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Abstract Organohalide perovskites have emerged as a class of materials with a
unique combination of optoelectronic properties, suitable for a plethora of appli-
cations ranging from solar cells to photoelectrochemical tandem cells, to lasing and
lighting. Theoretical and computational modeling can deliver an hitherto inacces-
sible atomistic view of the crucial material properties and heterointerfaces ruling the
operational mechanisms in all these devices. Here we present a unified view of
recent activity in the computational modeling of interfaces relevant to perovskites
solar cells. The performance of the proposed simulation toolbox along with the
fundamental modeling strategies are illustrated using selected examples of relevant
materials and representative interfaces. In particular, we discuss interfaces between
the prototype methylammonium lead iodide perovskite with TiO, and ZnO semi-
conductors (acting as electron selective contacts in solar cells), exploring different
surface terminations and doping by chloride ions. Also the effect of defects at the
interface with TiO, is analyzed and their impact on solar cell performance is
discussed. Finally, the heterogeneous interface between methylammonium lead
iodide and water is analyzed, revealing dynamical hints on the perovskite degra-
dation by water.

1 Introduction

Organohalide perovskites recently revolutionized the field of photovoltaics [1], and
has been discovered that these materials are able to exhibit remarkable perfor-
mances in terms of photocurrent generation. After lead—halide compounds were
first suggested for photovoltaic applications in the 1980s [2, 3], one had to wait
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2009 for Kojima et al. to report first actual use of perovskites for photovoltaics [4].
This first report has considerably gained interest and hence paved the way to a large
number of contributions in the field, strongly motivated by the increasing perfor-
mance of the light-conversion devices built from perovskites.

TiO, surface pretreatment prior to perovskites adsorption has further lead to a
power conversion efficiency improvement from the firstly reported [4] 3.8 to 6.5 %
[5], before the exploitation of spiro-MeOTAD hole transporting material
(HTM) could lead to an increased performance (9.7 and 10.2 % PCE) and stability
of the device [6, 7].

Design and material morphology monitoring advances then allowed for a sig-
nificant improvement relatively to the PCE, with remarkable results coming up to
12, 15 and 15.4 % of PCE, respectively, performed by Seok and coworkers [8],
Gritzel and coworkers [9], and Snaith and coworkers [10], which succeeded to
obtain a planar heterojunction topography which, from a technological point of
view, aroused considerable interest in particular in terms of reproducibility and
stability of the built devices.

Up to now [11], the highest certified PCE and NREL efficiencies are now of 19.3
and 20.1 %, which places the perovskite solar cells technology as highly competitive
in the field of photovoltaics when compared to known thin-film technologies [12].

Further technical improvement also allowed to investigate the more basic fea-
tures of perovskite materials, such as optical and transport properties of methy-
lammonium (MA) lead-halide perovskites [7]. Crystalline order markers could
even be identified according to vibrational spectroscopy experiments [13, 14], and
the importance of MA cation configuration space evolution in MAPbI; perovskites
has also been highlighted by these means [15].

The diffusion length of photogenerated entities in MAPbI; at a micrometer scale
has been revealed by photoluminescence and time-resolved UV-Vis absorption
spectroscopy. These studies have actually evidenced low photogenerated species
recombination rates in such materials, [16] which constitutes a highly desired
feature for charge-separation-based photovoltaics. Similar systems, doped with
chlorine [17] (MAPbI;_Cl,) were also investigated with similar protocols. For
these particular doped systems, it was showed that the charged entities generated by
light-absorption are mostly free electrons and holes [18]. Hole (electron) trans-
porting interfaces were also evidenced to show a singular ambipolar behavior of the
photoactive perovskite material in solar devices [19, 20].

2 Tin and Lead Perovskites for Establishing a Reliable
Computational Protocol

Structural properties of lead—halide perovskites are known to be reliably predicted
by computational protocols involving the Generalized Gradient Approximation
(GGA) of Density Functional Theory (DFT) [21-23, 36]. While the relevance of
these DFT protocols is established for simulating geometrical structures, it is also
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known that such level of theory is unable to provide transferable appropriate
bandgap data, the latter quantity being most often underestimated by GGA-DFT. In
particular, the previous statement holds for semiconductors and for ABOj; per-
ovskites. Some examples evidenced this underestimation, for instance ZnO, which
bandgap is underestimated by about 2.5 eV when using GGA-DFT. A comparison
has also been addressed between GLLB-SC and PBE functional for computing the
bandgap of ABO; perovskites. In that case, PBE (a standard GGA
exchange-correlation functional in DFT) has been shown to deviate from experi-
mental data by ca. 0.5 eV.

Improvements in bandgap calculations by computational methods have been
brought to the field, as for instance the use of hybrid xc-functionals (like B3LYP or
HSEOQ6 for example). Post-DFT methods were also used to increase the accuracy of
theoretical bandgap predictions. Among these methods, we find the self-energy
corrected GW approximation [24-28]. Note that hybrid functionals and GW
methods have already been combined into a more elaborated computational pro-
tocol, which use for a perovskites bandgap benchmark lead to deviations remaining
within a 0.2 eV [28].

On the other hand, lead perovskites bandgaps computed with GGA-DFT were
shown to be in a good agreement with experiments, with for instance CH;NH;Pbl;
and PbTiO; bandgaps of [29, 30] ca. 1.30-1.60 and 1.68 eV computed theoreti-
cally, to be compared with the experimental values of [4, 7] 1.55 eV and [21]
1.70 eV, respectively. Unfortunately, the GGA-DFT protocol performance has
been showed not to be transferable to tin-halide perovskites, for which the com-
puted bandgaps were underestimating the experimental values [22, 31]. This is also
true for BaSnOj3 and SrSnOj3 and, more generally, for structures of the type ASnXs.
However, in both cases, the relative bandgap difference is in agreement with
experiments.

The low deviation between experimental and theoreticallead-based perovskites
bandgaps has further [29, 32] been attributed to the lack of a proper treatment of
electron correlation and relativistic phenomena (particularly important inPb atoms)
in the calculations by GGA-DFT. These relativistic effects can be included in the
calculation through the use of scalar-relativistic schemes or by evaluating the
spin-orbit coupling (SOC). Therefore, it was suggested that the agreement observed
between theory and experiments for this class of perovskites could be attributed to a
fortuitous cancelation of errors taking place between electron correlation and SOC
effects [32]. This was further confirmed by calculations involving large SOC
magnitude [33].

At different temperatures, methylammonium lead and tin iodide perovskites have
a tetragonal structure [34] with typical bandgaps at, respectively, 1.2 and 1.6 eV
[34, 35], but while some tin iodide perovskites were shown experimentally to be
able to perform hole transport [34, 36], methylammonium lead iodide and its
chlorine-doped relative were shown to efficiently transport both holes and electrons
[7, 37]. From these results, it appears that one of the key theoretical targets for the
understanding of perovskites electronic structure is the elaboration of a reliable
theoretical protocol able to retrieve optical and electronic properties of these
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remarkable materials. Currently, SOC-GW calculations [38, 39] have been made
affordable and are now able to correctly predict the optical, electronic and transport
properties of methylammonium lead and tin iodide perovskites. These achieve-
ments actually pave the way to a reliable design of new perovskite structures for
highly performant materials with outstanding conversion efficiencies [39].

3 Importance of the Interfacial Chlorine in TiO,/
Organohalide Perovskites Junction

Methylammonium lead iodide perovskites doped with chlorine, with a
meso-superstructured and planar heterojunctions were shown to exhibit variable
optical properties [18] and superior performances with respect to MAPbI; materials
[10, 17, 40]. In a first stage, this performance improvement was attributed to carrier
mobility, while it has been later attributed to lower reduced carrier recombination in
chlorine-doped methylammonium lead iodide with respect to MAPbDI; itself.
Overall, the influence of chlorine in this performance enhancement remained
uncertain. The structure of the material itself also remained unclear, though theo-
retical and experimental (X-ray diffraction) results pointed the possibility of a
reduced chlorine inclusion into MAPbI; (one to four percents only) and low cell
volume concentration (0.7 %) in MAPbI;_,Cl, [41], which confirms the thermo-
dynamically predicted low probability of solid MAPbI;/MAPbCI; solutions for-
mation [32, 42]. Mechanistic hypotheses were also introduced relatively to the
perovskite growth assisted by chlorine in the doped MA lead iodide perovskite,
while EDX (for Energy Dispersive X-ray analysis) measurments were unable to
detect chlorine in the MAPbI; structure [43]. It was also reported that doping
MAPDBr; with chlorine also enhances the photovoltaic performances without
chlorine being detected by EDX, while still being present in the material according
to XPS (X-ray photoelectron spectroscopy) analyses; it was therefore concluded that
the chlorine species should be present at the vicinity or onto the perovskite/titanium
oxide interface [44].

Though the chlorine-containing MAPbI;_,Cl, perovskites were shown to have
an oriented growth along the [110] direction (see Fig. 1), [8-10, 30, 40, 41, 43, 45—
48] the MAPbI; perovskite on the other hand was globally exhibiting nonoriented
structures, independently of the number of synthesis steps (one or two) [8, 9, 30, 43,
46-49]. Tentative explanations were involving the variable solvent (GBL or
DMF/DMSO). The presence of a lead—chlorine precursor was also suspected as a
possible reason for this growth variability. As multiple contributions [26, 50] have
already highlighted the importance of perovskite morphology when relating it to
charge-separation efficiency, cell stability [51, 52] and photovoltaic performances,
one is now talking in terms of a so-called “chlorine effect”.

Theoretical electronic structure calculations were performed in order to assess
the impact of the presence of chlorine on a prototypical TiO,/perovskite junction.
Those calculations have been performed on interfaces representative of mesoporous
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Fig. 1 Schematic representation of the methylammonium lead iodide perovskite X-ray structure
projected along the ¢ axis (left) and the ab plane (right)

and flat titanium oxide structure. The models were extracted from an optimized MA
lead iodide structure, [32] obtained according to experimental X-ray data [29]. No
symmetry constraint was used during these simulations, but the absence of inver-
sion symmetry along the ¢ axis was reproduced according to the 14 cm space group
proposed previously for describing this system [30]. The lattice parameters of the
tetragonal phase [53] were used for deriving the pseudo-cubic (001) and the
tetragonal (110) surfaces. This means that since the tetragonal phase is represen-
tative of the actual structure of MAPbI; at room temperature, the simulations are
aiming at reproducing reallistically this structure for the (110) surface. On the other
hand (001) surface was also chosen for better reproducing the titanium oxide lattice.
It should be noted that, however, these two surfaces share similar topology. Indeed,
the (001) tetragonal phase surface matches with one out of the three (equivalent)
cubic phase surfaces. As it has been established that SOC can be crucial to a proper
theoretical treatment of Pb-perovskites electronic structure [33, 39, 54], and though
scalar-relativistic (SR) schemes are correctly reproducing those properties [32, 39],
spin-orbit coupling has been included into the simulation protocol protocol, while
the GW approximation was not applied due to the system size, reducing the impact
that GW could have on the calculations accurary.

According to a previous report related to the titanium oxide/perovskite
heterointerface, the perovskite slabs have a 60:45:150 MA:Pb:I stoichiometry for
a 3x5x3 scaffold as a starting model [55, 56]. This starting model has further been
modified in order to include chlorine doping agent: fifteen I atoms were replaced by
Cl ones at the interface, according to previous statements related to the hypothetical
location of those chlorine atoms at the TiO,/perovskite surface [41, 44]. The titanium
oxide supercell for its part was simulated with the experimental cell parameters
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(110)-MAPbBI, (110)-MAPbI, ,CI,

[001]

Fig. 2 Optimized structures of doped (MAPbI;_,Cl,—right) and undoped (MAPbI;—Ieft) (001)
—bottom—and (110)—top—surface slabs

(a=18.92 A and b = 30.72 A). An empty 10 A space was also inserted along the
nonperiodic direction, normal to the surface. The structure of the (110) and
(001) slabs surfaces of doped and undoped perovskites are displayed in Fig. 2.
The outcome of these investigations can be summarized as follows: The bandgap
for the optimized (110) methylammonium lead iodide slab calculated with
(SOC-DFT) and without (SR-DFT) including spin-orbit coupling are, respectively,
of 1.32 and 1.96 eV, and from a structural point of view only +0.36 (a) and
+1.92 % (b) deviations along the titanium oxide directions for the (110) surfaces
were obtained, while for the pseudo-cubic surfaces (001) those values are of +0.75
and —1.85 %. It was also deduced that a —6.40 and —13.52 % structural deviation is
obtained from calculations for the tetragonal (001) surface with the same titanium
oxide slab. The use of experimental MAPbI; (110) surface’s cell parameters on
another hand induced a 0.4 eV total energy decrease (corresponding to a 1.87 eV
bandgap). This has lead to the conclusion that a minimal structural strain in the
simulation is responsible for the variations between the two simulated structures.
Moving from extended to finite system has also expectedly [31] introduced an
upper bandgap shift for the bulk tetragonal MAPbI; phase. It was further showed
that when the size extension of the perovskite slab is doubled along the nonperiodic
[110] direction, a 1.55 eV bandgap value is found with SR-DFT for the
(110) surface, which can be compared to the one obtained for the bulk with
identical protocol. Scalar-relativistic and SOC-DFT delivered larger bandgap values
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(2.37 and 1.50 eV, respectively) for the methylammonium lead iodide (001) sur-
face. As a consequence to the fact that chlorine doping agents only introduce
occupied levels below the VB (Valence Band) edge, [32] substituting iodine with
chlorine did not actually have an impact on the bandgap.

Both undoped and chlorine-doped MAPbI; have a higher stability with
(110) surfaces. Actually, titanium oxide increases the stability of such surface
according to a favorable relative configuration between undercoordinated Ti atoms
and the halide atoms on perovskite surfaces. The observed time stability enhancement
of doped cells was then partly assigned to the increased binding energy between
perovskite and titanium oxide, due to the presence of these interfacial atoms.
Moreover, it was showed that titanium oxide-doped perovskite interfacial interactions
have an impact on the electronic structure of titanium oxide. In particular, increased
coupling between Pb p and Ti d conduction band states were evidenced theoretically.
The titanium oxide conduction band was also showed to be slightly upshifted. More
importantly, it has been reported that interfacial chlorine produces a conduction band
edge asymmetry in chlorine-doped MAPDbI; with respect to its undoped relative. This
actually leads to an enhanced charge-transfer between the MAPbI;_,Cl, structure and
titanium oxide, which can explain the importance of the light-absorption generated
electrons flow in direction of the titanium oxide surface.

4 Pbl,-Modified TiO,/MAPbI; Heterointerface Electronic
Coupling

As underlined in various contributions, a proper understanding of structural and
electronic features of the perovskite/titanium oxide junction properties is of seminal
importance for optimizing functional devices [55, 57, 58]. Unfortunately the
characterization of this mesoporous interface by experimental techniques still
remains quite challenging, even if levels alignement were already studied by means
of XPS/UPS and EBIC [20, 59-61]. Unfortunately, though the current energetic
features of these materials at the interface are quite favorable for photocurrent
generation, the charge-separation at the heterojunction is still not optimal [62, 63]
which results in some undesired charge accumulation phenomenon.

Some investigations are reporting how titanium oxide-containing MAPbI; per-
ovskite cell stability, efficiency and hysteresis could be improved by using
non-stoichiometric ratio for the MAI:Pbl, precursor. Ten to twenty percentage of
Pbl, excess were reported [6, 64] to bring a desired effect for photovoltaic appli-
cations with respect to the one-to-one ratio. A recent combined experimental/
theoretical study [65] has reported on the effect of Pbl, on the heterojunction
electronic properties, assuming that the Pbl, excess remains in the vicinity of the
interface, and showing that the presence of this excess favorably modifies the
energy levels alignment and the interfacial electronic coupling, which can ease the
interfacial electron transfer and might help to prevent a fast quenching, unlike for
the 1:1 precursor. Micro-Raman measurements have suggested that the Pbl, in
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excess can also impact the crystallization dynamics. These data together with SEM
imagery have confirmed that the excess of Pbl, is homogeneously distributed
possibly at the titanium oxide/perovskite interface.

Tetragonal (110) MAPDI; surface was then simulated by means of SOC-DFT
electronic structure method, based on a scalar-relativistically optimized structure,
under two forms: MAI- and Pbl,-terminated MAPbDI;, the latter representing the
Pbl,-rich growth conditions. These structures were further placed in contact with a
120 titanium oxide anatase 5 X 3 X 2 slab, with a mostly exposed (101) surface
(see Fig. 3). The supercells structures were built by using TiO, cell parameters, for
a lattice deviation not exceeding two percents. Again, it was showed that the
methylammonium—iodine termination of perovskites is responsible for interfacial
interactions, implying iodine into a binding mode with undercoordinated surficial
titanium atoms. For the lead—iodine-terminated perovskite on the other hand, the
junction interactions were shown to occur through the formation of lead—oxygen
and iodine—titanium interactions, as reported in Fig. 3.

Each scaffold was shown to be possibly existing, as only a slight (less than
0.1 eV) binding energy difference was deduced from the calculations. As far as the
electronic properties of the two interfaces are concerned, though one is aware that
the theoretical protocol cannot retrieve the adequate level alignment, still a proper
relative effect arising from the various surface terminations is expected to be reli-
ably treated during the simulations. The MAI-terminated MAPbI; conduction band

. P .)--. :.. h%
ISPSO G S =2

F3 SN AN N N Pbl,-terminated

Fig. 3 (110) Titanium oxide/perovskite interface (optimized structures) for
methylammonium-iodine-terminated (top) and Pbl,-terminated (botfom) agencements. Light and
dark blue colors are pointing the lead and nitrogen, while purple, green and white are,
respectively, pointing iodine, carbon and hydrogen



First-Principles Modeling of Organohalide ... 27

edge was calculated to be at around 0.8 eV, with a deviation of 0.4 eV with respect
to the experimental value [59]. One could notice from the theoretical results that
while the VB and CB are slightly down-shifted when going from the
methylammonium-iodine to the lead—iodine-terminated interface. Unlike the for-
mer, for which a sharp CB edge has been obtained, the latter actually exhibits a tail
of perovskite states remaining at approximately one electronvolt below the main
CB window. From these results one can conclude that there exists an improved
electronic coupling between perovskite and titanium oxide in the case of lead—
iodine-terminated structure. This has been attributed to the reduced distance (2.8 A,
to be compared with 3.3 A) between lead 6p and titanium 3d states in the case of
lead—iodine-terminated structure. These two states were considered for comparison,
as they are the main constituents of the perovskite and titanium oxide conduction
bands. Since the electronic coupling is known to decay exponentially with the
distance, such a slight distance variation can induce a substantial coupling shift.
Density of states (DOS) calculations (see Fig. 4) have been reported to highlight the
fact that unlike for methylammonium—iodine termination, the conduction band
bending obtained for the lead—iodine one is more substantial. This is representative

=
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Fig. 4 Isodensity plot of integrated density of states, reported with respect to the distance from
anatase surface. Increased DOS values are represented by a blue-to-red color variation. In the case
of lead—iodine termination panel (bottom left) the arrow points the band bending
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of a stronger coupling, which is in good agreement with the previous conclusions
(see above), and with a predicted enhanced interfacial charge injection, as experi-
mentally reported.

5 MAPDI; Thin Films Deposited on Zinc Oxide—a
Thermal Instability Survey

Though perovskite solar cells are known to constitute a highly promising alternative
for renewable energy technologies, the devices built from such materials are still
suffering from film instability and hence reduced device lifetimes. As for
third-generation solar cells, various possibilities exist for depositing perovskite
material onto a surface when mounting a photovoltaic device. Among these options
one finds for instance titanium oxide (TiO,), indium tin oxide (ITO) or zinc oxide
(ZnO).

A recent joint experimental/theoretical investigation [66] reported on the ther-
mally annealed zinc oxide/MAPDI; films by means of in situ absorbance spec-
troscopy and grazing incidence X-ray diffraction (GIXRD) and density functional
theory calculations. This survey allowed to elucidate the decomposition mechanism
of the deposited perovskite, which has been shown to be caused by acid/base
reaction at the heterojunction: with time, the MA cation deprotonation occurs and
leads to the formation of CH3NH,. This was partially assigned to the basicity of
zinc oxide surface, which has been shown to be reduceable by a preliminary
annealing treatment of the zinc oxide film, taking place before depositing MAPbI;.
Such a problem is less likely to be encountered in titanium oxide or ITO-containing
devices, as these surfaces appear to be more acidic than zinc oxide.

These experimental deductions were further confirmed by a computational
analysis performed on the zinc oxide/MAPbI; interface [55, 57], with a comparison
given with respect to interfaces substituting zinc oxide by titanium oxide. To this
end, a 3 X 5 X 3 tetragonal slab of CH;NH;Pbl; was deposited onto a 6 X 6 X 3
wurtzite ZnO slab. The former slab exposes its (110) surface while the zinc oxide
slab exposes its apolar (1010) surfaces. The structural deviations (lattice mismatch)
were showed to be very low (1.7 % for a and 2.3 % for b cell dimension). In both
cases the perovskite material displays an orientation exposing the MAI terminations
to the surfaces, which highly favors iodine-metal (undercoordinated zinc or tita-
nium) bond formation, as well as MA-O hydrogen bonds formation.
Scalar-relativistic geometry optimization of the zinc oxide/MAPDI; junction leads
to a 19.5 eV interaction energy with evaluating the joint and isolated systems
energy difference. This value can be compared to the 24.2 eV one for titanium
oxide/MAPbI; [57]. These data actually correspond to a 1.3 eV (ZnO) and 1.6 eV
(TiO,) energy value per undercoordinated metal atom. One can therefore deduce
from these theoretical results that the perovskite deposition on ZnO is less effective
than the one on titanium oxide.
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Fig. 5 Zinc oxide/MAPDI; heterojunction structure, optimized by scalar-relativistic DFT. Bottom
pannel is a zoom of this structure, intending to evidence the MA deprotonation by an oxygen atom
from zinc oxide
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Moreover, it was noticed that for the zinc oxide/perovskite interface, two (out of
fifteen) MA species have been deprotonated during the relaxation, leading to
methylamine. The two protons extracted during the deprotonation process are
present, adsorbed on zinc oxide by oxygen atoms. Four MA entities out of 15 have
been shown to be deprotonated when the MAPbI; (001) surface is exposed to the
zinc oxide slab. On the other hand, deposition of CH3;NH3Pbl; onto a titanium
oxide slab did not exhibit such feature [15], confirming the difference in acidity
properties between the two slabs. Figure 5 displays an optimized CH;NH;Pbl;
structure, with a zoom graphically evidencing the deprotonation of a methylam-
monium cation by vicinal zinc oxide oxygen atom.

Note that besides these results consolidating the mechanistic hypothesis
responsible for the deposited film thermal instability, further experimental charac-
terizations have been carried out in the same contribution in order to assess the
influence of interfacial hydroxyl groups or the presence of residual organic ligands.

6 Defect Migration in MAPbI; and Its Effect
on the MAPbI;/TiO, Interface

Among the various limitations encountered when developing new perovskite cell
devices, one often cites the J-V curves hysteresis phenomenon or the slow pho-
toconductivity response. A possible feature at the origin of these undesired phe-
nomena could be the ion/defect migration, which is an often referred hypothesis. In
order to unravel the impact of defect migration on the properties of the perovskite
solar cells, a theoretical study was conducted [67] on the titanium
oxide/methylammonium lead iodide perovskite interface. Tetragonal supercells
were used to evaluate some previously reported most probable MAPbI; defects
[68—72] migration energetics. A very low (ca. 0.1 eV) activation energy was found
for iodide vacancies and interstitial defects, while a 0.5 eV and 1.0 eV value has
been attributed to the migration of the methylammonium and lead, respectively. It
has been concluded from the simulations that the fast iodide defect migration are
unlikely to be responsible for the slow MAPbI; response, while on the other hand
the migration of methylammonium vacancies could be an explanation.
A quantitative model was elaborated in order to explain the defects migration by
locating the preferential defects at the vicinity of the interface with titanium oxide.

A simulation cell [13] was created with thirty-two CH3;NH;Pbl; units (for a total
of 384 atoms). For the sake of comparison, similar calculations have been per-
formed on MAPbBr3; by using pseudo-cubic cell parameters. A migration path was
modeled in order to determine the hypothetical defect migration through the per-
ovskite crystal for the four types of defects studied (see Fig. 6). Saddle points were
also located. In the following, vacancies will be pointed by a “V” while interstitials
will be assigned by an “i” subscript, substitutions by MAp,, or Pby;s and anti-site
substitution by MA|, Pby, Iyia and Ipy,.
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(b)

me [ON Migration
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Fig. 6 a V|, b Va, ¢ Vp, and d |; defects diffusion paths. Ions (vacancy) migration pathways are
represented by solid (dashed) lines. The white color is used for pointing hydrogens, brown color
for carbons, blue for nitrogen, purple for iodine, black for lead atoms

The iodide vacancies (V) were simulated by generating a vacancy in an equa-
torial position. This vacancy was then allowed to migrate in the direction of an axial
site (Fig. 6a) Unlike V| which exhibits iso-energetic axial/equatorial sites migra-
tion, the axial and equatorial sites are not iso-energetic for the vacancies of bromine
(Vg,), with a difference of 0.07 eV in favor of the axial site. As far as the
methylammonium vacancies (Vya) are concerned, the inter-site vacancy hopping is
occuring between two adjacent cavities, located in the ab plane (Fig. 6b). Similarly,
lead vacancies (Vp,) are migrating along the four-lead-iodide atoms square
(Fig. 6¢). As far as iodide interstitials (I;) are concerned, it has been shown that,
similarly to Vi, those are following a path along the ¢ axis (see Fig. 6d). It is
important to note that for these analyses, a similar migration energy has been
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Table 1 Activation energies (E,, expressed in eV) and rate constants (k, in s 1) related to defects
migration in CH;NH;3;PbX; (X =1, Br)

MAPbI, MAPbBr;
Defect E, (eV) k(s™hH E, (eV) k(s ™h
Vig: 0.08 (0.16) 1.7 x 10'2 (7.7 x 109 0.09 1.2 x 102
Vaa 0.46 6.5 x 10° 0.56 1.3 x 10*
Vb 1.06 46%x107° - -
L 0.08 (0.16) 1.7 X 10" (7.7 x 10'% - -

The values reported in parentheses for the methylammonium lead iodide material are referring to
the activation energies and rate constants of two consecutive hopping events

attributed to various defects corresponding to identical chemical entities. For
instance, pathways implying the methylammonium migration (MAp, or MA;) are
characterized by an activation energy similar to the one obtained for Vya. As a
matter of fact, the Vi and I; activation energies were deduced to be equal.
Obviously, a similar reasoning also takes place for methylammonium lead bromide
perovskite material.

We see in Fig. 6 that path length of V;5 and Vpy, is twice the one of Vyand [;. In
other terms, the two first will travel along one unit cell while Vi and [; hop along
half a cell. As a consequence, and in order to have a proper comparison of the four
processes, the iodide-related activation energies were doubled, which actually
corresponds to two hopping actions taking place consecutively. The activation
energies (E,) were calculated for the various defects migration and are displayed in
Table 1, and can be placed into the Arrhenius equation in order to evaluate the
migration rate:

kpT ko
k= e RT (1)

The main conclusions that can be drawn from reading Table 1 can be expressed
as follows: the migration of lead vacancies (Vp,) in MAPDI; can be regarded as a
slow process, while the methylammonium vacancies diffusion is reported to have a
0.46 eV energy barrier, which is in good agreement with the 0.45 eV value
deduced experimentally [73]. On the other hand iodide vacancies and interstitials
are predicted to have a very flat energy pathway.

If one is now interested in comparing the methylammonium lead bromide and
iodide structures, it can be seen that higher hopping activation energy is found for
iodide vacancies than for bromide vacancies. We also see that MA migration
between two unit cells is more difficult for iodide-containing material.

Without any field, the defects bearing a charge would travel along a random
migration path through the perovskite layer. If one observes the symmetric energy
landscape (see Fig. 7a), we see that backward and forward defect motions cannot be
differentiated in any given crystallographic direction. In working conditions there
exists a photogenerated field, which favors the migration of charged defects in the
direction of the side of the perovskite film in contact with the so-called hole/electron
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Fig. 7 Energy landscape of iodide (red) and methylammonium vacancies (blue) migration, at
zero (a) and non-zero (b) electric field

transporting layer (HTL/ETL). The defects get stabilized through their path toward
the selective contacts, which is explained by a higher interaction of electrostatic
nature with the electrode. This stabilization, written €/2 independent on the acti-
vation energy for defects sharing the same charge, and estimated to ca. 2 meV in
cell working conditions, can be seen as a migration driving force. From this
assumption, one could state that for MAPDI; this driving force is reducing (in-
creasing) the activation energy of direct (reverse) migration by a &/2 factor at the
transition state (see Fig. 7b). One can deduce from these results that the predicted
forward hopping event kinetics are twice faster than those of the backward one.

Note that the time for iodide vacancies or interstitials defects in the middle of a
perovskite layer of 300 nm to reach the selective contact has been estimated to be of
the order of tens of nanoseconds, which is actually faster than usual photovoltaic
measurements scanning rates. On the other hand, methylammonium vacancies
would reach the ETL in tens of milliseconds, which can be seen as possibly
affecting the J-V measurements, and can constitute an hypothetic cause for the slow
response and hysteresis in perovskite solar cells. Finally, lead vacancies were
shown not to be mobile enough for affecting the cell operation.

As it is now established that in bulk CH3;NH;Pbl; the most mobile defects are
iodide vacancies and interstitials, as well as methylammonium vacancies, this
assumption allows to draw further conclusions related to the influence of their motion
on the overall cell functioning (see Fig. 8) with a focus on the migration of iodide and
methylammonium in particular, due to its reported low energy cost of 0.08 eV [71].

In working conditions, the cell will exhibit an electric field induced by
light-absorption, pointing from ETL to HTL (e.g., from titanium oxide to
Spiro-MeO-TAD-coated Au—see Fig. 8a). This field will induce the motion of
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Fig. 8 Defect migration sketch: a photogenerated potential-induced charge carriers separation and
even point defects distribution, random MA cations orientation; b MA cations point defects
migration and reorientation, in response to absorption generated field (Ep,) and the induced
internal potential (E;,); (¢, d) poling: switchable current as a function of the applied field

iodide (MA) vacancies toward HTL (ETL), as shown in Fig. 8b. Therefore, an
accumulation of these migrated defects will induce the generation of an electrostatic
potential across the MAPbX; film, in the opposite direction to the one generated by
photon absorption and driving the charge-separation in the cell, which impacts the
transport properties, hence the performance of the functioning cell.

Additionally, it might be noticed from Fig. 8b that the methylammonium cations
can undergo a reorientation in response to the photoinduced field, causing an
additional contribution to the defects-generated internal potential.

Note that it was hypothesized [74] that positive (negative) charge defects
develop states close to (above) the perovskite CB (VB), inducing an n(p)-doping of
the perovskite in contact with the anode (cathode). Positive poling (Fig. 8c) makes
the cell to behave like an n-i-p junction. The current will therefore follow the
perovskite doping-created gradient. On the other hand, negative poling makes the
cell to behave like a p-i-n configuration (Fig. 8d).

The electronic structure of (110) perovskite slab in contact with a (101) titanium
oxide slab (anatase) was calculated (see Fig. 9a). The Vi (Vua) diffusion toward
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Fig. 9 a Perovskite/TiO, interface model, where we see V| (green circles) and Vya (red circles);
Local Density of States (DOS), projected along the direction normal to the perovskite/TiO,
junction: non-defective model (b), and defective models 1 (¢) and 2 (d). Light-blue (yellow)
arrows point the evolution of light-absorption generated electrons (holes)

HTL (ETL) is hereafter named 1. An iodide (MA) vacancy was created at the
MAPDI; surface exposed to vacuum (the MAPDI; oxide-contacting side—see
Fig. 9b). Positive charge migration toward the CH;NH;Pbls/titanium oxide contact
is further named 2 and is highlighted at Fig. 9c. No geometry relaxation was
performed after defects creation in both cases for a direct assessment of the
introduction of defects on the electronic structure.

Figure 9 depicts the electronic structure of the two defective models (1 and 2).
The one of the pristine interface is also present. The partial density of states of
titanium oxide and methylammonium lead iodide is displayed together with its local
projection along the normal direction to the titanium oxide surface. One can see in
the part (b) of the figure that there is an intrusion of perovskite valence band into the
titanium oxide bandgap, while the unoccupied states are overlapping with the oxide
conduction band. Despite the finite size of the system and the level of theory used
for the simulation, [75] we see that the calculations reproduce correctly the energy
levels alignment at the titanium oxide/perovskite interface.

Interfacial interactions can be observed by noticing the bending of the perovskite
band structure in the vicinity of the titanium oxide surface [55]. If one looks at the
influence of defects presence on the electronic structure of a perovskite slab as well
as on the interface, we see that the iodide vacancy generates an unoccupied state
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below the perovskite conduction band edge (approximately 0.5 eV below, to be
relativized due to the overestimation of the perovskite slab bandgap with respect to
bulk CH3NH;Pbl; material). It therefore appears that there is an overlap between
the pervoskite conduction band edge and the state introduced by the iodide
vacancy, which is in a good agreement with previous theoretical results [69, 72].
Note that since SOC has been shown to play an important role in the relative
positioning of MAPbI; defective levels, [76] and since spin-orbit coupling is not
included in the present calculations, the positioning mentioned above should only
be considered on a qualitative basis.

Independently from the level of theory, we see that the presence of positive and
negative defects disposed at the opposite sides of the film strongly modifies the
perovskite valence/conduction band landscape. For model 2, one notices the strong
directional gradient of unoccupied states close to the titanium oxide substrate due to
the presence of iodide vacancy. This actually leads to an increment (a depletion) of
unoccupied states at the interface (in the perovskite bulk), which can be seen as a
phenomenon boosting interfacial charge injection, also supported by the methy-
lammonium vacancy in 2 which bends the perovskite valence band by introducing
an electronic state above the valence band edge (when compared to the pristine
valence band edge [69, 72]). Holes migration from the titanium oxide substrate
should be facilitated by the slope of the occupied states.

On the other hand, model 1 (Fig. 9¢c) places iodide vacancies away from the
TiO, slab and prohibits the electron injection (hole diffusion) into (toward) ETL
(HTL), which highly compromises the photovoltaic efficiency of the cell.

Models 1 and 2 have then been modified by considering solely iodide and
methylammonium vacancy in the perovskite sides pointing at vacuum and titanium
oxide in order to evaluate whether the band edges are overestimated as a conse-
quence of the strong electrostatic interaction existing between positively/negatively
charged vacancies. Though the band bending has been reduced by model modifi-
cation, the valence/conduction band landscape remains quite similar to the
unmodified models. Therefore, and beyond the switchable photovoltaic effect, one
can consider that the reported results are in good agreement with previous contri-
butions relatively to holes accumulation [77, 78]. Besides, it was suggested that
negatively charged defects as iodide interstitials or methylammonium vacancies
might be located preferentially in the vicinity of the titanium oxide interface in the
absence of an electric field, due to the electron acceptor behavior of undercoordi-
nated titanium atoms. Cationic defects might be more likely to be distributed across
the MAPbDI; film. This hypothesis has been reinforced by theoretical results
showing a ca. 0.4 eV stabilization energy for model 1 when compared to model 2
using non-relaxed structures. This confirms the role of the substrate in the deter-
mination of defects initial concentration close to the selective contacts [79] which is
found to be in agreement with recent XPS results pointing the presence of Vya in
the surroundings of the titanium oxide/perovskite interface [80].

When computing the stabilization energy of lowest 1 and 2 triplet states, i.e.,
after the passage of an electron from the perovskite valence band edge to the
titanium oxide conduction band (see Fig. 10), one sees that the stability trend is
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Fig. 10 Iodide and methylammonium vacancies location before (a) and after (b) charge-separation

actually reversed, and that there is no preferential zone for the location of iodide and
methymmonium vacancies, which corresponds to an open-circuit cell with a low
defect migration driving force. However, the perovskite electronic states landscape
was also shown in these results to be quite unchanged by light-induced excitation.

7 The MAPDbI;/Water Heterogeneous Interface: Hints
on Perovskite Degradation by Water

Among the crucial points characterizing the organohalide perovskite performances
we find the perovskite stability. When degradation processes are concerned, one
often mentions the presence of moisture, and recent investigations have been
devoted to protecting the perovskite layer from the presence of water [81, 82].
Indeed, it has been reported that in the presence of water vapor, hydrated species
such as MAPbI;-H,O or MA4Pbl;-2H,0 can be observed and induce an increase of
the cell hysteresis [83]. It has also been shown that Pbl, can be produced from the
irreversible decomposition of MAPbI; in contact with liquid water, and that at
simulated environmental conditions with eighty percent of humidity, a cell aging
shows a characteristic perovskite degradation [84]. It was hypothesized that this
degradation lead to HI generation [85], which is able to react with the contact
electrode silver layer [84]. The water-induced perovskite degradation has also been
reported to be a thermodynamically favored process in air [81], and from a
mechanistic point of view it was pointed that the first degradation step involves the
generation of an intermediate phase containing Pblg*™ as isolated species [82] The
degradation process, admittedly accompanied by the generation of this hydrated
intermediate phase [86], has also been hypothesized to be assisted by a weakening
of the hydrogen bonds connecting the organic to the inorganic parts of MAPbI
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through photoexcitation [88]. Such bond weakening favors the perovskite-water
interaction, hence perovskite degradation by water.

Considering the impact of humidity on perovskite degradation and cell stability,
protection strategies have been suggested, like for example the adjunction of alu-
minium oxide insulator layer to the device as a way to prevent moisture-caused
degradation and TiO,-spiro-MeOTAD electron recombination [88].

Regarding these issues, attention has been also focused on the role of the hole
transporting material [82, 89] (HTM) since the film side on which it is deposited is
exposed to the counter electrode. In order to improve the cell resistance to water
effects, the replacement of organic HTM by single-wall carbon nanotubes func-
tionalized by a polymer and embedded into an insulator (a polymer matrix) has
been suggested [89]. Carbon layers have alternatively been proposed for devices
without HTM [90]. Note also that water permeation has been partly suppressed by
the implication of vacuum production [92]. On the other hand, it has been reported
that ambient air environment (i.e. humid conditions) for the thermal annealing
growth of a perovskite precursor film positively impacted the film quality, carrier
mobility, grain size and lifetime [93]. It therefore appears that among the various
investigations regarding the impact of the presence of water in the vicinity of the
perovskite layer, all the conclusions are not strictly convergent and would benefit
from a further theoretical insight.

To this end, ab initio molecular dynamics simulations have been performed in
order to analyze the nature of the MAPbI;/H,O heterointerface, and to characterize
the solvation processes responsible for the perovskite degradation and the resulting
solvated species [93]. Pending iodine ions nucleophilic substitution has been shown
to be a mechanistically possible way for the solvation of MAI-terminated surfaces,
supported by methylammonium cation solvation. For its part, the surface terminated
by Pbl, was shown to be less sensitive to the presence of water. This surface,
characterized by shorter lead-iodine bonds with respect to the bulk, has therefore
been suggested as acting as a protective layer, since no degradation of this surface
has been observed within the ten picoseconds timescale of the simulations. Instead,
a water molecule insertion into perovskite inorganic framework is observed. (Pbl,),
vacancy defects generated in Pbl,-poor conditions [94] were shown to lead to a
cooperative degradation of the Pbl,-terminated surface, accompanied by the pro-
duction of solvated species such as [PbI(H,0O)s]" or [Pbl,(H,O)s]. When the per-
ovskite electronic structure is concerned, the impact of hydration is shown to
consist in a band gap increase.

Three 2 X 2 slabs have been cut from the bulk MAPDI; tetragonal crystal
structure for simulating the perovskite (001) surfaces (MAI-, Pbl,-terminated and
defective surfaces). Those are displayed at Fig. 11. They have been obtained from
an optimized bulk structure, for which the methylammonium cations are placed in
an isotropic way. Six out of eight Pbl units have been removed from the PbI -
terminated surface in order to generate a stable defective surface [94]. The a and b
cell parameters were taken to be twice the experimental one, i.e. a = b = 17.71 A
while ¢ = 49.67 A has been used for the molecular dynamics simulations in water.
The water molecules were used to fill the volumes above and below the perovskite
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slab, using the experimental liquid water density. Larger water/MAPbI; ratio has
been used for MAI-terminated and Pbl,-defective cases than for Pbl,-terminated
simulation, with respectively 284, 235 and 226 water molecules. Similar calcula-
tions were performed without water using the same a and b parameter values and
leaving a 10 A vacuum in the direction perpendicular to the MAPbI; surface for the
sake of comparison. The Car-Parrinello molecular dynamics [95] (CPMD) calcu-
lations have been performed using the Quantum Espresso program [96] with the
PBE functional [97]. Electron-ion interactions were treated by using a scalar rela-
tivistic ultrasoft pseudopotential with electrons from O, N and C 2s, 2p; H 1s; I 5s,
5p; Pb 6s, 6p, 5d shells explicitly included into the calculations. The plane-wave
basis set cutoffs were of 25 and 200 Ry respectively for the smooth part of the
wavefunctions and for the augmented density. Integration time step of 10 au has
been used for the CPMD calculation, for a total simulation time of approximately
ten picoseconds. Fictious masses of 1000 au were used for treating the electronic
degrees of freedom, while a 5 amu value has been used invariably for all the atomic
masses in order to enhance the dynamical sampling. Prior to the use of any ther-
mostat, a thermalization process has been used to reach a 350-400 K temperature
by using an initial ions position randomization, and the PWscf code was used,
including dispersion contributions [98], for the 4MAPbI;-H,O variable cell
geometry optimization, with 50 and 400 Ry cutoffs for the plane wave basis set
characterizing the smooth part of the wavefunctions and the augmented density,
respectively. The AGy,,,, = E(4MAPbI;-H,0) — E(4MAPbI;) — E(H,0) expression
has been used for evaluating the formation energy of the hydrated 4MAPbI;-H,O
species. Geometry optimization and density of states (DOS) analyses of the
hydrated species have been performed using the PWscf code with plane-wave basis
sets using cutoff values of 25 and 200 Ry respectively for the smooth part of the
wavefunctions and for the augmented density.

The structure of MAI- and Pbl,-terminated slabs were characterized by calcu-
lating their radial distribution functions (RDFs). Those were averaged over the
dynamics trajectories. Bulk perovskite [13] and bare slabs structures were also
compared. It has been shown that the finite size of the models used in the calcu-
lations does not significantly alter the crystal structure since bulk RDF properties
were seen to be transferred to the bare MAI- and Pbl,- terminated slabs. Note also
that the MAI-terminated slabs equatorial Pb-I bond lengths were shown to coincide
with those of the bulk, with a 3.21 A average value, while the average value is 3.19
A for the Pbl,-terminated surfaces, indicating slightly stronger bonds than in the
bulk. This result suggests that such surface may protect the perovskite.

Figure 12 shows the RDFs computed for studying the perovskite/water inter-
faces for each of the exposed surfaces. Analyzing those RDFs shows us that water
molecules have the possibility to bind either to the surface iodine anions (I-H
bonds) or to the methylammonium cations (Hya-O bonds) for the MAI-terminated
slabs (Fig. 12a), with the typical hydrogen bond length (the average distances are of
2.57 and 1.75 A respectively). Few short Pb-O bonds were also formed with a 2.75
A average distance value, which means that water can reach lead by going through
the iodine and methylammonium ions network. As far as the Pbl -terminated facet
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Fig. 11 Structure of the three heterointerfaces (MAI- and Pbl,-terminated, Pbl,-defective slabs)
with the simulation cell pointed in blue

is concerned, we see on Fig. 12b that short Pb-O bonds (ca 2.5 A) can be formed
which can be justified from the fact that lead cation is regarded as a borderline
hardness acid, which means that it has the possibility to bind soft ligands or hard
bases such as the iodine anion from the perovskite or a water molecule respectively.
Broad distribution of such pairs has been observed, which suggests a less direc-
tional interaction, hence weaker binding between solvent molecules and equatorial
iodine atoms in the Pbl,-terminated slab.

One can be interested in describing the dynamical features of the methylam-
monium lead iodide perovskite, more particularly the methylammonium cation
dynamics that can be followed by considering for instance the angle between the ab
plane of the perovskite and the MA carbon-nitrogen axis. This angle, written here ¢,
takes two preferential values (£30°) isotropically distributed in the optimized bulk
[13]. When the non-hydrated MAI-terminated surface is concerned, it was shown
that for the outermost surface methylammonium cation layers are structured so that
the NH groups are pointing toward the surface while the methyl groups are pointing
outward, due to stabilizing hydrogen bonds between ammonium and surface iodine
atoms. The case of the innermost layer is different: the two peaks at ¢ = £30° are
recovered, indicating that the original MA orientation prevails. If we now focus on
the hydrated MAI-terminated surface, we see that the possibility to form interfacial
hydrogen bonds with water molecules induces a loss of the preferential orientation
described above. Things are less evident for the Pbl,-terminated slab, for which
there is a preferential orientation for the ammonium groups that are able to form
hydrogen bonds with the surface iodide ions and therefore point toward the surface.
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This arrangement also impacts the inner layers for which a broad ¢ angle distri-
bution is observed.

Figure 13 a, b reports the time-evolution of MAI-terminated surface geometrical
features. Through the CPMD simulations, observing the Pb-I, Pb-O and Pb-N
distances (Fig. 13b) lead to the conclusion that the attack of a water molecule to the
surface iodine atoms (Fig. 13a) induces the generation of a seven-coordinated
surface lead center, prior to a substitution of iodine by water in the lead coordi-
nation sphere, and the release of solvated iodide. The substitution process is
characterized by a concerted Pb-I bond weakening (bond length increase) as long as
the lead-water bond is formed (decrease of the Pb-water bond length). Moreover, it
was shown that due to the iodide release, a vicinal methylammonium cation was
detached from the perovskite surface, which prevents the destabilization of the
crystal by positive charge accumulation. Through the dynamics, it has been shown
that one MAI unit is solvated in 8.5 ps. Though this time scale does not lie within
the experimental time scales representative of reaction kinetics, the outcome of
these simulations are suggesting that the iodine substitution by water is a fast and
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Fig. 13 a Nucleophilic
substitution of a surface
iodide atom by a water
molecule in the
MAI-terminated MAPbI;
slab, showing the snapshots of
the key steps (top), and b the
evolution of the distances
(bottom) between the water
oxygen atom and the lead
atom (O-Pb, red line), the
exiting iodide atom and the
lead atom (I-Pb, green line),
and the MA nitrogen atom
and the lead atom (N-Pb, blue
line). ¢ Incorporation of a
water molecule to the Pbl,-
terminated slab, showing the
snapshots of the key steps.

d Dynamics of the water
oxygen atom inside the Pbl,-
terminated slab (red), along
with the trajectories of the
MA nitrogen (blue) and
carbon (green) atoms
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energetically favorable process, which is in good agreement with previous exper-
imental investigations reporting the MAI solvation as a first step in the perovskite
degradation mechanism [99].

Unlike the previous MAl-terminated perovskite slab, the Pbl,-terminated one
does not undergo such degradation process despite the existence of strong inter-
actions between water molecules and surface lead atoms. It therefore appears that
such Pbl,-terminated surface is more stable with respect to water-induced per-
ovskite decomposition than the MAI-terminated one.

Moreover, one can observe the incorporation of one solvent unit into the
methylammonium lead iodide perovskite cavity (Fig. 13c). Indeed, after approxi-
mately one picosecond of simulation the water molecule penetrates the cavity by
crossing the first Pbl layer. A hydrogen bond is further created with a methylam-
monium cation which, after rotation, traps the water molecule inside of the cavity.
This rotation actually follows he path of the water molecule (the ammonium group
points toward the water molecule) which was shown to only slightly affect the
inorganic scaffold geometry during the simulation. Figure 13d also shows that
during the simulation time, the water molecule is sampling two sides of the cavity.

The Pbl,-defective model was further investigated theoretically in order to assess
the influence of surface defects and relate them to the relative stability of the
water/perovskite heterointerface. To this end, and following previous work [94]
indicating that under Pbl,-poor conditions (Pbl,), vacancies were stable, six Pbl
units were removed from the Pbl,-terminated slab, which left two undercoordinated
lead atoms on the exposed surface. As reported in Fig. 14, such defective surface
can undergo a fast degradation process. Indeed, we see that the two undercoordi-
nated lead atoms can rapidly desorb from the surface and migrate as solvated
species. In Fig. 14a we see that one of the lead atoms was initially bonded one water
molecule and to the MAPDI surface through four iodine atoms while the second
lead atom was shown to bind three iodine atoms and two interfacial water mole-
cules (Fig. 14b). Both have in common that after departing from the surface, they
form solvated complexes, respectively [Pbl,(H,0),] and [PbI(H,0O)s] as displayed
in Fig. 14c in which the coordination number of these two undercoordinated lead
atoms is reproduced through the dynamics trajectory. In summary, these results
show that imperfections at the perovskite surface may play a crucial role in the
degradation process of MAPDI perovskite. The importance of the preparation of
crystals and thin films without defect is therefore pointed as a relevant element for
further considering the elaboration of stable devices based on perovskite material.

The interaction between MAI- and Pbl-terminated slabs and a monolayer of
eight H,O molecules has been investigated in order to assess the influence of
surface hydration on the slabs electronic structure. The local DOS is displayed in
Fig. 15 for the considered perovskite slabs. Note that the MA cations arrangement
induces the absence of any dipole across the slabs, which is desired for examinating
the surface termination and hydration effects solely. Note also that the number of
water molecules has been chosen so as to correspond to a saturation of the
undercoordinated sites of all the surface. A strong driving force has been reported
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Fig. 14 Representative
geometrical structures of the
formation of a [Pbl,(H,0)4]
and b [PbI(H20)5]+
complexes. ¢ Evolution of the
Pb-I (red) and Pb—H,O (blue)
coordination numbers for the
formation of [Pbl,(H,0),]
(dot-dashed lines) and [Pbl
(H,0)s]" (solid lines) species
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for this surface hydration, with formation energies being respectively of —0.49 and
—0.44 eV for the MAI- and Pbl,-terminated hydrated slabs.

Interestingly, it was also noticed that using a scalar relativistic DFT protocol
allows one to accurately reproduce the band-gap of MAPbI [32,33], but in a for-
tuitous way. Indeed, there exists a possible error cancellation [39] between
spin-orbit coupling and post-DFT correlation which respectively reduces and
augments the gap. Local perovskite structure, and more particularly the PbI octa-
hedra tilting [54], was shown to be responsible for the influence of spin-orbit
coupling, though this contribution is quasi constant across the slabs. It is therefore
expected that the computational protocol employed is able to qualitatively repro-
duce the electronic structure variations characterizing the bare and hydrated
surfaces.

It was observed that the bare MAl-terminated surface band-gap gets sharper
when moving inward through the perovskite layers, which can be explained by the
stabilization of the external valence band edge when compared to the inner one (see
Fig. 15a) and the interaction between methylammonium cations and the external
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Fig. 15 Isodensityplot of the local density of states across the various perovskite layers found in
the [001] direction, i.e., along the crystal ¢ axis, in the bandgap region for a the bare and hydrated
MAI-terminated; and b the Pbl,-terminated perovskite slabs. Also reported are the global bandgap
values. The vertical dashed lines represent the valence and conduction bands for an isodensity
value of 1 state/eV

iodine atoms, which lowers their energy levels. Conversely, for the Pbl,-terminated
surface, the band-gap broadens when moving inward through the perovskite layers
because of the undercoordinated lead atoms present at the surface. It has also been
noticed that while for the Pbl -terminated slab the valence band edge is located at
the perovskite surface, which may ultimately lead to a trapping of the photogen-
erated holes, only a limited effect of MAPbI has been suggested to occur for the
MAI-terminated slab, due to the fact that no surface states intrudes into the per-
ovskite gap. Hydration effect has been shown to produce quasi no effect on the
MAI-terminated model, as hydrogen bonds are mostly responsible for the
water/perovskite interfacial interactions. As far as the Pbl,-terminated model is
concerned, it was shown that the valence band edge is stabilized in the hydrated
interfacial region with respect to the bare surface, with a water-induced valence
band down-shift, which was explained by the restoration of the surface lead atoms
coordination sphere. This shift is however not compensated by a conduction band
shift, which leads to a local band-gap increase of ca. 0.3 eV.

In the continuity of the results related to the incorporation of one H,O molecule
into the Pbl,-terminated slab, the effect on the electronic structure of the inclusion
of one water molecule into the bulk perovskite was also investigated, using a bare
and a mono-hydrated 48-atom tetragonal unit cell. Geometry relaxation was per-
formed on these two systems and showed that water insertion into the perovskite
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cavity is thermodynamically favored by ca. 0.45 eV which indicates the possible
spontaneous formation of the hydrated phase, as resulting from the CPDM simu-
lation. Hydration also impacts the band-gap energy value, increasing from 1.45 eV
for the bare system to 1.50 eV for the hydrated one. Note also that only a slight cell
volume increase was reported (1.3 %) due to the hydration, and that the overall
tetragonal shape was preserved, with a c/a ratio moving from 1.48 for the bare
MAPDI to 1.47 for the hydrated system. These results indicate the possible exis-
tence of a new intermediate hydrated phase characterized by a 4:1 MAPbI;:H,0
ratio (different from the 1:1 and the 1:2 ratio previously reported in the literature
[83]) preserving the overall structure and electronic features apart for the slight
band-gap modifications. Indeed, it has then been demonstrated that the methy-
lammonium lead iodide perovskite electronic properties might be modulated by
exposing the perovskite to water, while the structural parameters are left unaltered
by such treatment.

It can therefore be concluded that such results are of importance for under-
standing the effect of the environment on the stability of these MAPbI; perovskites
as the water-induced degradation of these systems are considered as the main
perovskite alteration channel.

This computational investigation aimed at understanding these water/perovskite
interactions at the atomic scale, by considering MAI- and Pbl,-terminated surfaces
characterizing the most probable systems grown under MAI-rich and poor condi-
tions. The interaction between water and lead sites in the MAI-terminated surfaces
drives the rapid solvation of these facets and the release of solvated iodine atoms
following a nucleophilic substitution of iodine by water and the desorption of
methylammonium cations, resulting in the net solvation of a methylammonium
iodide ion pair, which was in good agreement with the previously reported
experimental conclusions. Pbl,-terminated slabs did not exhibit such behavior when
in contact with water molecules, indicating the possible action of such surface as a
protective layer for the perovskite against water-caused degradation. However,
water percolation has been observed for this type of slab, suggesting the existence
of a novel form of hydrated bulk phase preserving geometrical parameters unal-
tered. On the other hand, Pbl -defective systems were showed to be more sus-
ceptible to undergo water-induced degradation.

The MAI- and Pbl,-terminated systems hydration was computationally shown to
be exergonic, and hydration was shown to have a non-significant impact on the
electronic strucutre of the MAI-terminated system, given that the adsorption is
mostly driven by hydrogen bond formation between water and the methylammo-
nium cations. Conversely, it has been shown that the valence band edge of the Pbl,-
terminated slabs is stabilized in the interfacial zone in the presence of a water
monolayer. A band-gap increase of approximately 0.3 eV was also observed in such
case. The impact on the perovskite electronic structure of water incorporation into
bulk MAPDI has also been studied using a 4:1 perovskite:water ratio. It was shown
that such process causes the increase of the perovskite band-gap from 1.45 to 1.50
eV, while the structural parameters remained unaltered, with only a one-percent
volume increase, which indicates that the incorporation of one water molecule
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could possibly occur without being detected by usual structural characterization
techniques. Based on these novel knowledge, it is now possible to imagine new
interfacial alterations and to generate more stable perovskite architectures, which in
turn could play a role in new performant solar cells devices.
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