energy, we can use IMFP values to estimate the expected inten-
sity ratios between the two peaks and compare these to the 
experimental ones. IMFP values estimated by the TPP-2M 
method[59] (see Experimental Section for details) are given in 
Table 6. Using these values and a distance of 0.63 nm between 
MA+ molecules in different crystal layers,[60] we can estimate the 
relative intensities which carbon atoms in different layers of the 
single crystal should contribute to the photoelectron spectra. 
We then divide the intensity of the first layer (termed Csurf) by 
the sum of all other layers (termed as Cbulk) (Table 6). Given the 
distinction made between the carbon in surface MA+ and MA+ 
in other layers of the crystal, these ratios should correspond to 
the experimental Ch/Cl ratios for a surface with 100% MAI ter-
mination. As can be seen in Table  6, the calculated ratios are 
significantly higher than experimental ones. This suggests that 
not all of the surface is MAI-terminated. We therefore also cal-
culate the intensities for a PbI2-terminated surface, in which 
the first MA+ layer is found at half the distance of one layer 
below the surface. As we do not expect changes in binding 
energy for the different layers in a PbI2-terminated surface, we 
calculate all intensities from PbI2-terminated regions toward 
Cbulk according to the following equation:

C

C

C

C f C f( )( )
( ) ( )

( ) ( ) ( )
=

⋅
⋅ + ⋅ −

MAI f MAI

MAI MAI PbI 1 MAI
surf

bulk

surf

bulk 2
 (1)

where f is the fraction of the surface, which is MAI-termi-
nated. The best agreement of Csurf/Cbulk with the experimental 
Ch/Cl ratio is obtained at f = 0.72 (Table 6). This suggests that 
although the cleaved surface is mostly MAI-terminated, there 
could also be a significant fraction, which is PbI2-terminated or 
where MA molecules are missing from the surface.

Further insights into the surface composition can be gained 
through the quantitative analysis of the different core level 
intensities. This analysis is particularly meaningful, as we 
perform the studies on UHV-cleaved single crystals and we 
are able to obtain clean surfaces to analyze. The analysis was 
first performed assuming homogeneous materials and using 
tabulated cross sections. However, as described previously, the 
obtained atomic density is very weighted toward the surface due 
to the exponential decrease in the escape probability of the pho-
toelectrons. This will affect the values obtained for nonhomoge-
neous materials, where the most surface dominant species will 
show higher relative atomic percentages. Table S2, Supporting 
Information, summarizes the ratios for the perovskite and PbI2 
single crystals. Considering that PbI2 is a starting material for 
the synthesis of hybrid perovskites, it was used as a reference, 
obtaining a I 4d/Pb 5d ratio of 2.10 at 535 eV and 2.05 at 758 eV, 
which are very close to the theoretical ratio of 2.

The ratios of both perovskite materials were then normalized 
against the PbI2 ratio set to two and are presented in Table 7. 
Values obtained from analysis of the Pb 4f and Pb 5d core levels 
are relatively similar. Both perovskites show I/Pb ratios, which 
are somewhat higher than the ratio expected from stoichiom-
etry (3.0), in particular with the more surface sensitive photon 
energy (535  eV). With the higher photon energy, the meas-
urement is more bulk sensitive and the ratio is closer to the 
expected bulk value.

Quantification of carbon and nitrogen is more complicated, 
as we do not have a reference sample and at the low photon 
energies used here, there are significant differences in probing 
depth for Pb 4f, C 1s, and N 1s core levels. However, we can 
compare the values obtained for MAPbI3 and CsxFA1–xPbI3 (see 
Table S2, Supporting Information). We observe higher C/Pb 
ratios for MAPbI3 than for CsxFA1–xPbI3. This difference can 
partially be related to the replacement of some FA+ cations by 
Cs+. However, quantification of the Cs 4d core level suggests 
that the amount of Cs+ in the crystal is very low (4% relative to 
lead) but enough to stabilize the formamidinium lead iodide in 
its cubic phase (black color). Moreover, C 1s/N 1s ratios were 
also calculated and shown in Table  7. To be able to do a com-
parison between both perovskites, one has to remember that 
FA+ contains two nitrogen atoms while MA+ contains only 
one. That more of the carbon is observed relative to nitrogen 
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Table 4. Comparison of Z+1 binding energy differences in MAI-termi-
nated MAPbI3 systems with N-external surfaces between the surface (S) 
and S-1 layers for carbon and nitrogen atoms. Positive values indicate a 
higher binding energy on the surface layer compared to S-1.

Surface MA+ 
orientation

C S → S-1 shift  
[eV]

N S → S-1 shift  
[eV]

C–N difference  
[eV]

N-external 0.88 0.23 0.65

N-external flipped S-1 0.64 0.15 0.49

Table 5. Comparison of Z+1 binding energy differences in PbI2-termi-
nated MAPbI3 systems between the surface (S) and S-1 layers for carbon 
and nitrogen atoms. Positive values indicate a higher binding energy on 
the surface layer compared to S-1.

Outermost [S] MA+ 
orientation

C S → S-1 shift  
[eV]

N S → S-1 shift  
[eV]

C–N difference  
[eV]

C-external −0.28 0.01 −0.29

N-external −0.19 −0.33 0.14

Table 6. Inelastic mean free path of photoelectrons emitted from the C 
1s core level with different photon energies and experimental and theo-
retical intensity ratios between different types of carbon.

hν  
[eV]

IMFP C 1s  
[nm]

Ch/Cl  
[exp]

Csurf/Cbulk, 100% MAI 
termination

Csurf/Cbulk, 72% MAI 
termination

415 0.61 1.11 1.83 1.11

535 0.87 0.66 1.06 0.68

758 1.34 0.42 0.61 0.41
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than expected for stoichiometry is consistent with the higher 
probing depth for the C 1s core level compared to the N 1s for 
the same photon energy. For CsxFA1–xPbI3, the ratios are closer 
to those expected from stoichiometry. The ratios obtained for 
MAPbI3 are higher, suggesting that relatively more carbon of 
the cation is observed for MA+ than for FA+. This could be 
related to the preferred orientation of the MA+ molecules with 
the carbon pointing away from the surface demonstrated by the 
MD simulation. This preferred orientation could increase the 
intensity of the observed carbon relative to nitrogen.

In addition to the core level results discussed above, the 
valence band region of both perovskites was measured using 
different photon energies. Figure 5 shows a comparison 
between the valence band region of both perovskites at 758 and 
130 eV. All spectra were calibrated and normalized against Pb 
5d at 19.67 eV for MAPbI3 and 19.66 eV for CsxFA1–xPbI3. At the 
higher photon energy (758 eV, Figure 5 right), the valence band 
region of both perovskites is very similar. At photon energy 
above 500  eV, the valence band region is dominated by the 
inorganic framework of the perovskite due the relatively higher 
photoionization cross sections of the orbitals of the iodide and 
lead than those of nitrogen and carbon.[61] Therefore, in the 
measured spectra, we observe the Pb 5d core level and the main 
valence band feature which mostly involves inorganic states.

At lower photon energies (Figure 5 left and Figure 6), addi-
tional features are observed at binding energies between 4 and 
18  eV, which vary between the two different perovskites. To 
rationalize these differences and assign spectral features, we 
compare the experimental spectra recorded at different photon 

energies to calculated densities of states (Figure 6). This com-
parison can be used to understand the origin of the splitting 
of the main valence feature at about 5.5  eV for lower photon 
energies, as the photoionization cross section of N is signifi-
cantly larger in this case. The main valence band feature in 
both MAPbI3 and CsxFA1–xPbI3, primarily consists of anti-
bonding I 5p-states and Pb 6s-states, results in accordance with 
previous studies of these systems.[61,62] The feature observed at 
≈5.5 eV with low photon energies for the case of CsxFA1–xPbI3 
perovskite can be assigned to a considerable contribution from 
N 2p. The calculated position of this N 2p peak, seen in blue 
at 4.5 eV in Figure 6 right, is slightly lower in binding energy 
compared to the experiments. This can however be attributed 
to approximations within our theoretical models. This contribu-
tion is missing in the MAPbI3 PDOS and the corresponding 
splitting with lower photon energies is not seen experimentally 
(Figure  5 left). Instead, a feature is observed at ≈11  eV both 
experimentally and in theoretical models (Figure 6, left), which 
can be assigned to N 2p in MAPbI3. The effect of Cs+ at the dis-
played binding energies is minimal with only a small intensity 
contribution at 10  eV suggesting that Cs only has a marginal 
effect on the valence electronic structure.

3. Conclusion

We were successfully able to synthesize black MAPbI3 and 
CsxFA1–xPbI3 perovskite single crystals and prepare clean sur-
faces by cleaving them under vacuum conditions. The surfaces 
were characterized using high-resolution soft X-ray PES with 
synchrotron radiation and the results were compared to orien-
tational distributions obtained from classical MD simulations 
and to DFT calculations of surface shifts in the N 1s and C 1s 
core level biding energies and of the valence band.

The core level positions, binding energy differences, and 
valence band spectra presented for the clean surfaces of 
MAPbI3 and CsxFA1–xPbI3 provide useful materials references 
for the large number of studies, which use PES as a tool for 
the characterization of perovskites. Quantification of the core 
level intensities was carried out at 535 and 758  eV and sug-
gests a slightly iodide-rich surface for both types of perovskites 
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Table 7. Ratios of I 4d/Pb 4f and I 4d/Pb 5d core levels of MAPbI3 and 
CsxFA1–xPbI3 single crystals normalized against PbI2 single crystal and C 
1s/N 1s not normalized.

Normalized against PbI2 Not normalized

Compound hv [eV] I 4d/Pb 4f I 4d/Pb 5d C 1s/N 1s

MAPbI3

535 3.40 3.54 1.26

758 3.15 3.32 1.34

CsxFA1–xPbI3

535 3.39 3.47 0.54

758 3.22 3.17 0.58

Figure 5. Valence band region of MAPbI3 (blue line) and CsxFA1–xPbI3 (red line) perovskites at 130 eV (left) and 758 eV (right). All the spectra were 
energy-calibrated Pb 5d (19.67 eV for MAPbI3 and 19.66 eV for CsxFA1–xPbI3) and intensity normalized against the fitted Pb 5d area.
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in agreement with a surface which is mostly terminated by the 
iodide salts of the organic cations.

Due to the success in preparing clean single crystal surfaces, 
it was possible to investigate in detail the C 1s core level and 
we found that the shape of the MAPbI3 C 1s spectra clearly 
changed as a function of the photon energy. Experimentally, 
we were able to distinguish two peaks with the higher binding 
peak becoming relatively more intense when using lower 
photon energies, that is, at higher surface sensitivity. Through 
DFT-based binding energy calculations within Z+1 approxima-
tion, we were able to assign the higher binding energy peak to 
MA+ molecules in an MAI-terminated surface, while the lower 
binding energy peak can be assigned to all other MA+ mole-
cules. Using the assignment of carbon peaks, we modeled the 
relative intensities of the two C 1s peaks at the different photon 
energies using the IMFP and surface models with MAI and 
PbI2 termination. This modeling suggests that the surface is 
mostly MAI-terminated, but there could also be a significant 
fraction, which is PbI2-terminated. Such effect in the MA+ ion 
is not observed for the N 1s core-levels.

For CsxFA1–xPbI3, we observe a significant asymmetry in 
the FA+ C 1s signal, which is unaffected by photon energy and 
has also been observed in measurements with photon ener-
gies above 2000  eV,[29,56] suggesting that it is independent of 
the surface but rather inherent to the organic cation. Further 
investigations are needed to understand the origin of this 
asymmetry.

In agreement with previous investigations on thin film 
perovskites, it was found that mostly the contributions of the 
inorganic framework to the valence band of the perovskite are 
probed with high photon energies. However, at lower photon 
energies we were able to observe clear differences in the 
extended valence band structure due to the organic cations. 
Valence band calculations give an explanation for the valence 
band splitting around 5.5 eV in FA-based perovskites.

Our findings not only provide reliable references for core 
level and valence band spectra as well as core-to-core level 
energy differences for commonly used perovskites, but also 
pave the way for extending the knowledge of perovskite sur-
faces, which is very important for understanding reaction 

mechanism on interfaces and therefore, create more stable, and 
efficient perovskite-based operational devices.

4. Experimental Section
Synthesis of MAPbI3 Single Crystals: MAPbI3 (CH3NH3PbI3) single 

crystals with a diameter of about 1  cm were obtained by inverse 
temperature crystallization. A 1 m solution of MAI (CH3NH3I) (Sigma-
Aldrich) and PbI2 (TCI) was prepared in γ-butirolactone (GBL) stirring 
at room temperature. After the precursors were completely dissolved, 
1.5  mL  of the final solution was filtered through a 0.45  µm PTFE filter 
and transferred to a 3  mL  open glass vial. Subsequently the vial was 
heated up to 100 °C. After 1 h, selected seed crystals were collected and 
carefully placed in several new glass vials containing filtered solution 
and heated up to 100 °C (only one crystal in each new vial). The selected 
crystal grew in size. The process was repeated as many times as it was 
necessary until the desire size was obtained.

Synthesis of CsxFA1–xPbI3 Single Crystals: CsxFA1–xPbI3 (Csx(CH2(NH2)2)1–

xPbI3) single crystals with a diameter of about 0.5 cm were obtained by 
inverse temperature crystallization. A 1  m solution of formamidinium 
iodide (CH2(NH2)2) (Sigma-Aldrich) and lead Iodide (PbI2) (TCI) was 
prepared in γ-butirolactone (GBL) stirring at room temperature. After 
the precursors were completely dissolved, 0.1 m of CsI was added 
to the solution and it was stirred at room temperature until a yellow 
transparent solution was obtained. After that, 1.5 mL of the final solution 
was filtered through a 0.45  µm PTFE filter and transferred to a 3  mL 
open glass vial. Subsequently the vial was heated up to 100 °C. After 1 h, 
selected seed crystals were collected and carefully placed in several new 
glass vials containing filtered solution and heated up to 100 °C (only one 
crystal in each new vial). The selected crystal grew in size. The process 
was repeated as many times as it was necessary until the desired size 
was obtained.

Synthesis of PbI2 Single Crystals: PbI2 single crystals with a diameter of 
around 0.1 cm were synthesized following a cosolvent method previously 
described by Liu and coworkers,[45] where 2.35  g of benzylamine 
hydroiodide (in-house synthesized, description below) was used as 
cosolvent in a solution of 4.61  g of PbI2 (TCI) in 10  mL  of GBL. The 
solution was heated and stirred during 1h at 7 °C. After that, the solution 
was filtered through a 0.45 µm PTFE filter and transferred into a 20 mL 
PTFE-ined hydrothermal synthesis autoclave reactor and maintained at 
180 °C during 7 days for crystallization. After 7 days, PbI2 single crystals 
were obtained.

Benzylamine Hydroiodide Synthesis: The benzylamine (C6H5CH2NH2) 
solution (Sigma Aldrich) in a slight excess was reacted with hydriodic 

Small 2022, 18, 2106450

Figure 6. Comparison between the experimental data (top lines) and the PDOS data (bottom) of the valence band region of MAPbI3 (left) and 
CsxFA1–xPbI3 (right) perovskites measured at different photon energies: 80 eV (blue line), 130 eV (black line), and 758 eV (red line). Experimental data 
was calibrated and normalized against Pb 5d at 19.67 eV for MAPbI3 and 19.66 eV for CsxFA1–xPbI3.
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acid (Sigma Aldrich) in an ice bath and under vigorous stirring. The 
crystallization of benzylamine hydroiodide was achieved using a rotary 
evaporator. The obtained microcrystals were washed with absolute 
diethyl ether several times and finally dried in a vacuum line overnight.

Photoelectron Spectroscopy Measurements and Analysis: The samples 
were measured at FlexPES beamline at MAX IV facility placed in Lund, 
Sweden. The X-rays were generated by a linear polarized undulator with 
a period length of 54.4 mm and monochromated using a plane grating 
monochromator (modified Zeiss SX700). A defocused beam was used 
to reduce beam damage and the X-ray intensity was controlled by 
adjusting the exit slit to 20 µm for 758 eV and to 10 µm for all the other 
used photon energies (80, 130, 415, and 535  eV). Photoelectrons were 
detected by a Scienta SES-2002 spectrometer in normal emission from 
the samples. The step size of the measurements was 0.1 eV and the pass 
energy was 50 eV for the valence band characterization at 80, 130, and 
100 eV for the rest of the core levels characterization.

Single crystals were mounted on sample plates using EPO-TEK H20E 
two component epoxy and heated up to 100  °C during 1  h until the 
epoxy was cured. This process was done in air at ambient conditions. 
Subsequently, the sample plates were introduced in a vacuum chamber 
and cleaved under a pressure of around 10−8 mbar and immediately 
transferred to the main analysis chamber, where measurements were 
carried out at 10−10 mbar.

The photoelectron spectra of the core levels were fitted using a 
pseudo-Voigt function[63] with a linear or Herrera-Gomez[64] background 
as needed. The Lorentzian contributions for the investigated core levels 
were small (<0.3 eV) and were kept fixed at the same width for the fitting 
of one core level. To estimate the ratios between elements, the area of 
the photoelectron peaks was normalized to the photoionization cross 
section.[65] For fitting the C 1s and N 1s signal of FA+, an asymmetrical 
peak shape was used.[66] The standard deviation of the peak positions 
were estimated from repeat measurements.

IMFPs for electrons emitted from the C 1s core levels of MAPbI3 
were estimated using the TPP-2M equation.[59] A bandgap of 1.55 eV,[67] 
a molecular weight of MAPbI3 of 620  g  mol−1, a number of valence 
electrons of 40,[68] and a density of 4.16  g  cm−3 was used in the 
calculations.[69]

Computational Details: The CP2K code[70] was employed to perform 
the classical MD simulations and the calculations of the core level 
binding energy shifts and the valence band density of state within 
density function theory. The structural models were designed based on 
experimental structure of MAPbI3 and FAPbI3.[60,69]

Molecular Dynamics Simulations: MD simulations were carried out 
in order to study the MAPbI3 surfaces. The (001) plane was used to 
generate the structures for both MAI and PbI2 terminations.[24] A 48 
atom unit cell of MAPbI3 in the tetragonal phase was used to construct 
the larger surface structure supercell.[60] In a large slab model, the unit 
cell was multiplied four times in the x and y directions and appropriately 
in the z direction to get 20 units of MAI layers in the supercell for 
sufficiently thick slabs, with a total of 640 MA molecules in the super cell. 
The dimensions of the supercell were 3.6 nm in the x and y directions 
and 15.1 nm in the z direction. The surfaces had a thickness of around 
12.6 nm, and the remaining 2.5 nm was a vacuum region used to avoid 
interaction between the periodic surface images in the z direction. Both 
the MAI- and PbI2-terminated layers were symmetric around the middle 
PbI2 layer and the termination was kept the same for both the bottom 
and top layers. In all the simulations the periodic boundary conditions 
were taken into account. Simulations were also performed on a small 
model multiplied two times in the x and y directions and with ten units 
of MAI layers in the slab, which gave the same results on orientation of 
MA molecules and was used in DFT Z+1 calculations.

The MYP1 model[71] was used to describe the interactions between 
the atoms and the organic and inorganic framework. This classical 
force-field had been previously used for the simulation of MAPbI3 bulk 
and as well as surfaces with different terminations. The simulations 
were carried out for 100  ps in the NVT ensemble using a timestep of 
0.5 fs. Temperature was maintained at 300 K using a four-chain Nosé-
Hoover thermostat.[72–74] A cutoff of 12 Å was used for the nonbonded 

parameters in the MYP1 force-field. The structures were visualized using 
the VESTA software.[75]

Core Level Binding Energy and Valence Band Calculations: MAI- and 
PbI2-terminated MAPI surfaces were created from the small model 
used in the MD simulations with ten layers of MA+ molecules.[60] First, 
perfect crystalline structures were formed with either the MA+ carbon 
or nitrogen oriented from the central layer of PbI2 out external from 
the surface. These surfaces were then cell optimized using the MYP1 
force-field, with the constraints that the vertical cell parameter was 
fixed to leave ≈25 Å vacuum between periodic surface images and the 
central PbI2 layer was fixed in their Z coordinates, shown in Figure S7a, 
Supporting Information, for the carbon-external MAI-terminated system. 
For the MAI-terminated systems, the cell-optimized structures had 
the MA+ ions of the first layer in from the surface (S-1) flipped by 180° 
and the cell re-optimized to investigate the effect of orientation on the 
results, shown in Figure S7b, Supporting Information.

The N 1s and C 1s core level binding energy shifts of different atomic 
sites in the structures were calculated within the Z+1 approximation by 
replacing an individual carbon/nitrogen atom with a nitrogen/oxygen 
atom in separate calculations and comparing the total energy difference 
for different atomic size to estimate the core level binding energy 
shift. The Z+1 approximation was used here as opposed to explicit 
depopulation of the core level because it was faster and gave similar 
results for the relative differences that were of interest in this study. Due 
to the symmetry of the geometries, only one MA+ molecule in each layer 
needed to be calculated. Calculations were performed under the GAPW 
formalism[76] with the PBE exchange-correlation functional,[77] Grimme’s 
D3 pairwise dispersion correction,[78,79] and a multigrid with five grids 
and a cutoff of 600 Rydberg. Each atom was calculated using Goedecker–
Teter–Hutter (GTH) pseudopotentials and the corresponding basis sets: 
TZVP-MOLOPT-GTH for the MA+ atoms and TZVP-MOLOPT-SR GTH 
for Pb and I atoms.[80–82]

The valence band calculations and the corresponding optimized 
geometries of both MAPbI3 and CsxFA1–xPbI3 were also calculated at the 
same level of theory as the Z+1 calculations but using the conventional 
GPW method[83] instead of the GAPW formalism.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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