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ABSTRACT:

A periodic hybrid density functional theory computational strategy is presented to model
the heterointerface between the methylammonium lead iodide (MAPI) perovskite and titanium
dioxide (TiO,), as found in perovskite solar cells (PSC), where the 4-chlorobenzoic acid (CBA)
ligand is used to improve the stability and the band alignment at the interface. The CBA ligand
acts as a bifunctional linker to efficiently connect the perovskite and the oxide moieties,
ensuring the stability of the interface through Ti-O and Pb-Cl interactions. The computed
density of states reveals that the perovskite contributes to the top of the valence band while the
oxide contributes to the bottom of the conduction band with a direct bandgap of 2.16 eV,
indicating a possible electron transfer from MAPI to TiO». Dipole moment analysis additionally
reveals that the CBA ligand can induce a favorable effect to improve band alignment and thus
electron transfer from MAPI to TiO,. This latter has been quantified by calculation of the spin
density of the reduced MAPI/CBA/TiO; system and indicates an almost quantitative (99.94%)
electron transfer from MAPI to TiO, for the surface engineered system, together with an
ultrafast electron injection time in the femtosecond timescale. Overall, the proposed DFT-based
computational protocol therefore indicates that surface engineering and the use of a bifunctional
linker can lead to a better stability, together with improved band alignment and electron

injection in PSC systems.




1. INTRODUCTION

With excellent optoelectronic properties and potential for low-temperature device
fabrication, organometal halide perovskites (AMX;) are extensively studied materials.! Since
their very first combination with mesoporous TiO» photoanode for visible-light conversion in
photovoltaic cells by Myasaka et al.?, organometal halide perovskites AMX3 have attracted
considerable attention as efficient light harvesters. In particular, organic-inorganic hybrid
perovskite solar cells (PSC) have appeared as excellent potential candidates to produce clean
energy, with easy fabrication, long charge carrier diffusion lengths and lifetimes, high

absorption coefficient, solution processability and high photoconversion efficiencies (PCE).>%°

These perovskites are composed of an organic cation A, a divalent metal cation M generally
belonging to the fourth main group and a halide anion X, which are arranged in a rigid three-
dimensional network of corner-sharing MXs octohedra. By varying the different possible
combinations between these cationic and anionic species, bandgap tuning of the perovskite
material is possible, thus allowing to readily modulate its light absorption for photovoltaic
application. Although the M and X species can in principle be easily tuned in these structures,
the A cation on the other hand fills the 12-fold coordinated cubo-octahedral space created by
the inorganic metal halide octahedra, hence making its choice limited to either monovalent
cations such as Cs*, Rb" or K, or to the small organic methylammonium (MA") and
formanidinium (FA™) ions.!® In particular, among the most studied hybrid perovskites for PSC
application, the pioneering methylammonium lead iodide hybrid perovskite (MAPbDI;, referred

to as MAPI) still remains actively considered nowadays.>"-%!

In a PSC, the perovskite layer? ensures light absorption and generates electron-hole
charge carrier pairs which then dissociate into free charge carriers. The free excited electrons
and holes diffuse within electron and hole transport layers (ETL and HTL) and are then
collected by corresponding electrodes.'® By optimizing the different components of PSC as well
as by finely tuning their combination, their PCE has increased from 3.8 to 25.2%?* during the
last decade.>”'* Although PSCs are then now generally considered as one of the most promising
devices for photovoltaic energy production, several points still remain critical however for real-
world application, including mainly toxicity and long-term stability. For example, MAPI
hydrolyzes in the presence of water, breaking the weak interaction between the inorganic and
organic networks.?*?¢ In addition, the commonly-used organic HTL for high PCE such as spiro-
OMeTAD, P3HT or PTAA are expensive and sensitive to humidity,?’?° and various alternatives
such as transition-metal oxides or copper compounds have been explored.’*** The choice of the
HTL and ETL is also critical for cell performances, since PSC rely on different interfaces which
should all be adequately designed and matched to achieve high PCE, by reducing charge

recombination losses and maximizing the open-circuit voltage,”> hence implementing



interfacial and surface engineering is particularly important in these systems.!®*® One general
possible strategy for surface engineering is the use of facile solution-based processes

37-39 which can form thin,

considering self-assembled monolayers (SAMs) of organic molecules
dense and stable layers able to modify the electronic structure of the metal oxide surface they
are chemically attached to. In the PSC field, SAMs have already been proposed since they can
potentially induce various favorable effects such as morphology modification, band alignment
with the energy level of the photoexcited active layer, trap passivation and delay of charge
recombination.**4!

Among the available modeling tools, density functional theory (DFT) has already been
widely used and shown to be a useful tool to predict the structural and electronic properties of

42-51

key interfaces found in sensitized solar cells,*~" including the one formed between the MAPI

perovskite and TiO, in PSC.>*> While the works devoted to the investigation of the isolated

components of this interface are numerous,>*->

much fewer have focused on the investigation
of the full interface, probably due to its complexity and to the associated high computational
cost. For example, Yoshitaka et al. recently investigated the structural stability and the
electronic structures of a series of low-indices surfaces of tetragonal MAPI, highlighting that
the (110) and (001) terminations are expected to be stable, with shallow surface states that can
act as efficient intermediates for hole transport to HTL.®*¢! The tetragonal MAPI (001) surface
was also recently investigated, comparing the two possible MAI and Pbl, terminations,
indicating that the MAI termination is relatively more favorable than the Pbl, one in equilibrium
growth.®? On the other hand, for the ETL, TiO; is usually considered due to its wide bandgap
and fairly transparent nature.®* Although the rutile polymorph is the most stable one for large
particles, nanoparticles preferentially form with the anatase variant which is commonly used in
photovoltaic materials.®*> More precisely, the anatase (101) surface is thought to be the most
stable surface orientation in such systems.®*®" Finally, among the works devoted to the
modeling of the full MAPI/TiO, interface,***7%72 De Angelis™ et al. proposed the (110)
surface of MAPI to preferentially grow on TiO: due to better lattice matching, with the chloride

atoms concentrating at the TiO, interface.”

In this article, we present a theoretical investigation of a modified MAPI/TiO, interface that
was first optimized experimentally. Indeed, we have studied the effect of SAMs of a series of
para-substituted benzoic acid derivatives as TiO»/perovskite interfacial modifiers.*! Among
them, we have found that 4-chlorobenzoic acid (CBA) was the best candidate which improves
markedly the power conversion efficiency (PCE) of the solar cells. Interfacial engineering with
CBA enabled us to achieve a PCE of 21.3 % to be compared to 20.3% for the untreated cells
(see Tables S1 and S2, Supporting Information). However, while interfaces play a key role in

such cells, their experimental characterization at the structural and electronic levels still remains



difficult. Consequently, modeling of such interfaces with appropriate computational methods is
relevant for a better understanding of the basic working principles of PSC, and thus for the
design of novel systems. We show here that the linking of perovskite and TiO, moieties is
enhanced by using the bifunctional CBA ligand. A model of the MAPI/CBA/TiO; interface
(Figure 1) has been built and its structural and electronic properties have been fully
characterized at the periodic hybrid DFT level. The key electron injection process found at this
interface has also been addressed. We show that SAMs can be efficiently used for surface
engineering of the heterointerface found in PSC between MAPI and TiO,, due its bifunctional
nature, acting both as a suitable spacer at the interface to improve its stability, but also imposing

a favorable dipole moment to improve band alignment and thus electron injection in such

Cl

systems.

N

TiO, Ti

Figure 1: Schematic of the MAPI/CBA/TiO: interface.
In the discussion, computational details are first presented in Section 2 while results

obtained are discussed in Section 3. Finally, some conclusions are drawn in Section 4.

2. COMPUTATIONAL DETAILS

All calculations were carried out with the periodic Crystall7 code, which is based on a
linear combination of atom-centered Gaussian orbitals and solves self-consistently both
Hartree-Fock (HF) and Kohn-Sham equations.”" Exchange and correlation energies were
described using the global hybrid PBEO functional, containing 25% of HF exchange.’® Previous
studies have shown that this functional can indeed provide reliable geometric and electronic
properties of both TiO,’” and MAPI, that are the two building blocks of the interface targeted.
Additional dispersion effects were accounted for through the empirical D3 correction.”® All-
electron basis sets have been used for the CBA ligand and the methylammonium (MAY)
moieties. More precisely, for MA atoms, (31/1) contractions were used for H, while (631/31/1)
contractions were employed for both C and N atoms. For CBA atoms, (511/1), (621/21/1),
(7311/311/1), (8411/411/1) and (86311/6311) contractions were considered for H, C, N, O and
Cl atoms, respectively. On the other hand, pseudopotentials were considered for all the other

atoms. For Ti and O of TiO,, Durand and Barthelat large-core pseudopotentials with associated



(1/1/41) and (31/31) contractions corresponding to 4 and 6 explicit electrons, respectively, were
chosen.”® Finally, for Pb and I, small core fully relativistic pseudopotentials developed at the
Stuttgart University were selected, with 22 explicit electrons described using a
(8811/1188/611/1) contraction scheme for Pb, and 25 explicit electrons described using a
(8811/661/61) contraction scheme for 1.8

Reciprocal space was sampled using a shrinking factor of 2, corresponding to 4 k points
in the irreducible Brillouin zone. Numerical DFT integration was performed considering 99
radial points and 1454 angular points, ensuring an error on the integrated electron density lower
than 107 |e-| per unit cell. The Coulomb and exchange series were truncated with threshold
values of 107, 107, 107, 10°, and 10°%".

Cell parameters of the lattice as well as atomic positions of a selected fragment of atoms
(see below) were relaxed during geometry optimizations. Convergence was determined from
the root-mean-square and absolute value of the largest component of the forces and
displacements, considering default values.”™

Interface formation was energetically characterized by considering two quantities:

- adhesion energy, which is the energy gained by forming the interface, computed
as:
Eass = E(MAPI/CBA) + E(TiO,) — E(MAPI/CBA/TIO,) (1)

where E(MAPI/CBA) and E(TiO,) are the total energies of the optimized MAPI/CBA slab and
TiO, supercell slab models, respectively, and E(MAPI/CBA/TIO,) is the total energy of the
MAPI/CBA/TIO; interface
- specific adhesion energy, which is the adhesion energy per unit surface area,
calculated as:
Pads = Eads/S (2)

where S is the surface area of the MAPI/CBA/TiO; interface model.?

The electron injection time was evaluated by considering a simplified orbital-based model
derived from the original Newns-Anderson proposal for adsorbates on surfaces®, which was
already successfully applied to dye-sensitized solar cells®*. In this approach, only the
evaluation of the broadening (A, in meV) of the donor level of the perovskite sensitizer when
it is adsorbed on the TiO, surface is required to compute the injection time (t, in fs) according
to:

T1=658/A (3)

More details regarding this methodology are available in Ref. 85 for instance.®



3. RESULTS AND DISCUSSION
The models:

A MAPI/CBA/TiO; interface was built starting from converged surface models of its two
building blocks: the TiO, oxide and the MAPI perovskite. A (2x2) supercell model of the
anatase TiO,-(101) surface with 8 layers, corresponding to 8 O-Ti-O trilayers with 96 atoms
and lattice parameters a=14.981 A, b=11.088 A and 5=109.7° was selected for the oxide part.
For MAPI, although both MAI- and Pbl-terminated (110) surfaces can exist, the former is
known to be stable®® and is expected to more easily bind to the TiO, surface than the latter. A
3-Pbl, layers (110) slab was therefore obtained from the tetragonal MAPI bulk system with
space group Is/mcm, resulting in a 2D lattice with lattice parameters a, b and y of 12.343 A,
12.555 A and 90.0°, respectively. Consequently, a large mismatch between the lattice
parameters of the 2D lattices of the TiO, and MAPI slabs was obtained. The bifunctional nature
of the CBA ligand was exploited by considering its carboxylate part to bind to TiO, in a bridging
bidentate mode, while its Cl atom was oriented towards the Pb atoms of MAPI close to the TiO»
substrate. By substituting all I" of the last layer of the MAPI surface with CI atoms, Pb-Cl bonds
were then created and the charge neutrality of the resulting unit cell was ensured by removing
all H" of the last layer of MA moieties of MAPI. The final interface model was obtained by
modifying the MAPI slab lattice to the values of the TiO, supercell, resulting in an interface
model with P1 symmetry, 328 atoms and 3876 atomic orbitals per unit cell. The lattice was then
fully-relaxed, and all atoms but the lower 6 bottom layers of the TiO, substrate were allowed
to relax. In addition, to more clearly highlight the role of the TiO, substrate in the
MAPI/CBA/TiO; interface, and especially on its electronic properties, we also considered
adsorption of CBA on a MAl-terminated MAPI (110) slab with 3-Pbl; layers, considering a 1:1
substitution ratio between I and CI atoms. We note here that the CH3NH; layer formed in
contact with the CBA ligands is relevant for PSC application, since the CH3NH3" ion in MAPI
is well-known to readily deprotonate in the presence of water. In addition, chlorine atoms have
already been shown to tend to concentrate at the TiO> interface.”

Figures 2¢ and 2d present resulting structures of both models after geometry optimization.
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Figure 2: Ball and stick representation of the (a) MAPI(110) surface, (b) the MAPI-slab with
all iodide atoms on one surface replaced by chloride atoms, (¢) MAPI/CBA unit cell and (d)
MAPI/CBA/TiO; interface unit cell. The solid yellow line represents the unit cell. Red, light
grey, white, green, purple, dark grey, blue and grey spheres correspond to O, Ti, H, Cl, I, Pb, N
and C atoms, respectively. The relaxed and frozen parts considered for the geometry
optimization of the MAPI/CBA/TiO; interface are indicated in Figure 2(d).

Structural and energetic features:
Table 1 summarizes the main structural features of the optimized lattices of the different
building blocks and interface models considered, while Table 2 reports selected resulting
distances.

The optimized a and b cell parameters of the MAPI/CBA/TiO; interface model are close

to those of the TiO, supercell considered, with values of 14.821 A and 11.003 A, together with
a y angle of 108.0°. Compared to the TiO, supercell lattice, a small shrinking of all lattice
parameters is therefore obtained when going from the TiO, supercell to the MAPI/CBA/TIO,
interface, with shrinking values of -1.07, -0.77 and -1.55 %, respectively for the a, b and y
parameters. From the data reported in Table 2, both Ti-O and Pb-ClI bonds can be evidenced,
the CBA ligand acting with two complementary features to ensure interface stability between
the perovskite and the oxide. The first feature corresponds to its bifunctional linker nature: a
bridging bidentate mode is involved between the CBA carboxylate moiety and TiO,, while
strongly distorted PblsCl octohedra can be evidenced between MAPI and CBA. Here, we note
that Pb atoms both interact with Cl atoms and the deprotonated CHsNHs" groups in the layer in
contact with CBA. The same conclusion can be drawn in the MAPI/CBA case. The second
feature is the ability of CBA ligands to lay on the TiO; substrate, with computed tilting angles
with respect to the surface normal of 30.0, 38.6, 38.6 and 46.9° for the four CBA molecules of
the MAPI/CBA/TIO; interface model unit cell for instance. In particular, favorable H*/x

interactions between the dissociated H* of the carboxylate groups of CBA adsorbed on the TiO>



substrate and the benzene ring of the CBA ligands tend to further improve interface stability by
building a favorably organized CBA-TIiO; interface for the binding of MAPI. This can be
related to the rigid nature of the CBA ligand. The computed adhesion energy of the
MAPI/CBA/TiO, model further confirms these conclusions, with a computed value of 3.45 eV,
corresponding to a specific adhesion energy of 0.02 eV/A?, indicating a stable interface
formation. We note that this value is in line with the 0.04 eV/A? value recently reported by
Mosconi et al. for a similar interface based on the same surface orientations,”® as well with those

obtained with other orientations.”

Table 1: Lattice parameters a, b (in A) and y (in degrees) as well as computed band gaps (Eq,
in eV) for selected systems involved in the interface model construction. Adhesion energy (Eadn,

in eV) and specific adhesion energy (53, in eV-A?) of the MAPI/CBA/TiO; interface are also

given.
TiO; MAPI (110)/CBA/TiO;
MAPI (110) CBA/MAPI (110)
(101) (101)
a 12.343 12.343 14.981 14.821
b 12.555 12.555 11.088 11.003
y 90.00 90.00 109.74 108.03
E, 2.97 3.39 5.03 2.16
Eu -- -- -- 3.45
S -- - - 0.02

Table 2: Selected distances (in A) between Pb, N and Cl atoms of the MAPI/CBA and

MAPI/CBA/TiO; systems.
dnpo dcipy drio
MAPI/CBA 335 371 4.03 547 262 263 474 556 - -
8 0 2 2 7 2 9 6
MAPI/CBA/TIO 345 395 468 542 251 255 506 566 217 2.10
2 7 7 6 4 7 3 3 9 6 0

Electronic properties:
Figure 3 presents the computed band structures, as well as the total and projected density

of states (TDOS and PDOS) of the MAPI/CBA/TiO, and MAPI/CBA interfaces.

For MAPI/CBA, band dispersion can be noticed at the top of the valence band (VB) and
at the bottom of the conduction band (CB). This can be related to the interaction of the CBA
ligand with MAPI through its Cl atoms. In addition, the top of the VB and the bottom of the
CB are mainly composed by the MAPI perovskite in which 1" has been substituted with Cl in a
1:1 ratio. Compared to the clean MAPI (110) surface therefore, this leads to a band gap increase



from 2.97 to 3.39 eV. When considering the MAPI/CBA/TiO> interface on the other hand, the
band gap decreases to 2.16 eV mainly due to the TiO, contribution at the bottom of the CB. In
fact, the band structure and DOS analysis of the MAPI/CBA/TiO; interface reveals that the top
of the VB is mainly due to MAPI while the bottom of the CB is mainly due to TiO,, suggesting
a possible electron transfer from the perovskite to the oxide from an energetic viewpoint, which
is in line with the working principles of PSC mentioned above. Furthermore, it should be noted
that the CBA ligand does not contribute to the valence or conduction bands close to the band
gap region. Here, we note that no spin-orbit coupling effects have been taken into account in
these calculations, but these have previously been quantified and shown to further reduce the

above-mentioned band gap values of about 1.1 eV.*
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Figure 3: (left) Band structure and (right) total and projected density of states (TDOS and
PDOS) of the (top) MAPI/CBA and (bottom) MAPI/CBA/TiO; interfaces. k-points used for

the band structure are: I" (0, 0, 0), Y (0, 1/2, 0), M (1/2, 1/2, 0) and X (1/2, 0, 0).

Furthermore, both band structures present direct band gaps at I, highlighting a possible
favorable and efficient photoexcitation of the heterointerface.

Band edge movements upon interface creation can also be qualitatively rationalized from
the dipole moments components along the normal direction to the surface plane of the interface

according to the Poisson equation*':



AV = Ngucos@,
&€

where N is the surface dipole density, # the dipole moment, €, the tilt angle of the dipole
with respect to the surface normal. & is the dielectric constant, and & is the permittivity of free
space. A step in the local vacuum level AV can be obtained and qAV, with q the elementary
charge, can then modify the work function and the band edges of the interface. In particular, a
positive value of AV would enhance the charge transfer to TiO, while a negative one would
reduce it. From the values reported in Table 3, for CBA/TiO,, the positive value suggests a
charge transfer to the TiO, surface.*! As for MAPI/CBA, the value of the dipole moment
pointing towards MAPI in the chemistry notation is negative, indicating that CBA may block
electron reflow to MAPI. Furthermore, it can be noticed that a positive value is also obtained

for MAPI/CBA/TiO,, thus highlighting that CBA can potentially enhance the electron transfer
from MAPI to TiO;.

Table 3: Dipole moments components along the surface normals (p,, in Debye) of the

CBA/TiO,, MAPI/CBA and MAPI/CBA/TiO; systems.

Systems Lz
CBA/TiO; 0.89
MAPI/CBA -0.88

MAPI/CBA/TiO; 0.61

To better clarify this point, electron injection from MAPI to TiO, has been analyzed using

an approach that we have developed notably for dye-sensitized solar cells*>*

and quantum-dot
sensitized solar cells**. More precisely, the spin density of the reduced MAPI/CBA/TiO> system
has been computed and the corresponding isodensity plot is shown in Figure 4. It is clear that
the computed spin density is mainly delocalized over the TiO; part, with a 99.94% contribution
of the added electron on the TiO; substrate. This value is a quantification of the injection

efficiency of the photogenerated electrons and indicates an almost quantitative electron transfer

from MAPI to TiO; through the CBA ligand.
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Figure 4: Spin density of the reduced MAPI-CBA-TiO; interface system (excess of alpha

electron is indicated in yellow), isosurface contour value: [0.00271| a.u.

Finally, based on the Newns-Anderson model and the computed electronic structure of the
MAPI/CBA/TiO; system, the electron injection time is estimated to be 24 fs, indicating an
ultrafast electron injection. This result is in good agreement with a previously-reported estimate
based on a coupling matrix elements approach for the bare MAPI/TiO» interface®® where an
injection in the femtosecond time scale has been obtained. We note that controversial
experimental results are available regarding the electron injection time with values reported
both in the picosecond®” or sub-picosecond®®* timescales, preventing a more rigorous

comparison between experimental and computed data.

4. CONCLUSIONS
In this article, a periodic hybrid density functional theory computational strategy has been
presented to model the heterointerface between the MAPI perovskite and TiO», as found in PSC,
in which the CBA ligand has been used to improve the stability and the band alignment at the
interface. The CBA ligand has been selected to act as a bifunctional linker to efficiently link the
perovskite and the oxide moieties, ensuring stability of the interface through Ti-O and Pb-Cl
interactions. The computed density of states revealed that the perovskite contributes to the top
of the valence band while the oxide contributes to the bottom of the conduction band with a
direct bandgap of 2.16 eV, indicating a possible electron transfer from MAPI to TiO,. Dipole
moment analysis additionally revealed that the CBA ligand can induce a favorable effect to
improve band alignment and thus electron transfer from MAPI to TiO». This latter has been
quantified by calculation of the spin density of the reduced MAPI/CBA/TiO, system and
indicated an almost quantitative electron transfer from MAPI to TiO, for the surface engineered
system, together with an ultrafast injection time in the femtosecond timescale. Overall, the

proposed DFT-based computational protocol therefore indicated that by surface engineering

11



with a bifunctional linker such as CBA, a better stability, together with improved band

alignment and electron injection, could be obtained for PSC systems. Work is in progress to

design novel PSC systems with enhanced efficiency based on these guidelines.
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