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ABSTRACT: Working organic—inorganic lead halide perovskite-based devices are notoriously
sensitive to surface and interface effects. Using a combination of density functional theory
(DFT) and time-dependent DFT methods, we report a comprehensive study of the changes
(with respect to the bulk) in geometric and electronic structures going on at the (001) surface of
a (tetragonal phase) methylammonium lead iodide perovskite slab, in the dark and upon
photoexcitation. The formation of a hydrogen bonding pattern between the -NH; groups of the
organic cations and the iodine atoms of the outer inorganic layout is found to critically
contribute to the relative thermodynamic stability of slabs with varying surface compositions and
terminations. Most importantly, our results show that the hydrogen bond locking effects induced
by the MA groups tend to protect the external two-dimensional lattice against large local
structural deformations, i.e., the formation of a small exciton-polaron, at variance with purely
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inorganic lead halide perovskites.

ybrid organic—inorganic halide perovskites, such as

MAPbI; (MA = CH;NH,;), are being more heavily
scrutinized due to their outstanding optoelectronic properties.'
Namely, over the past few years, the power conversion
efficiencies of lead halide-based perovskite solar cells have
increased rapidly.” The impressive photovoltaic performances
demonstrated by this class of materials are triggered by a
combination of several unique features, including a wide
optical absorption range,” a large optical absorption
coefficient,* and a long charge carrier diffusion length.5 In
particular, low electron-hole (e-h) binding energies of <20
meV have been widely reported.””"" As the value of the e-h
binding energy is smaller than kT (~25 meV) at room
temperature, it is reasonable to expect that most of the weakly
bound e-h pairs are ionized, yielding free carriers in the
bulk.'*~"*

Tracking the initial charge carrier dynamics following
photoexcitation using transient spectroscopy provides useful
information about the possible coupling between the electronic
and nuclear degrees of freedom.'> While literature data
abundantly refer to the formation of self-trapped excitons'®'”
or photoinduced polarons'®~*° in lead halide perovskites, their
detailed nature in relation to chemical composition and
dimensionality has not been clearly unveiled.”' Usin§ the
common language in the field, “large” polarons,zz’2 ie,
extended lattice distortions responsible for the appearance of
shallow energy traps in the band gap, can form in MAPDbI; as a
result of the reorientation of the dipolar organic cations and
their associated screening fields,** distortions in the inorganic
framework on subpicosecond time scales***° (thus being much
faster than the rotation of the organic cations),”” or a
combination of both displaced inorganic nuclei and reoriented
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organic cations.”® In addition to large polarons in the three-
dimensional (3D) bulk, a number of theoretical and
experimental investigations also suggest the formation of
“small” polarons, i.e., a localized reorganization of the lattice
pushing energy levels deep in the band structure.””** While
large polarons are expected to have a rather benign impact on
charge transport and recombination, small (exciton) polarons
feed the formation of (transient, if these are triggered by light
absorption) deep traps that can reduce charge carrier mobility
and enhance trap-assisted recombination at low charge carrier
densities. We note that, because of electronic and dielectric
confinement effects, low-dimensional perovskites are expected
to undergo enhanced carrier-phonon interactions, possibly
prompting the formation of small polarons.”" It is also likely
that larger structural reorganization in charged or neutral
excited states occurs close to perovskite surfaces as these offer
increased ion mobility.****

Theoretical calculations have been performed to assess at
the atomistic level the fundamental (photo)physics of
perovskite surfaces, such as the thermodynamic stability of
different terminations®* > and the associated changes in the
ground-state electronic structure’”*” or the degradation
mechanisms in contact with the atmosphere or mois-
ture.****™* While there is clear evidence for substantial
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Figure 1. (a) MAPbI; with MAI-terminated surfaces. (b) MAPbI; with PbI-terminated surfaces. The topC, apolar, and topN configurations defined
in the text are shown for each surface termination. The thickness of the slabs is defined as Ln (n = 3, 5, or 7), where n is the number of the Pbl,

planes along the ¢ axis.

surface reconstruction effects,’*™** how these ground-state
effects in turn translate into local lattice distortions upon light
irradiation, ie., after formation of e-h pairs, has remained
largely unexplored.*’

This is precisely the scope of this work, in which we apply
state-of-the-art density functional theory (DFT) and time-
dependent DFT (TD-DFT) techniques to track the energetics
of neutral excitations in slab models of MAPbI; upon relaxing
the ionic forces in the excited state. We find that exciton-
polaron relaxation energies anticorrelate with the thermody-
namic stability of the ground-state surface (namely, more
stable surfaces show smaller relaxation energies), hence
pointing to the important role played by hydrogen bonding
between the amino groups and the iodines in protecting the
semiconducting material against the formation of deep trap
states.

We focus on the (001) surface of MAPbL, in the tetragonal
phase owing to the high surface stability predicted by both
first-principles calculations®>*° and powder X-ray diffraction
measurements.”’  Two typical surface terminations are
studied:*”*® MAI termination that exposes MA cations and
iodine atoms (Figure la) and Pbl termination that exposes
lead and iodine atoms (Figure 1b). Fixing the cell parameters
of the tetragonal phase (a = b = 8.8556 A) at their room-
temperature values obtained by Poglitsch and Weber,”* we
construct the slabs by considering a 2 X 2 periodicity in the a—
b plane (Figure 1). The thickness of the slabs is defined as the
number of Pbl, layers (Ln) along the direction normal to the
a—b plane. Slabs of increasing thicknesses (Ln, where n = 3, S,
or 7) were compared to a bulk model (using a 2 X 2 X 2
supercell that has been shown to provide a reasonable
description of the band gap).”>” To eliminate the spurious
interactions between the slabs and their periodic images along
the ¢ axis, a distance of 65 A in the normal direction of the
surfaces is adopted (corresponding to a vacuum region of at
least 18 A). Note that each of the studied slabs is symmetric
with respect to the innermost Pbl, plane to avoid artifacts
associated with the formation of a polar slab.”” Because the
frontier crystal orbitals are controlled by the orientation of the
MA cations,”” three models are studied for each of the
terminated surfaces. (i) In the topC model, the MA cations
have their C-terminated sides oriented toward the vacuum. (ii)
In the topN model, the MA cations are oriented with their N-
terminated sides pointing to the vacuum. (iii) In the apolar
model, the MA cations show alternated orientations in each a—
b plane (namely, half of the MA cations with their N-
terminated sides pointing up and half pointing down).
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The ground-state calculations are carried out by using the
DFT method under periodic boundary conditions, as
implemented in the Vienna Ab initio Simulation Package.’*
The electronic wave functions are expanded by plane waves
with an energy cutoff of 400 eV. Atoms of Pb, I, C, N, and H
species are explicitly treated by incorporating 14, 7, 4, 5, and 1
valence electrons, respectively. The structural relaxations are
performed with projector-augmented wave pseudopotentials®®
and the Perdew—Burke—Ernzerhof (PBE) functional®® by
sampling the Brillouin zone at the I' point. The energy
convergence criterion is set to 107* eV, and the positions of all
atoms are relaxed until the Hellman—Feynman forces become
smaller than 0.04 eV/A. The semiempirical DFT-D, method is
used to account for the van der Waals corrections,”” potentially
affecting the interaction between the MA cation and the
inorganic lattice.”” On the basis of the DFT fully optimized
ground-state configurations, relaxation of the ionic forces in the
excited state is performed by applying a recently developed
TD-DFT approach using pseudopotentials and a plane wave
basis set, suitable for calculations on periodic systems.”® The
ionic forces and charge densities in the excited states are
obtained by the derivatives of the Lagrangian functional with
respect to ionic position and external potential, respectively.
From the literature, it is well-established that the PBE
functional produces reasonable values for the band gap of
hybrid perovskites due to a cancellation of two effects, namely,
the lack of spin—orbital interactions and the self-interaction
error inherent to pure DFT functionals.’”™®" To validate the
PBE results, calculations including spin—orbit coupling (SOC)
corrections and applying an optimally tuned range-separated
hybrid (OT-RSH) functional® have also been carried out.
Because of the large size of the models with which we are
dealing, we resort to solving the OT-RSH functional problem
using first-order perturbation theory,”*** which has been
shown to produce reasonable osptical excitations in solids with
dielectric confinement effects.®

MAI-terminated slabs with topC, apolar, and topN
configurations are hereafter defined as MAI-topC, MAl-apolar,
and MAI-topN, respectively. Similarly, the PbI-terminated
slabs with topC, apolar, and topN configurations are labeled
Pbl-topC, Pbl-apolar, and PbI-topN, respectively. When
comparing the relative total ground-state energies of the
slabs, we find that the topC (topN) configuration is the most
(least) stable for MAI-terminated slabs (Figure 2a). The
relative stabilities are swapped for Pbl-terminated slabs, with
now the topN (topC) configuration becoming the most (least)
stable (Figure 2b). Such trends hold irrespective of the
thickness of the slabs (Figure S1), suggesting that the relative
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Figure 2. Energetics of L7 slabs as a function of the orientation of the dipolar MA cations. (a) Ground-state (GS) and excited-state (ES) energies
for the MAI-topC, MAlI-apolar, and MAI-topN slabs in the relaxed GS and ES geometry, respectively. (b) GS and ES energies for the PbI-topC,
Pbl-apolar, and PbI-topN slabs in the relaxed GS and ES geometry, respectively. (c) GS energies of MAI-terminated slabs in topC and topN
configurations with reversed MA cations in different a—b planes. (d) GS energies of Pbl-terminated slabs in topC and topN configurations with
reversed MA cations in different a—b planes. The energies in panels a and c are taken with respect to the GS energies of the MAI-topC slab,
whereas the energies in panels b and d are taken with respect to the GS energies of the PbI-topN slab. (e—h) Configurations of MAI-topC(n) (n =
1,2, 3, and 4, respectively) that are defined as the MAI-topC slab with the reversed MA cations (red) in the nth layers counting from the innermost
Pbl, plane. The configurations of MAI-topN(#) in panel c correspond to the MAI-topN slab with reversed MA cations in the nth layers counting
from the innermost Pbl, plane. PbI-topC(#n) and PbI-topN(n) (n = 1, 2, and 3) in panel d are defined in the same way as MAI-topC(n) and MAI-
topN(n).

stability of the slabs is influenced by an interplay between the (Figure 2e—h). Focusing on the MAI-terminated surface, we
orientation of the organic cations and the surface exposure. To find that (i) among the MAI-topC slabs, the rotation of the
gain more insight into this, we performed calculations by outermost cationic layer with -NH; moieties pointing toward
successively rotating MA cations in different a—b planes the vacuum, the MAI-topC(4) model, results in the largest
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J. Phys. Chem. Lett. 2020, 11, 2983-2991


https://pubs.acs.org/doi/10.1021/acs.jpclett.0c00673?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c00673?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c00673?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c00673?fig=fig2&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://dx.doi.org/10.1021/acs.jpclett.0c00673?ref=pdf

The Journal of Physical Chemistry Letters

pubs.acs.org/JPCL

energy destabilization (~3 eV per slab), while the other
rotations account for a smaller destabilization [~1.5 eV
(Figure 2c)], and (ii) among the MAI-topN slabs, the rotation
of the outermost cationic layer with -NH; moieties pointing
toward the bulk, MAI-topN(4) model, results in the largest
energy stabilization (~1.6 eV), while all of the other rotations
slightly destabilize the system. The surface topology of
MAPbX; (X = 1 or Br) has been resolved in real space
experimentally using scanning tunneling experiments,%’47
showing the final surface structure with MAX termination
and the external CH; groups directed toward vacuum, hence
essentially in line with the MAI-topC model reported here.
The increased stability in MAI-terminated surfaces where
the top layer MA cations orient their -NHj; units toward the
bulk (-CH; toward vacuum) has to be ascribed to the
formation of hydrogen bonds (HBs) with the halides,”” as
confirmed by the calculations presented here. More specifi-
cally, using a cutoff criterion of <3 A for the H--I distance, we
find that the MAI-topC and MAI-topN(4) models are
characterized by four HBs per organic cation on the surfaces
(Figure 3a and Table 1), while MAI-topC(4) and MAI-topN

Figure 3. (a and b) Geometry of the MAI-terminated surface with the
outermost -CH; and -NH; groups oriented toward vacuum,
respectively. (c and d) Geometry of the Pbl-terminated surface with
the outermost -CH; and -NH; moieties oriented toward the surface,
respectively. The hydrogen bonds with I--H distances of <3 A are
numbered.

show only two HBs (Figure 3b and Table 1). The energy
penalty to switch one outermost MA cation [from MAI-topC
to MAI-topC(4), consequently breaking two HBs] is hence
estimated to be ~200 meV per cation, translating into a
hydrogen bonding energy of ~100 meV, in good agreement
with earlier theoretical calculations®® and with typical values
reported for H--I interactions.’” In summary, the breaking of
the hydrogen bonding network between the organic cations
and the PbI lattices at the perovskite surface explains the
destabilization of the MAI-topN and MAI-topC(4) models,

compared to MAI-topC. When focusing on the PbI-terminated
surfaces, we find the Pbl-topN slab is stabilized by the
formation of four HBs for each MA cation, two with the
outermost iodine atoms and two with iodine atoms residing in
the bulk (Figure 3d and Table 1). Upon rotation of the
outermost MA cations, model Pbl-topN(3) (Figure 3c), the
hydrogen bonds with external iodines are broken and
substituted with two new HBs inside the bulk, leading to the
smaller energy variation (~40 meV), compared to that of the
models with MAI termination. Taken together, our results
confirm previous investigations that highlight the importance
of hydrogen bonding in stabilizing the surface of MAPbI; and
suggest that unbalanced HB interactions in the bulk and at
surfaces or interfaces might seed surface reconstruction
effects.®®

We now turn to excited-state properties, here modeled using
the TD-DFT approach. The slab models described above have
been subjected to full relaxation of the ionic forces in their
lowest electronic excited state. Similarly, a 2 X 2 X 2 supercell
of the tetragonal phase of MAPDI;, taken as a reference of the
3D bulk material, has been relaxed as well in the lowest excited
state. The corresponding adiabatic excited-state energies,
plotted versus surface termination in panels a and b of Figure
2, parallel the ground-state energies and reflect changes in HB
interactions in the uttermost layer. To quantify the magnitude
of the light-triggered geometric changes, we report in Figure 4
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Figure 4. Polaronic energies (EPOI) as a function of the thickness of
the slabs: (a) MAI-topC and MAI-topN slabs and (b) Pbl-topC and
PbI-topN slabs. The data shown as filled symbols are obtained by fully
relaxing the excited-state geometries, whereas the data shown as
empty symbols are obtained by freezing the MA cations during the
excited-state relaxation. The E,, of the MAPbI; bulk with a2 X 2 X 2
supercell is also shown in panels a and b.

the polaronic energy (Epol), defined as the difference in
excitation energies between the equilibrium geometries in the
ground state and excited state. Notably, compared to the
corresponding 3D bulk, a similar increase in polaronic
reorganization energies has been reported by Neukirch et al.
in model clusters of MAPbI,.** The reorganization energy
increases significantly from L3 to LS, with some sign of
saturation at L7, thus implying that the intrinsic size of
“surface” polarons in MAPDI; extends over a thickness of at
least two Pbls octahedra. Interestingly, irrespective of the
thickness of the slabs, the MAI-topC samples, which are also

Table 1. Distances (angstroms) of the HBs Formed between -NH; Groups and Iodine Atoms Shown in Figure 3

MAI-topC MAI-topN MAI-topC(4) MAI-topN(4) Pbl-topC Pbl-topN Pbl-topC(3) Pbl-topN(3)
1 2.57 2.58 2.81 2.77 2.68 2.71 2.88 2.83
2 2.61 2.53 2.85 2.73 2.73 2.77 2.87 2.96
3 2.94 3.00 3.00 3.00 3.00 2.96
4 2.96 2.82 2.99 2.86 3.00 2.98
2986 https://dx.doi.org/10.1021/acs.jpclett.0c00673
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the most stable, display smaller E, values compared to those
of MAI-topN (Figure 4a), the same being true for the Pbl-
topN versus PbI-topC slabs (Figure 4b). Thus, there is a clear
anticorrelation between ground-state stability and geometric
relaxation as measured by the polaron relaxation energy in
these slabs, with most stable surfaces showing smaller
relaxation energies. It is instructive to further disentangle the
polaronic effects into contributions from the inorganic and
organic components. This is modeled here by freezing the MA
cations during the excited-state optimization, thus removing
the contribution to the polaronic relaxation associated with the
organic component. From this analysis (Figure 4), we
conclude that the lattice distortions are contributed by both
collective motions of the inorganic lattice and (though to a
smaller extent) reorientation of the organic cations, in line with
theoretical calculations*”*° and experimental studies.”*’

To gauge the effects of such geometric deformations on the
electronic structure, we proceed to analyze the one-electron
density of states (DOS) along the surface normal at both the
ground-state and excited-state equilibrium geometries, as
depicted in Figures S and 6. The thickest (L7) MAI- and
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Figure 5. Surface plot of the DOS for the L7 slabs with MAI
termination. (a) DOS of the MAI-topC slab in the ground state. (b)
DOS of the MAI-topC slab in the excited state. (c) DOS of the MAI-
topN slab in the ground state. (d) DOS of the MAI-topN slab in the
excited state.

Pbl-terminated slabs are used for this analysis. The spatial
confinement of the crystalline orbitals when moving away from
the surface to the bulk reflects changes in electrostatics, with
the valence and conduction edge states bending in real space as
a function of the orientation of the MA cations, which lies
parallel to the polarization of the material.”” Specifically, when
we focus on the ground-state results, the DOS distribution
calculated for MAI-topC shows a “<” like shape for both the
valence and conduction band states, indicating that holes are
stabilized at the outer layers while the electrons are confined in
the central layers; this pattern reflects the orientation of the
MA dipoles that point their negative (positive) heads toward
(backward) vacuum thereby shifting the hole (electron)
density outward (inward). In fact, in the MAI-topN
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configuration, the surface electrostatic potential is inverted,
and so is the DOS now featuring a “>” shape with the
conduction (valence) band confined in the outer (inner)
layers. Thus, there is an intrinsic driving force for spatially
splitting holes and electrons apart in these slabs that arises
from surface dipole effects. These effects, already present in
panels a and ¢ of Figure S pertaining to the ground-state
geometries, are apparently amplified upon geometric relaxation
in the excited state (Figure Sb,d). Very similar results are
obtained for the Pbl-terminated surfaces (see Figure 6). We
have also verified that the surface dipole effects driving spatial
separation of holes and electrons are present in the slabs with
an overall apolar bulk configuration (Figure S2).

The changes in DOS occurring in the excited-state
equilibrium geometry can be mostly related to distortions of
the octahedral lattice (though changes in the orientation of the
organic cations also contribute). Figure 7b shows that there is a
substantial and rather uniform deformation of the lattice in the
outermost Pbl, plane that tends to straighten the Pb—I—Pb
linkages, prompting an increased level of Pb—I hybridization,
while alternating increases and decreases in bond angles occur
in the deeper layers (Figure 7c,d). Most importantly, such
structural reorganization effects are strongly suppressed when
going from the less stable MAI-topN and (to a lesser extent)
PbI-topC to the thermodynamically favored MAI-topC and
PbI-topN slabs, which explains the reduced polaronic energies
of the latter. It thus appears that hydrogen bonding
interactions that are responsible for the increased stability of
the latter two configurations also protect the surfaces against
the formation of strongly bound exciton-polarons. Notably,
Pbl-terminated surfaces show weaker geometric deformation
than MAI-terminated surfaces when going from the ground
state to the excited state. Though other effects could
contribute, this seems to correlate with the improved
performance of MAPbI;-based solar cells with PbI-terminated
exposure.”' =7
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Figure 7. (a) Pb—I-Pb angles in the equatorial Pbl, planes are
defined. (b) Changes in angles in the outermost Pbl, plane from the
GS geometry to the ES geometry. (c) Changes in angles in the second
outermost Pbl, plane from the GS geometry to the ES geometry. (d)
Changes in angles in the third outermost Pbl, plane from the GS
geometry to the ES geometry. CsI(CsPbl;) and PbI(CsPbl;) in
panels b—d represent the CsI- and Pbl-terminated CsPbl; slabs,
respectively.

To further corroborate these findings, we performed similar
calculations replacing all MA cations with cesium ions (while
maintaining the MAPDbI; tetragonal lattice structure for ease of
comparison). In line with our hypothesis, the lack of HB
interactions in CsPbl; results in large-amplitude angle
deformations in the outermost Pbl, plane and in associated
large polaron relaxation energies (320 meV for Csl-terminated
CsPbl; and 250 meV for Pbl-terminated CsPbly). The
difference with respect to the polaron energies of the reference
MAI-topC and Pbl-topN models in Figure 4 (240 and 150
meV, respectively) is therefore purely associated with the HBs.
Notably, the large deformation on the surface of CsPbl; is
consistent with the strong carrier-phonon coupling resolved
experimentally.”*~*°

Finally, we comment on two aspects that have not yet been
addressed. The first is methodological, and the second deals
with the importance of e-h correlation effects. All calculations
so far are based on the PBE functional. We have verified that
the findings described above are (qualitatively) not affected by
including SOC corrections (Figure S3) and by properly
treating long-range e-h interaction effects using the OT-RSH
functional [thinner slabs were adopted due to the large
computational cost (Figure S4)]. Because SOC has a rather
limited effect on polaronic reorganization energies’' and under
the reasonable hypothesis that corrections to the total energies
going beyond pure DFT exchange and correlation should be
similar in the ground state and in the excited state, we expect
the trends in Figure 4 to be preserved at the hybrid+SOC level
of theory.

Notably, reasonable band gap values were obtained by
assuming a static dielectric constant of ~4 (Figure SS),
suggestin§ weaker electrostatic screening at the surface than in
the bulk.** To shed light on the role of e-h interactions, we
repeated our calculations for charged supercells in which
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geometric relaxation effects were monitored after adding
(subtracting) one unit of electron charge to (from) the slabs.
The PBE results show that the deformation of the outermost
inorganic lattice in the charged state (Figure S6) is
substantially weaker than in the neutral excited state turning
into exciton-polaron relaxation energies substantially larger
than the sum of the hole and electron polaronic energies
(Table S1). These results suggest the e-h interactions have a
significant impact on the nature of the photoinduced
excitations at perovskite surfaces and should thus be accounted
for when modeling interfacial light-induced degradation.®

To summarize, we have performed DFT and TD-DFT
calculations on periodic slabs of MAI- and Pbl-terminated
MAPDI; surfaces differing in chemical composition and
terminations. Our results are as follows. (i) The thermody-
namic stability of the surfaces is found to be critically
determined by the orientation of the MA cations. Irrespective
of the surface composition, the hydrogen bonding pattern
between the -NH; moieties and the outer iodine atoms steers
the relative stability of the slabs in their ground-state and
excited-state geometries. (ii) While exciton-polarons have very
small binding energies in the bulk, they are stabilized by larger
lattice reorganization at surfaces. Yes, these distortions are
inversely proportional to the stability of the slabs, with the HB-
driven most stable surface models being subjected to the
smallest geometric relaxation effects. Hence, it appears that the
formation of the HB pattern protects MAPbI; perovskite
surfaces against formation of light-triggered small exciton-
polarons and deep photoinduced traps. In fact, simulations
performed in corresponding models for CsPbl; perovskites,
where such a HB pattern is absent, show large excitonic
relaxation effects. (iii) Compared to the bulk, the surfaces
show weaker electrostatic screening of the photogenerated e-h
pairs. In turn, the strengthened e-h interactions yield larger
structural deformations at surfaces and should be accounted
for when theoretically modeling photoinduced processes at
surfaces of (interfaces with) MAPbI,.

Our results provide an unambiguous link between the
microscopic surface structures and light-induced geometric
deformation of MAPbI; with different surface exposures, and
pave the way toward unveiling the photoinduced instability of
surfaces in contact with atmospheric species and moisture.”®
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