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ABSTRACT: The impressive photovoltaic performance of
hybrid iodide CH;NH;Pbl; perovskite relies, among other
factors, on the optimal alignment of the electronic energy
levels of the semiconductor with respect to conventional hole
transporting (HTM) and electron transporting (ETM)
materials. Here, we first report on density functional theory
electronic structure calculations of slab models of the (001)
surface aiming to assess how the perovskite valence and
conduction band edge (VBE and CBE) energies depend on
the nature of the surface exposed to vacuum. We find that the
surface termination plays a critical role in determining the
energies of the frontier crystal orbitals, with PbI-terminated
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surface showing VBE and CBE energy ~1 eV below the corresponding levels in the methylammonium-terminated surfaces. We
next build perovskite/C60 interfaces based on two such surfaces and discuss the associated electronic structure in light of recent
experimental data. The two interfaces are rather inert showing limited band bending/shifts with respect to the isolated
components, in line with photoelectron spectroscopy data. They, however, yield very different electron extraction energies,
possibly explaining the different behaviors reported in the literature.

B INTRODUCTION

Hybrid organometal perovskites are rapidly emerging as serious
contenders to rival the leading photovoltaic (PV) technologies.
In just a few years, perovskite-based devices have demonstrated
a drastic improvement in photon-to-current conversion, with
solar cell quantum efficiencies currently reaching ~20%."~® The
key factors at the origin of the impressive photovoltaic
performances of this class of materials are undoubtedly
associated with their inherent chemical—physical properties,
as a tunable band gap,7 ambipolar charge transport proper-
ties" ' with high charge carrier mobilities (~27 cm® V7!
s71),"' 7" large optical absorption coefficient (~10° cm™),"
and reduced bimolecular charge recombination.'> On the other
hand, for the effective functioning of solar cells, surface and
interface properties are of paramount importance. In particular,
the energetic position of the valence and conduction band
edges plays an important role, as they dictate the efficiency of
the charge extraction at the respective electrodes. Several recent
publications employed UV-photoemission spectroscopy (UPS)
or inverted photoemission spectroscopy (IPES) to investigate
the energy level alignment of the frontier electronic levels
between hybrid perovskites and many popular hole trans-
porting materials (HTMs), electron transporting materials
(ETMs), and substrates.'®"** These works mainly focused on
CH;NH;Pbl; (here-on MAPDI;), and they highlighted a
positive matching between the energy level positions of the
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valence band edge, (VBE ~ 5.4 €V) and conduction band edge
(VBE ~ 3.7 eV) of this material with respect to a large variety
of electron and hole transporting materials of interest, such as
TiOZ,16 C60,'”?" carbon nanotubes,'® and several substrates.**

Theoretical investigations have contributed to a basic
understanding of perovskite surfaces and interfaces. Haruyama
et al. investigated the thermodynamic stability of several surface
models that differ by the surface termination. Considering
surface models exposing lead and iodide atoms, they computed
the energy associated with the introduction of vacant defects,
finding a larger stability for vacant models. Moreover, these
authors found that none of the surfaces investigated have
midgap states, which would be detrimental for the photovoltaic
working mechanism.”> Apart from the inherent stability of the
specific surface terminations of the hybrid perovskites, this class
of materials is also very sensitive to degradation induced by the
atmosphere.”* The first investigations pointed out toward a
negative role of moisture on the stability of perovskite, and, in
two independent studies, Mosconi et al.”* and Koocher et al.*®
provided a detailed theoretical investigation on the mechanisms
of degradation induced by water at the MAPDI; surface. In
particular, Mosconi et al. found a different resistance of the
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Figure 1. Slab models employed for the simulation of the MAPbI; (001) surface: (a) Pbl- and MAI-terminated surfaces; (b) orientation of the MA
cations (apolar, topC, topN) with respect to the (001) surface. The arrows represent the orientation of the MA cations, with the arrowhead in
correspondence with the NH; group, consistently with the molecular dipole.3/ The color map is lead = black, iodide = red, carbon = green, nitrogen

= blue, and hydrogen = white.

perovskite surface with respect to two possible surface
terminations: A Pbl-terminated surface, exposing lead and
iodide atoms, as in the work of Haruyama, and a MAI-
terminated surface, exposing methylammonium cations (MA)
and iodide atoms. More specifically, Car—Parrinello molecular
dynamics simulations indicate that the Pbl-terminated surface is
more resistant to water degradation, while the MAI-terminated
surface is easily degraded, with removal of the upper atoms
resulting in the formation of a PbI-terminated surface.”® Recent
findings are pointing out also an inherent sensitivity of hybrid
perovskite toward oxygen.”” On the other hand, a compre-
hensive understanding of the electronic properties of the
MAPDI; surface is still lacking, to the best of our knowledge. To
explain the temperature dependence of the valence band
position of the MAPbI; perovskite, Foley et al. computed the
energy position of the valence band edge of MAPbI;, at ~5.7
eV, in reasonably good agreement with experiment (5.4 eV).”*
Yin et al. provided a joined experimental/theoretical study on
the energy level alignment of the MAPbI; perovskite with one
typicl HTM and one ETM, spiro-OMeTAD and C60,
respectively.'” However, none of these works provide a detailed
picture on how the electronic structure of the MAPDI,
perovskite is affected by the surface structural parameters,
including the orientation of the MA cations and the surface
termination.

Here, by means of density functional theory (DFT)
simulations of slab models of MAPbI;, we show that the
surface termination has a tremendous impact on the energy of
the VBE and CBE states. Pbl-terminated surfaces yield VBE
and CBE ~1 eV lower in energy with respect to MAI-
terminated surfaces, with the latter likely corresponding to the
surfaces investigated in the literature using photoelectron
spectroscopy, ° >”** as also confirmed by recent STM
investigations. We also study the interface between
MAPbI; and C60, a highly relevant interface as the
corresponding solar cells feature excellent quantum yields
(~14%)*" and reduced current—voltage hysteresis issues.’
From our DFT simulations, we find that the 0.3 eV upshift of
the C60 levels measured by Schulz et al. at the MAPbI;/C60
interface'” can be explained on the basis of an electron transfer
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from the perovskite to the C60. Most importantly, we also infer
from these calculations that the 1 eV discrepancy between the
VBE and CBE energies reported by several authors'®~*%** and
by Lo et al.”' is likely the result of probing different surface
terminations. Our results suggest that a fine control on the
surface topology of MAPbI; is essential to obtain the proper
energy level alignment in perovskite-based solar cell devices.

B COMPUTATIONAL METHODS AND MODELS

In Figure 1, we portray the slab models employed in the present work.
Considering the tetragonal phase of MAPbI;, which is stable at room
temperature,” (001) and (110) are the only flat, neutral surfaces.
These are thus expected to be the most stable perovskite surfaces, as
supported by DFT calculations performed by Haruyama et al.”® and
Yin et al.'” In this work, we consider slab models of the (001) surface
but we verify for one selected case that the surface (110) provides
similar results. Our slab models have a 2 X 2 periodicity in-plane (see
Figure la) and are five Pbl, layers thick (see Figure 1b).

As discussed in the Introduction, Mosconi et al. pointed out a
resistance of the MAPDI; surface to water degradation that is sensitive
to the surface termination, with the Pbl-terminated surface being more
resistant than the MAI-terminated one.”® For this reason, we here
consider these two surface topologies (see Figure la). We also
envision different orientations of the MA cations, as it has important
indirect effects on the properties of the MAPbI, perovskite.** ™ As a
matter of fact, domains with a global alignment of MA cations result in
a ferroelectric character of the perovskite,***” ™ which implies a
spatial band bending of the electronic levels and their localization in
specific material regions,”* together with other exotic phenomena such
as the Rashba—Dresselhaus effect.>**>*' Yet, the possibility to find
large domains in MAPDI; with a global alignment of the MA cations
has been largely criticized recently,**** in view of the fast
reorientational motion of the MA cations at room temperature.>>*>**

To take into account these orientational effects, we built three
different models (see Figure 1b): (i) in the apolar model, the MA
cations in each layer have an isotropic orientation with respect to the
slab thickness; i.e., half of the MA cations have their -NH; groups
pointing up (and half pointing down). (i) In the topC model, the MA
cations have their -CH; groups oriented toward vacuum in all layers.
(iii) In the topN model, the MA cations are instead oriented with their
-NHj; groups pointing to vacuum. Notice that all of the slab models are
neutral and symmetric with respect to the central Pb—I plane (see
Figure 1b), as widely suggested in the literature, to avoid the
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aforementioned effects associated with the formation of a polar
slab.®™ We employed the lattice parameters from Poglitsch and
Weber for the tetragonal phase of MAPbIL; at room temperature (a = b
= 8.8556 A),33 and we used 60 A along the slab thickness, which
results in 30 and 20 A of vacuum between a slab and its periodic
replica respectively for the Pbl- and MAI-terminated models.

We performed DFT periodic calculations using the PWscf package
of the Quantum Espresso suite program.”® Since van der Waals
interactions play a major role on the stability of the perovskite C60
interface, we resorted to the vdw-DF2 functional for the exchange
correlation.” We employed ultrasoft,”® scalar-relativistic pseudopo-
tentials, together with a cutoff of 25 and 200 Ry, for the expansion of
the wave function and density, respectively. For the sampling of the
first Brillouin zone, we considered only the I' point. This
computational setup revealed it was effective in several recent
studies.***' Bader charge analysis was performed using the program
from ref 52. For the perovskite/C60 interface, we used the dipole
correction for the electrostatic potential, to take into account
unavoidable asymmetry in the electrostatic potential.*®

B RESULTS AND DISCUSSION

MAPDI; Surface. We fully relaxed the atomic positions of
the six structural models under investigation. In general, the
MA cations did not change their orientation during the
optimization, except for the case of the MAI-terminated, topN
model, where all the MA cations of the outermost layers rotate
toward the underlying Pbl, layer. A similar result was found by
Mosconi et al. using Car—Parrinello molecular dynamics
simulations.”® These authors associated this peculiar reorienta-
tion of the MA cations to weak intermolecular interactions,
which were taken into account using the Grimme correction
scheme.** Here, we thus confirm this interpretation and further
notice that such a reorientation of the outlying MA cations
predicted when using the vdw-DF2 functional is not observed if
instead the PBE functional is adopted (see the Supporting
Information), hence pointing to the importance of properly
including van der Waals interactions for the description of the
orientation of the MA cations at the surface.

We first discuss the energetics of the slab models studied. As
the focus of the present work is on the electronic properties of
MAPDI; at the surface, we do not present a detailed study of
complex structural phenomena such as surface reconstruction,
which besides have been ruled out by recent STM measure-
ments.”””" In Table 1, we report the relative energies of the
perovskite MAI- and Pbl-terminated models. For the MAI-
terminated surfaces, the most stable structure is the topC, while
the topN and apolar structures lie respectively ~1 and ~3 kzT/
MAPDI; higher in energy. For the Pbl-terminated surfaces, the

Table 1. Stability and Electronic Band Gap of the MAPbI;
Slab Models Investigated

orientation stability band gap
MAI Pbl MAI PbI
(meV/MAPDI; unit) (eV)
apolar 80.3 849.5 1.82 1.15
topC 0.0 857.9 1.85 1.17
topN 24.0 829.2 1.45 1.36
expt 1.55%- 1.70°

“Reference 55. “Reference 16.
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topN model is found to be the most stable, while the other
models lie slightly higher in energy, within ~1kgT per MAPDI;
unit at room temperature. Dealing with the relative stability of
the two terminations, we cannot directly compare the
energetics of MAI- and Pbl-terminated models, as they have
different stoichiometries (MA,gPb,ol;,s and MA;,Pbyol; s,
respectively). To take this difference into account, we have
normalized their energetics with respect to the same amount of
atoms, subtracting/adding the contributions from the 8 MA--I
units in excess/missing in the MAI-/Pbl-terminated models,
respectively, to reach the regular perovskite stoichiometry. We
report the detailed procedure in the Supporting Information.
We found that, whatever the orientation of the MA cations
considered, the MAI-terminated surface is significantly more
stable than the Pbl-terminated one, with an energy difference
on the order of 830—860 meV per MAPbI, units (>3>k,T at
room temperature). This suggests that the MAI termination
should be the preferred thermodynamic surface under ideal
conditions, in agreement with recent STM measurements.””*°

We now discuss the electronic properties of the studied
MAPbDI; slab models. The electronic band gaps computed at
the DFT level for the various slab models are listed in Table 1.
Namely, while the DFT band gaps for the Pbl-terminated slabs
are smaller than the corresponding experimental data measured
in the bulk by UV—vis spectroscopy (~1.55 €V)> or on the
surface by UPS/IPES (1.7 €V),'° the corresponding values for
the MAI-terminated surfaces are generally slightly larger than
experiment. In line with earlier work by Haruyama et al., we
find no evidence for the formation of midgap surface states.”” It
is worth mentioning that the computational approach
employed here, namely, scalar-relativistic DFT calculations at
the GGA level, correctly predicts the band gap for the bulk
MAPbI, perovskite,”® because of a fortuitous cancellation of
errors between relativistic, spin—orbit coupling and electronic
correlation, as widely reported in the literature.””*® For a
robust description of the electronic properties of this material,
we should resort to more involved computational approaches,
as hybrid DFT*” or GW approximation*>®’ with inclusion of
the spin—orbit coupling, but these approaches are not feasible
in the present case, because of the size of the models studied.

We now pass to the evaluation of the VBE and CBE energies
and of the work function (®), which are easily accessible from
slab calculations.®' = Figure 2a displays the energy of the VBE
and CBE of the six slab models investigated (solid line),
together with the work function (dashed line). Very strikingly,
we find that the work function, and correspondingly the VBE
and CBE, is highly sensitive to the surface termination. The
calculated work function is between 1 and 1.5 eV lower for the
Pbl-terminated structures compared to the MAI-terminated
structures. Also the orientation of the MA cation plays a role in
the magnitude of the work function, which increases going from
the topN to the apolar, to the topC orientation. Yet this effect is
smaller with respect to that of the surface termination. As
shown in Figure 2a, the agreement between calculated VBE and
CBE energies with respect to the experimental data is rather
limited, though a slightly better agreement is found for the
MAI-terminated structures. This is most likely due to the
aforementioned limitations of the computational approach
used. In fact, even if the band gap of MAPbI; predicted at the
GGA level is in reasonable agreement with the experiment, no
definitive conclusions can be drawn from this on the accuracy
of the computed VBE and CBE energies. In this sense, a
previous study on metallic systems suggests that GGA
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Figure 2. (a) VBE and CBE energies (solid lines) and work function
(dashed line) of the MAPbI, slab models, at the vdw-DF2 level and
corrected as described in the main text (see main text), in comparison
with the experimental VBE and CBE from ref 17 (black solid line). (b)
Electronic density on the Pbl- and MAI-terminated model averaged
along planes orthogonal to the slab normal direction (the apolar slab
model is reported as reference). (c) Average nominal charge for
outmost layers for the apolar/topC/topN orientation and resulting
surface dipole (the charge was obtained averaging the Bader charge of
the atoms lying on a given layer and subtracting the nominal charge).

calculations are less accurate for the description of surface
properties as compared to bulk properties.”* The use of more
involved computational approaches is not feasible in the
present case, but we can still correct for the effect of spin—orbit
coupling and electronic correlation on the VBE and CBE
energy as follows. In a recent work, Menéndez-Proupin et al.>’
computed the energies of the VBE and CBE of the MAPbI;,
referred to the averaged electrostatic potential in the unit cell,
comparing the results without/with spin—orbit coupling and
using a less/more accurate treatment of the electronic
correlation (respectively GGA and hybrid functionals).”
They found that the inclusion of spin—orbit coupling and the
accurate treatment of the electronic correlation results in a
downshift by 040 and 047 eV of the VBE and CBE,
respectively (with respect to a reference corresponding to the
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averaged electrostatic potential in the cell). The asymmetry in
the VBE and CBE correction is also consistent with the results
from SOC-GW calculations, which show a 1.08 eV band gap
decrease associated with SOC, which slightly surpasses the 1.0
eV band gap increase due to the electronic correlation.”’
Applying these shifts for the computed VBE and CBE, we
obtain the “corrected” level alignment reported in Figure 2a,
which brings the energy levels of the MAI surface in good
agreement with the experimental data. Before proceeding, we
highlight that the changes in the energy position of the frontier
crystal orbitals discussed here occur with respect to the vacuum
level, which is taken as a reference (zero energy) in all our
work.

The 1—1.5 eV difference between the work functions of the
PbI and MAI surfaces, and consequently of the VBE and CBE,
stems from the different electronic density distributions at the
surface. The planar averaged electronic density in Figure 2b
points out that the PbI- and MAI-terminated surfaces expose to
the surface an electron enriched and an electron tapered layer,
respectively. The Bader analysis performed on the outmost
layers of our slab models confirms that an electron transfer
takes place from the MAI to the PblI layers, as shown in Figure
2¢, with the consequent formation of a surface dipole, pointing
in opposite directions for the two terminations. This surface
dipole is responsible for the upshift and the downshift of the
vacuum level, respectively for the MAI and for the Pbl
termination, as indicated by the Helmholz equation:

Avac = — H

e

(where y is the component of the surface dipole normal to the
surface, g, is the dielectric constant in vacuum, A is the surface
area, and Avac is the shift of the vacuum level).°"*> This
mechanism is depicted in Figure 3a. Also the role of the MA
cation orientation can be rationalized as an independent
contribution to the surface dipole due to the polarization of the

a) termination

PbI- MAI-
vacuum IIIIIIIIIIII 1 Avac>0 vacuum
uMAPhI] uMAPh[.’( L ENEING, (.
+ - D -+
+ - -+ o)
+ - -+
+ - -+
EFem\i
b) CH,;NH, orientation
apolar topC topN
vacuum  Avac=0 1 X\;ac>0
“MAPMK:O HMAPHR uMAPhH AVHC<0
c-N |o N-g |® cH
[62]
N-C N-C C
Fermi

Figure 3. Shift of the vacuum level on MAPbI; slab model due to the
surface dipole associated (a) with the surface termination and (b) to
the MA cation orientation.
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outmost layer. In MAPDI; with oriented MA domains, the
polarization follows the orientation of the MA cations, going
from the CH, group to the NH; group.’” This results in null,
positive, and negative dipolar contributions to the surface
dipole respectively in the case of the apolar, topC, and topN
orientations, which in turn correspond to null, positive, and
negative contributions to the shift of the vacuum level, as
sketched in Figure 3b.

The fact that the MAI-terminated surface likely corresponds
to the one probed in the various UPS studies reported in the
literature'*™*%** is in line with several results: (i) the MAI
termination is significantly more stable than the PbI
termination, in vacuum (see Table 1); (ii) the band gap of
the MAI-terminated models (1.85—-1.45 eV) is in closer
agreement to the band gap measured experimentally (1.55—
1.7 eV) than the band gap of the Pbl models (1.15—1.36 eV);
(iii) the energies of the VBE and CBE of the MAI terminations
are closer to the experimental data, after correcting for the
presumed effects of spin—orbit coupling and electronic
correlation effects. In addition, a strong support to this
assignment comes from two recent studies, showing that the
STM imaging of the MAPDI; surface is consistent with the MAI
termination (with small reorganization) and excluding the Pbl
termination.””*° As a final comment, we argue that if the MAI-
terminated surface is indeed the one probed in most UPS
measurements, 2%%% it might still be possible to observe
surfaces with VBE and CBE lying some ~1 eV lower than the
—5.4 and —3.7 eV data reported in the literature and that would
correspond to Pbl-terminated Iperovskites. We conjecture that
this was observed by Lo et al.*" We will come back to this case
when discussing the electronic structure at MAPbI;/C60
interfaces later.

Before proceeding, we demonstrate that the difference in the
energetics of the frontier orbitals of PbI- and MAI-terminated
surfaces is a general result. We could wonder, for instance,
whether this difference is an artifact associated with the limited
thickness of our models or is specific to our choice of the (001)
surface (rather than the (110) one). Dealing with the slab
thickness, we have performed additional calculations and
compared the VBE and CBE energies of the slabs in Figure
2a with thinner slabs (three Pbl, layers) and thicker slabs
(seven Pbl, layers). The latter calculation is very expensive
(more than 2500 electrons), and we thus limited it only to the
apolar orientation. We find that the thickness of the model
affects the VBE and CBE position up to ~0.2 eV but the ~1 eV
difference between MAI- and Pbl-terminated energy levels is
preserved (see the Supporting Information). This insensitivity
of the energy of the electronic levels with respect to the layer
thickness is easily explained by the Helmholz equation, since,
for slabs of sufficient thickness, the electronic and structural
features taking place locally at the surface and determining the
surface dipole moment y have converged with slab vertical size.
Regarding the influence of the surface, we calculated the
electronic structure for a slab model of the (110) surface of the
MAPDI; tetragonal phase, using the topC model as test case,
and we found that VBE and CBE energies are upshifted by at
most 0.36 eV, but again the ~1 eV difference in the energy level
position of Pbl- and MAI-terminated surfaces still holds (see
the Supporting Information).

Perovskite/C60 Interfaces. We now move on to the case
of MAPbI; covered with C60 monolayers. Following similar
works in the literature,” we have introduced one C60 molecule
in contact with the various perovskite slab models from above,
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considering several initial positions of the C60 on the MAPbI,
surface, in relation to the chemistry of the perovskite surface;
see Figure 4. We then performed a full structural relaxation of

Pbl-terminated

\ A v,
N _aboveC/N @

Figure 4. Position of the C60 with respect to the MAPbI, surface, for
the Pbl- (top panel) and the MAI-terminated (bottom panel) surfaces.

the various models, introducing a dipole correction along the
slab normal direction and self-consistently accounting for van
der Waals interactions by means of the vdw-DF2 exchange-
correlation functional. The interaction energies for the
formation of a C60 adlayer on the perovskite surfaces are
summarized in Table 2. These range from 0.3 to 1.0 eV per
C60 (to put things in perspective, these values are comgarable
with the energy of the hydrogen bonding in nylons). ° Pbl-
terminated models show generally stronger interactions, with
~0.8 eV interaction energy on average, with respect to MAI-

Table 2. Interaction Energy (eV per C60) of the Perovskite/
C60 System, For the Various Investigated Models

C60 apolar topC topN

PbI-Terminated

aboveC —0.69 —0.80

abovel —-0.97 —0.92 —-0.78

aboveN —0.52 —0.75

abovePb —0.82 —0.80 -0.79
PbI-Terminated

aboveC —0.53 -0.35 —0.31

abovel —0.51 —0.34 —0.40

aboveN —-0.36

bridge —0.66 —0.57 —-0.56

DOI: 10.1021/acs.chemmater.6b03259
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terminated ones, yielding average values of ~0.4 eV. For both
the Pbl and MAI terminations, the stronger interactions take
place when C60 is on top of the inorganic atoms (C60 in topl/
topPb position for Pbl-terminated and topI/bridge for MAI-
terminated surfaces). This is fully expected, as iodine and lead
are the most polarizable atoms, hence the larger van der Waals
interactions.

We now treat in detail the electronic properties of the
MAPDbI;/C60 interface, first discussing the energy level
alignment for the noninteracting MAPbI; and C60 components
and then considering the effects of interactions with the adlayer.
In Figure Sa, we depict the energetics of the frontier electronic
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Figure S. Energy level alignment (a) for the noninteracting MAPbI,
(red) and C60 (blue) components, computed using vdw-DF2
functional, and (b) after introducing a correction a posteriori on the
energy levels for the limitations of the computational method
employed, as explained in the main text. Solid lines correspond to
VBE/HOMO and CBE/LUMO levels, while dashed lines correspond
to the work function (®).

levels of the perovskite slab models and of the C60, as obtained
from two sets of independent DFT calculations. For the Pbl
termination, the LUMO level of the C60 lies above the CBE of
the perovskite, which should prevent a spontaneous electron
injection from the perovskite to the C60, while for the MAI
termination the LUMO of the C60 lies below the CBE of the
perovskite, allowing for the electron injection into the C60.
Notice also that, for the MAI-terminated surface, the LUMO of
the C60 is very close in energy to the VBE of the perovskite, a
detrimental situation for the photovoltaic response as it would
favor charge recombination at the interface. This unfavorable
energy level alignment for the MAI termination is mainly due
to inherent limitations of the computational approach
employed, which describes the MAPbI; and C60 components
with different accuracy. With regard to the perovskite, we
already commented on the absence of spin—orbit coupling and
the improper description of the electronic correlation and we
proposed an a posteriori downshift correction of 0.40 and —0.47
eV for the VBE and CBE, respectively.””*" Similarly, it is well-
known from the literature that the band gap of C60 is strongly
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underestimated by DFT. We have thus corrected the energy
levels of C60 with respect to the inherent limitations of DFT, in
line with the approach used for the MAPbI;. For the C60 in the
solid state, Shirley and Louie found that the DFT band gap
(1.04 V) is much improved when including correlation effects
using the many-body perturbative GW method (2.15 eV to be
compared with 2.5—2.6 eV found experimentally).”” Unfortu-
nately, these authors did not discuss whether this band gap
opening, associated with the improved description of the
electronic correlation by the GW method, is due to a 1.10 eV
downshift of the HOMO, a 1.10 eV upshift of the LUMO, or
any intermediate situation. Other simulations at the GW level
performed by Qian et al. on an isolated C60 molecule, for
which the absolute energy of the electronic levels is a well-
defined quantity, shows that the 1.10 eV band gap opening is
due to a symmetric 0.55 eV downshift and upshift of the
occupied and unoccupied levels, respectively.”® We thus
propose an a posteriori correction of the energy levels of the
C60 by —0.55 and +0.55 €V, respectively for the occupied and
unoccupied levels, in parallel to the correction introduced for
the energy levels of the perovskite. The “corrected” energy level
alignment for the noninteracting MAPDbI;/C60 is reported in
Figure 5b. Once these corrections are considered, the relative
positions of the LUMO of C60 and CBE of MAPbI; are
unvaried but the energy offset between the electronic levels of
the noninteracting MAPbI; and C60 is in much better
agreement with the available experimental data.'®'”*’ For the
MALI surfaces, the LUMO of the C60 lies a few tenths of an
electronvolt below the CBE of MAPbI, still allowing for the
electron injection to C60, and more than 1 eV above the VBE
of MAPbI;, reducing the charge recombination at the interface.
For the PbI surfaces, the LUMO of C60 is more than 1 eV
higher in energy than the CBE of MAPbI;, thus making the
electron injection from the latter to the former strongly
unfavorable.

We now discuss the energy alignment of the interacting
MAPDI;/C60 system. The effect of supramolecular interactions
on the energy level alignment can be rationalized by the
following three mechanisms: reciprocal polarization of MAPDI;
and C60, charge transfer, and hybridization. (i) In the
polarization mechanism, the partial positive/negative charge
of the MAI-/Pbl-terminated surface polarizes the C60, which in
turns assumes a dipole in the direction of the surface dipole of
the perovskite (see Figure 6a). As a result, the effect of the
surface termination of MAPbI; on the vacuum level shift is
enhanced by the C60, thus resulting in a further downshift/
upshift of the vacuum level for the MAI-/Pbl-terminated
surface, respectively. (ii) In the charge transfer mechanism, the
offset of the Fermi level of the C60 and of the perovskite
promotes a partial electron transfer between the two
components, inducing a surface dipole that in turn shifts the
vacuum level. In light of the Fermi level alignment in Figure 5,
the PbI surface allows for a charge transfer from the C60 to the
perovskite, resulting in a downshift of the vacuum level, while
the MAI surface is expected to yield a charge transfer in the
opposite direction, namely, from the perovskite to C60, and a
consequent upshift of the vacuum level; see Figure 6b. Notice
that the vacuum level shifts induced by the polarization (Figure
6a) and by the charge transfer mechanisms (Figure 6b) for the
MAI and the PbI surface are opposite, and thus easy to
disentangle. (iii) In the hybridization mechanism, the electronic
states of the perovskite and of the C60 mix, resulting in an
unpredictable change in the vacuum level and, likely, in
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appreciable changes in the density of states of MAPbI; and
C60.

In Figure 7a,b, we illustrate the previous concepts for two
selected cases of the MAI and PbI termination, respectively. For
the MAI surface, we considered the topN model with C60 in
the bridge position; see Figure 7a. Going from the non-
interacting to the interacting case, the DOS of the perovskite
remains unvaried, while the levels of the C60 upshift by 0.05
eV, following the upshift of the vacuum level, and the HOMO
slightly broadens. The 0.05 eV upshift of the vacuum level is
not consistent with the polarization mechanism in Figure 6a,
while it is consistent with the charge transfer mechanism in
Figure 6b. The charge transfer mechanism is also in line with
the alignment of the Fermi energies of the two noninteracting
components and is confirmed by the Bader charge analysis,
which highlights an electron transfer from MAPbI; to C60 of
~0.02 electrons per C60. In the right panel of Figure 7a, we
report the difference of the electronic density of the coupled
MAPDI;/C60 system and those of the isolated fragments,
showing the electron reorganization following the intermolec-
ular interactions. For the Pbl termination instead, we
considered the apolar model with the C60 in the abovel
position; see Figure 7b. The energy levels of the C60 downshift,
following the 0.32 eV downshift of the vacuum level, which
rules out again the polarization mechanism and supports the
charge transfer from the C60 to MAPbI;. This mechanism is
consistent with the alignment of the Fermi levels of the two
independent components, but it is not confirmed by the Bader
charge analysis, which suggests transfer of >0.01 electrons from
the perovskite to the C60. On the other hand, the DOS of both
the C60 and MAPDI; are altered by the perovskite—C60
interaction, with a consistent electronic reorganization when
the two materials are in close contact (see Figure 7b). We
definitely confirm the hybridization of the MAPbI; and C60
states by visual inspection of the LUMO orbitals of the C60,
which demonstrates a strong hybridization of the two
components (see the Supporting Information).

Table 3 summarizes the shift in the vacuum and in the Fermi
level and the Bader charge analysis for the MAPbI; and C60
components. For nearly all the MAI-terminated models, we
observe the rise by a few hundredths of an electronvolt in the
vacuum level, together with the downshift of the Fermi level
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going from the isolated MAPDI; to the interacting MAPbI;/
C60 and a charge transfer of 0.01—0.03 electrons from MAPbI;
to C60. All of these results are consistent with a charge transfer
from the perovskite to C60. Only for two cases, the apolar—
aboveC and apolar—abovel models, we observe a downshift in
the vacuum level that is consistent with the polarization
mechanism in Figure 6a. We conclude that, for the MAI-
terminated surface, the charge transfer and the polarization
mechanism compete in shifting the energy levels of the C60,
with the former generally dominating and sourcing an upshift
of the C60 levels by a few hundredths of an electronvolt. These
findings agree quite well with the UPS/IPES measurements by
Schulz et al.,'” who found an upshift of 0.3 eV of the levels of
the C60 when a monolayer is deposited onto the perovskite
surface, and a consequent rising of the energy levels of the C60.
This results in the reduction of the offset between the CBE of
MAPD]; and the LUMO of C60 from 0.4 to 0.1 eV, which
could have both positive and negative effects on the
photovoltaic working mechanism. On the one hand, the
reduction of the energy level offset is expected to reduce the
loss in the open-circuit voltage and to ease the charge injection
of the photogenerated charges from the latter to the former, as
the states are in closer resonance. On the other hand, the small
offset between the LUMO of C60 and the CBE of MAPbI; also
eases the back-transfer of electrons from C60 to MAPbI; and
makes the charge recombination in the perovskite more likely.

For the Pbl-terminated surface, we observed hybridization
between the states of MAPbI; and C60 for several slab models
(see the Supporting Information). This hybridization results in
a downshift of the levels of the C60 for almost all investigated
cases with energy variations comprised between 0.05 and 0.43
eV. The results of our simulations on Pbl-terminated surfaces
nicely parallel the UPS measurements by Lo et al,”’ who
reported unusual energetics for the VBE and CBE of MAPDI;
respectively at 6.4 and 4.7 eV; that is 1 eV below the energies
most widely reported in the literature."®'”** On this basis, they
proposed the MAPbBI;/C60 to be a type I heterojunction, with
the band gap of the perovskite embedded by that of the C60,
which is exactly the situation depicted in Figure 6d, and we
hence suggest that these works probed the Pbl-terminated
surface. These authors also found a downshift of the C60 levels
by 0.16 eV, when the C60 monolayer is deposited onto
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Figure 7. Variation of the DOS and electronic levels (left panels) and
of the electronic density (right panel) of two MAPbL/C60 study
cases, going from the noninteracting (dashed line) to the interacting
case (solid line): (a) MAI termination, with topN orientation and
bridge position for C60; (b) Pbl termination, with apolar orientation
and abovel position for C60. The energy levels of both the
noninteracting and the interacting systems have been corrected as
explained in the main text. For the difference of the electron densities,
blue and yellow correspond to depleted and enriched electrons
regions, respectively.

MAPDI;, again fully consistent with the downshifts of the
vacuum level reported in Table 3 for the Pbl-terminated
models. This downshift reduces the offset between the LUMO
of C60 and CBE of the MAPbl;, but (according to our
calculations) it is not sufficient to make the LUMO of the C60
more stable than the CBE of MAPbI;; thus the electron
injection from the perovskite to C60 remains unfavorable.

B CONCLUSIONS

Surface properties affect the electronic processes going on at
the interfaces with semiconductors in most optoelectronic
devices. Namely, the energies of the valence and conduction
band edges and their matching with hole/electron transporting
materials need to be tuned in order to guarantee eflicient
charge injection/extraction. For the case of the CH;NH;PbI,
(MAPbBL;) perovskite, which represents one of the most
promising materials recently proposed for photovoltaic
applications, a detailed rationale of the surface electronic
properties is still largely missing. Here, we reported on a DFT
study of the energetics and electronic properties of MAPDI;
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Table 3. Shift of the Vacuum Level (Avac) and Charge
Transfer on MAPbI; and C60, upon Going from the Non-
interacting to the Interacting Case”

model chargeb
MAPDI, C60 Avac (V) MAPbDI, C60
MAI-Terminated
apolar aboveC —0.08 —0.01 0.01
abovel -0.07 0.02 —0.02
aboveN —0.02 0.00 0.00
bridge 0.03 0.03 —0.02
topC aboveC 0.00 0.00 0.00
abovel 0.01 0.01 —-0.01
bridge 0.03 0.03 —0.02
topN aboveC 0.00 0.00 0.00
abovel 0.02 0.02 —0.01
bridge 0.05 0.02 —0.02
PbI-Terminated
apolar aboveC —-0.07 0.04 —0.04
abovel -0.32 0.01 —0.06
aboveN 0.02 0.04 —-0.03
abovePb -0.16 —0.01 0.02
topC aboveC -0.43 0.03 —0.02
abovel -0.29 —0.01 0.02
abovePb —0.24 —0.03 0.04
topN abovel —-0.05 —-0.01 0.01
aboveN —-0.13 0.02 —0.02
abovePb —0.16 0.00 0.00

“The charge is the difference in the nominal number of electrons and
that obtained from the Bader analysis, and it is positive for electron
lacking systems. “For some cases, the charge on the two components
is not exactly the opposite, because the Bader charge does not
normalize to the nominal charge (error of ~0.01 electrons over
thousands).

surfaces, aimed at clarifying the dependence of the VBE and
CBE energies on detailed structural parameters, as the
orientation of the methylammonium (MA) cations and the
termination of the surface, exposing lead and iodide atoms
(Pbl-terminated) or iodide atoms and MA cations (MAI-
terminated). We found that the surface termination profoundly
impacts the energy of the frontier electronic levels, with PbI-
terminated models showing valence and conduction band edges
~1 eV lower in energy that the corresponding states in MAI-
terminated models most widely probed experimentally.””*°
Note that such changes in the energy position of the frontier
crystal orbitals are defined with respect to the vacuum level.
The existence of two surfaces with very different energy
positioning of their frontier electronic levels has dramatic
impact on the energy level alignment of MAPbI; with respect
to the electrodes and the hole and electron transport materials.
To illustrate this concept, we performed DFT simulations on
the interface between MAPDbI3 and C60, which, thanks to its
positive photovoltaic performances’ and negligible hysteretic
behavior,”* represents a highly relevant case study. For
noninteracting MAPbI;/C60, the CBE of the MAI-terminated
perovskite lies above the LUMO of the C60, allowing for a
spontaneous charge transfer of the photogenerated electron
into the C60, while the CBE of the Pbl-terminated perovskite
lies below the LUMO of the C60, instead hindering electron
injection. When the C60 interacts with the MAI-terminated
surface, it shows an upshift of its electronic levels, due to a
charge transfer from the perovskite to the C60, which reduces
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the offset between the perovskite CBE and the C60 LUMO but
does not invert their ordering in energy, thus preserving the
condition for spontaneous electron injection. This upshift and
the consequent reduction of the energy level offset nicely
parallels the measurements from Schulz et al.'” and is expected,
on the one hand, to ease the injection of the photogenerated
charges from the perovskite to the C60 but, on the other hand,
also to ease back-transfer from the C60 back to the perovskite,
thus facilitating the charge recombination at the interface.
When the C60 interacts with the Pbl-terminated surface,
instead, it shows a downshift of its electronic levels, mostly
because of the mixing/hybridization between the C60 and the
perovskite states. This downshift is consistent with exper-
imental data from Lo et al.*' and brings the LUMO level of the
C60 closer to the CBE of the perovskite (yet, from our
calculations, this is not enough to exchange their relative
energies, thus leaving the electron injection from the perovskite
to the C60 an endothermic process in this case). It is worth
mentioning that a very recent work by Jacobs et al. also pointed
out the importance of the surface termination in the
determination of the energy of the electronic levels for
perovskite oxides.”’

The results of the present work bear important implications
for the design of efficient perovskite-based photovoltaic devices,
as they point to the importance of a fine control of the surface
termination. Here, we showed that MAPbI; exposing MAI-rich
layers is more thermodynamically stable than Pbl-terminated
surfaces and features a more favorable energy level alignment
for electron extraction using fullerene electron transporting
materials. It has been, however, demonstrated that moisture
induces surface degradations prompting the removal of the
upper organic-rich layers and the formation of unfavorable (for
electron extraction purposes) Pbl-terminated surfaces.”
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