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Layered Hybrid Organic Perovskites (HOP) structures are a class of low-cost two-

dimensional (2D) materials that exhibit outstanding optical properties, related to dielectric and

quantum confinement effects. While modeling and understanding of quantum confinement are

well developed for conventional semiconductors, such knowledge has still to be gained for 2D

HOP. In this work, concepts of effective mass and quantum well are carefully investigated

and their applicability to 2D HOP is discussed. For ultrathin layers, the effective mass model

fails. Absence of superlattice coupling and importance of non-parabolicity effects prevents the

use of simple empirical models based on effective masses and envelope function

approximations. We suggest an alternative approach where 2D HOP are treated as composite

materials and introduce a first principles approach to band offsets calculations. These findings

may also be relevant for other classes of layered 2D functional materials.
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1. Introduction

Nowadays, there is a growing interest in the development of new low-cost material
architectures that could enable superior optical functions and greatly enhanced device
performances, and at the same time bypass the current high-efficiency high-cost technologies.
In fact, conventional semiconductors achieved great success thanks to well-developed but
expensive technologies leading to integrated nanoscale electronics and optoelectronics.!"?
Numerous optoelectronic applications such as lasers, saturable absorbers, solar cells, are
based on complex semiconductor heterostructures, operating at room temperature with
electrical or optical carrier injection.”* Layered Hybrid Organic Perovskites (HOP) are a
class of solution-processable two-dimensional (2D) materials (Figure 1a,b) that offer great

[5-13

potential for nanophotonics and nanoelectronics.”'*! These materials exhibit extremely large

exciton binding energies due to a large dielectric confinement between the inorganic and

organic layers, as well as multiexciton resonances.!'*"

I Room temperature excitonic emission
leads to enhanced non-linear light emission in microcavities, ascribed to strong electro-optical
couplings.'® However, electrical carrier injection and manufacturing of optoelectronic
devices, is still a challenging task. Moreover, the underlying mechanism behind electronic and
optical processes remains poorly understood and neither dielectric nor quantum confinement
has received the focus and attention it has deserved.

In fact, available theoretical studies either give a general description of the electronic band
structure, mostly using density functional theory (DFT),'”' or focus on the excitonic
coupling using effective mass parameters for the carrier dispersion and abrupt dielectric
confinement schemes.!"”*’! It happens that 2D HOP are very large and complex systems for
typical ab-initio simulations, difficult to precisely handle due to the limitations of the

available computational resources. For example, many 2D but also three-dimensional (3D)

HOP are lead-based compounds for which the importance of spin-orbit coupling (SOC) on
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both the band structure and optical properties has recently been evidenced.!'®**! Regarding
empirical descriptions of excitonic properties in 2D HOP, all the available studies rely on
approaches based on abrupt dielectric interfaces and reduced effective masses for the in-plane
motion of the electron-hole pairs.!"***! Contrarily to the layered perovskites, 3D HOP are
easier to address and simulations of many-body effects on monoelectronic states and the
electron-hole interaction at the ab-initio level (Bethe-Salpeter Equation) have already been

24-26]

reported.! It is noteworthy that, following pioneering works,””**! 3D HOP such as

CH3;NH;PbX; (X = 1, Br, Cl) (Figure 1c) have recently emerged as a novel class of low-cost
materials for solid-state mesoscopic solar cells.?">!)

For 2D HOP, resonance energies of Wannier-series excitons have been measured and
empirically predicted up to the 4s state.!”” The 2D Wannier exciton model leads to a
consistent picture where the exciton Bohr radius exceeds by far the thickness of the inorganic
layer where it is confined. Now, given the efficient theoretical treatment of electron-hole pair
states with a reduced effective mass, it may appear surprising that effective mass or multiband
k.p approaches, useful to calculate energies of monoelectronic states, have seldom been
implemented for 2D HOP.** For their 3D counterparts, it has been shown relevant, including
the definition of bulk Bloch functions.”*****! We may underline here that the giant SOC in
the conduction bands (CB) of 2D and 3D HOP,!"®**  further leads to the reduction of the
multiband k.p Hamiltonians to effective mass approaches. In fact, valence bands (VB) are
non-degenerate both with and without SOC and an effective mass approach is well suited.
Without SOC, CB is degenerate (triply in a cubic phase) requiring a multiband k.p model.
SOC lifts CB’s degeneracy and the ground state split-off CB can be described within the
effective mass approach. It is more than likely that effective mass models within a quantum
well (QW) heterostructure view of the 2D HOP have been seldom used, because these

approaches fail to reproduce correctly the continuous evolution of the electronic band gap

from 3D HOP to 2D HOP.*®!  Thus, little is known about quantum confinement and the
3
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subtle interplay between the organic and inorganic layers in this class of materials, while they
are at the heart of their attractive properties.

This work aims at putting in perspective the quantum confinement effect in 2D HOP, with
special attention on effective mass models. In section 2.1, we introduce the concept of
effective mass and highlight its relationship to envelope functions for heterostructures. Next,
we discuss in sequence the intrinsic difficulties related to the applicability of the effective
mass model to 2D HOP. We especially show that the concept of effective mass fails because
relevant Bloch functions are too different from bulk Bloch functions of each part of the
heterostructure. In section 2.6, we suggest an alternative approach where 2D HOP are treated
as composite materials and introduce a first principles approach to compute band offsets. The
last section is devoted to brief concluding remarks. We stress that our results may also be

relevant for other classes of 2D layered functional materials.

2. Results and Discussion
2.1 Effective mass modeling of quantum confinement

The electronic band structure of conventional bulk semiconductors is classically described
within the effective mass approximation, which is focusing on a simple parabolic fit of the
band dispersion in a vinicity of a given point of the Brillouin zone. Multiband effects can be
further investigated using the k.p method to include the coupling between bands and the spin-
orbit effect.!*) The energy eigenfunctions in a bulk crystal are described as Bloch waves:

Yn () = e up (1), (1)
where n is the band index (for example, VB or CB), r the position vector, k the wavevector
and u, (1) the periodic part of the eigenfunction.

The effective mass approximation is widely used for semiconductor microstructures and
heterostructures. Quantum confinement effects can be predicted even for thin QW.P’
However, from a purely theoretical point of view, the extension of the mass approximation or

k.p method to heterostructures is not straightforward. In the case of an abrupt atomic interface
4
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A/B between two bulk materials A and B (Figure S1), there is no clear theoretical indication
how to connect the solutions on either side of the interface. Semiconductor heterostructures

d.**] The electronic eigenfunctions

are usually described using the envelope function metho
of the heterostructure are characterized by envelope functions that govern a superposition of a
complete basis of periodic functions:

Y1) = X Fo () Up (1), )
where F, (1) are expected to be slowly varying functions and U, (r) are periodic and rapidly
oscillating functions. In order to further simplify the theoretical approach, the envelope
function approximation (EFA) is usually implemented.”** This approximation relies on the
assumption that many conventional bulk semiconductors are similar in their chemical nature,
that heterostructure’s interfaces are coherent, and that the Bloch functions of the bulk
materials at high symmetry points of the Brillouin zone differ only slightly. For a simple
heterostructure built from two bulk semiconductors, it is convenient to identify the periodic
functions, U,, (1), of the heterostructure with the bulk Bloch functions related to the Brillouin
zone center:

Un(r) = Uno(r) = Upo(r) €)
This approximation has two main advantages. First, the empirical effective mass or
generalized k.p Hamiltonian for the whole heterostructure can be constructed easily by
assuming constant parameters for each of the materials building the heterostructure, like the
effective masses. Secondly, boundary conditions related to the heterostructure, namely
wavefunctions matching and current conservation, are reduced to the envelope

functions.?**>7!

In other words, there is no need to have an explicit knowledge of U, (1)
which contain the atomistic information. For a simple effective mass model in a A/B 2D

structure perpendicular to the z axis having its interface at z = z;:

FnA(Zi) = FnB(Zi) 4)
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1 dFf(z) 1 dFB(2)

=5 (5)

m4 dz =, mB dz |-y

This model can be successfully applied to treat complex nanostructures such as buried
quantum dots (QD) of zinc blende or wiirtzite type in the k.p approximation including
multibands, SOC, inhomogeneous strain and many-body effects.>*>"

Confinement potentials for the electron or holes have also a clear meaning in the EFA and can
be combined to empirical or DFT computed material parameters to calculate the eigenvalues

[39,40]

and eigenfunctions of the heterostructure. The confinement potentials, Vo, r, can be

derived from known experimental affinities or by simulating explicitely heterostructures to
account for atomistic relaxations, charge effects and dielectric confinement related to
interfaces. Figure S1 is a schematic representation of a first principles approach to compute
the valence band-lineup between two semiconductors A and B."*'**! The conduction and
valence band calculations for the bulk materials are combined with a computation of the DFT
potential drop at the A/B interface in a A/B heterostructure. For a complex stack, a many
body treatment is beyond reach, but the DFT potential drop at the interface can be efficiently
corrected by the self energy (GW) eigenvalues obtained for the bulk valence band states.[*™*!
However in a number of situations, the EFA fails to reproduce the experimental results even
for coherent interfaces. This may happen when a local symmetry breaking occurs at the
interface or an interface-related mixing between bulk eigenstates located at different points of
the Brillouin zone, drives the heterostructure electronic states.*>***! Thus, it is necessary to
explicitly take into account the periodic part of the bulk Bloch functions. The heterostructure
periodic functions U,(r) may be identified to the bulk Bloch functions of one of the
semiconductors. The projection of the bulk Bloch functions of the other semiconductors onto
the chosen ones lead to additional contributions to the confinement potentials and

[35,47-49

Hamiltonian. I However, the envelope function method loses the EFA conceptual

simplicity and the computational efforts are comparable to that of empirical atomistic

6
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! In addition, current conservation

approaches, e.g. tight binding (TB) methods.!**”°
expressions can not be easily recast within an effective mass approach.”™ The case of
incoherent interfaces like in a relaxed buried semiconductor QD or a complex stack of metal
oxide semiconductors can hardly be treated at the envelope function level.**'! DFT is a
valuable tool in such cases. Effective mass or kp approaches are still interesting to easily
compute various bulk physical quantities like the density of states or the optical dielectric
constants. Carrier transport across incoherent interfaces is driven by complex hopping
mechanisms related to the specific atomic local structure, interfacial dipoles or dangling
bonds. Confinement potentials for the electron or holes may be used to understand
qualitatively the confinement effects but, from a purely theoretical point of view, predicting

confinement effects on the heterostructure eigenstates by combining these potentials with bulk

effective masses is not justified.

2.2. Failure of the empirical effective mass model for 2D HOP using a single inorganic
QW

More then a decade ago, Mitzi and coworkers proposed a schematic representation for the 2D
HOP, introducing the QW concept for these layered structures.!'” This qualitative picture has
been widely used and is based on the assumption that 2D HOP are build from semiconducting
inorganic sheets alternating with organic layers having much wider band gaps. This leads to
type-1 QW heterostructures. In fact, in many cases, the CB of the inorganic layers is expected
to lie substantially below that of the organic layers, and the VB of the inorganic layers
similarly above that of the organic layers. We may notice that this qualitative discussion was
essentially proposed to distinguish between type-I and type-II heterostructures, but no
quantitative evaluation of quantum confinement has been performed. If we stay within this
picture, the inorganic sheets are described as QW for both electrons and holes with finite

potential barriers.



ChemPhysChem, 2014, 15, pp 3733-3741. doi:10.1002/cphc.201402428

Let’s start by considering infinite confinement barriers (infinite length and height) and show
that this crude approximation does not work properly to deduce band gaps within the effective
mass model. Within this approximation, the band gap energy E; reads

h2m?

— 3D — 3D
Eg —Eg + Ecg + Eyp —Eg +W’

(6)

where EgD is the band gap of the bulk reference material, E-5 and E} 5 are the energy of the
ground state CB and VB, respectively, calculated for infinite confinement, L°Y is the QW
thickness, pt is the QW reduced mass, (1/u) = (1/mgy) + (1/m2y). The dotted line of
Figure 2 reveals the steep slope of band gap energies calculated from expression (6) for small
QW thicknesses. When compared to the experimental band gaps reported for
(C¢H13NH3)2(CH3NH;3), Pb /I3 1,1%*! which has inorganic monolayers (I = 1), bilayers (I = 2),
trilayers (I = 3) and tetralayers (I = 4), it clearly evidences that the increase with decreasing
LW is by far too sharp (dotted line Figure 2) for reasonable values of Ej”and y, invalidating
the infinite confinement barrier approximation. For the interpretation of these experimental
results recorded at 5 K**! (except for the tetralayer recorded at room temperature),'”! Tanaka
and coworkers used the effective mass model with finite confinement barriers sketched
Figure 3.*% The reference 3D (I=c0) material (CH;NH;)Pbl; was used for EgD with effective
masses consistent with those used to evaluate the exciton binding energy, namely the same
effective masses for both particles (hole/electron; my,z = mp) but different for the QW and

]

barrier (m@W # m?; Figure 3).”) However, as quoted by the authors, some arbitrariness

remains for the choice of the barrier effective masses. Indeed systematic experimental studies

[5-135253] This degree of freedom is important because introducing effective mass

are scarce.
mismatch is equivalent to adding contributions to the confinement potentials.****! Without
any precise indication concerning the barrier material, the effective mass ratio between the

QW and the barrier (m%" /m?) can be considered as an adjustable parameter which also

depends on the nature of the QW/barrier interface. There is no simple formula like (6) for the
8
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QW eigenvalues, but the single particle (either electron or hole) ground state energies (E.p
and E,p, respectively) can be obtained from the numerical resolution of the following

equation given for the CB:***

7 = tan (#) (7)

Qw

where 1 = (amCB k mzéB), a = \/(zml(,)‘B(Vconf,CB - ECB))/hz , k= \/(ng;vECB)/hz :

The equation for holes is obtained by replacing CB subscripts by VB. Figure 4 shows both
for electron and holes that the energy variations as a function of QW thickness are much
steeper for an infinite confinement potential than for a finite one for which the QW band gap
is given by:

E; =E° + Ecp + Eys, ®
where E;p and Ey 5 are obtained from equation (7). Despite attempts to adjust the parameters,
the model fails to reproduce the experimental band gap of the structure having the thinnest
layers (I = 1). This leads Tanaka and coworkers to the conclusion that the effective mass
approximation is not valid for (C¢H;3NH;),Pbl,.** Similar conclusions can be drawn from
experimental data recorded at room temperature that also include related bromine-based 2D

Hop.["13!

2.3. Influence of the organic barrier and overestimation of miniband effects in a 2D
HOP superlattice

The failure of the model described in section 2.2 is somewhat disappointing because many
interesting 2D HOP contain inorganic monolayers (I = 1). The definition of the quantum

11221 to describe 2D HOP deserves some comments. Most 2D

object chosen by Tanaka et a
hybrid materials are closer to 2D periodic superlattices rather than to single inorganic QW

embedded into infinite organic barriers. It is well-known that electronic miniband formation is

the signature of superlattice effects which depend on the barrier thickness L? and the

9
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confinement potential Vconf.[z] For a ground state miniband, the energy boundaries are

calculated from:
cos(kL2") cosh(alL?) + % (n - %) sin(kL®") sinh(aL?) = +1. 9)

When the thickness L of the organic barrier tends to infinity, the miniband effect is predicted
to disappear and the case of a single QW (equation (7)) is recovered. Figure 5 shows electron
hole ground state miniband energies as a function of barrier thickness for a QW thickness of
6.5 A. From these results, we may conclude that miniband energies have a sizeable effect on
the gap energy of 2D HOP with an organic barrier thickness of ca 10 A. This corresponds to a
superlattice period, L = LP + L°% of about 16 A, which is typical for many 2D HOP
compounds. For example, for (CsH;;NH3),Pbls and (pFCsHsC,H4NH3),Pbly, L =13 and 16.5
A, respectively. However, for these hybrids, no energy dispersion parallel to the stacking axis
is predicted from DFT calculations.!"® In contrast, for (C,H,IN),Pbls, the DFT results reveals
small dispersions of the band edge states and miniband effects along the direction
corresponding to the stacking axis in real space.””! For this hybrid perovskite, the crystal
structure exhibits a slightly smaller stacking parameter (L=12 A), leading to a weak electronic
coupling between the inorganic layers. Moreover, the miniband effect is of the same order of
magnitude for VB and CB. This suggests that the balance between the CB and VB
confinement potentials proposed in Ref. 22 (Figure 3) may not be the best choice for
(C2H7IN),Pbls. This prompts need for DFT evaluation for each specific hybrid perovskite
(vide infra).

In summary, the empirical model with finite confinement potentials and bulk-like effective
masses, works quite well for [ > 1, but fails for ultrathin inorganic QW (I =1) and
overestimates the miniband effect which is the signature of inorganic interlayer electronic

coupling.

10
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2.4. Validity of the envelope function formalism and importance of interface effects

To understand the origin of this failure, let’s now inspect the validity of EFA and interface
effects. In section 2.2, the reduced effective mass, used to predict quantum confinement
effects based on equation (6), is derived from the mass of electron-hole correlated motion
(excitonic pair states).'*”! This assumption is not justified, especially for ultrathin QW. Indeed,
quantum confinement and excitonic effects are related to out-of-plane (perpendicular to the
stacking axis) and in-plane (within the layers) electronic dispersions and corresponding
masses, respectively. Out-of-plane and in-plane dispersions may differ due to a huge interface
effect in ultrathin QW. To better understand issues related to interface effects, we can draw a
comparison between 2D HOP, conventional semiconductor monolayers embedded into a

157581 This is sketched Figure

semiconductor barrier,”® and ultrathin colloidal nanoplatelets.
6 so as to highlight periodic bonding along the nearest-neighbor axis for (CH;NH;)Pbl; as
well as InAs and CdSe zinc-blende crystals. One has to be careful about the definition of the
repeated elementary units as they entail the concept of Bloch function. From the electronic
structure point of view, each elementary unit does not simply correspond to a set of atoms, but
should also grasp the local environment and bonding of these atoms.”” Theoretical
description of such heterogeneous local environment can hardly rely only on Bloch functions
of the bulk material and bulk effective masses. A simple way to incorporate these specific
features in an effective mass model is to use local parameters corresponding to an average
between the material’s parameters of both bulk compounds. Such approach is closely related
to the one used for impurity centers in a periodic crystal studied sixty years ago within the

1" An effective mass equation can only be derived on the basis of the

effective mass theory.
barrier Bloch functions provided that the impurity produces a “gentle” potential. More
recently, atomistic approaches (TB and DFT) were employed to obtain a fine agreement with

spectroscopy results and to account for VB degeneracy effects evidenced in colloidal

nanoplatelets (NP).**) NP grow in the zinc-blende phase, with a [001] axis, and are terminated

11
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by Cd planes on both sides, which implies a significant non-stoichiometry: a n-monolayer NP
consists of n planes of Se and n+1 planes of Cd."" This situation is sketched figure 6c.
Elementary cells of the bulk zinc-blende structure (figure 6a) are found at the center of a NP
with some Cd atoms connected to Se on one side and a ligand on the other side, playing the
role of interfaces with the surrounding medium. The ultrathin NP shown figure 6b, with only
one Cd atom at the center and nothing related to the bulk repeated unit, is not observed
experimentally. However, in very thin NP the influence of interfaces is important and not
easily incorporated into multiband k.p or effective mass models using bulk parameters.
Moreover, non-parabolicity also manifests itself in the in-plane dispersion showing a strong
increase of the CB effective mass with decreasing thicknesses, reaching up to three times the

bulk band-edge mass.”"

2.5. Non-parabolicity of the electronic dispersions in ultrathin 2D HOP
We are now in a position to understand why the case where [ = 1 in (C¢H3NH3)2(CH3NH3),.

1Pb/ls:1 should not be treated using parameters derived from (CH;NH;)Pbl;, the bulk
reference material. By considering a larger effective mass ratio (0.9) and similar confinement
potentials (1.9 eV) for electron and hole, the miniband effect occurs for slightly smaller
thicknesses than in Figure 5 (Figure S2). However, for monoelectronic states, the effective
mass model is still not able to describe the continuous evolution of the electronic band gap
from 3D to 2D HOP. This problem is related to another fundamental limitation of these
approaches for ultrathin QW. Figure 7a shows the energy dispersion of the VB and CB in the
low temperature phase of the 3D bulk reference material, (CH3;NH3)Pbls, between the BZ
center and the BZ edge.** Comparison of the parabolic dispersion deduced from a k.p model
using an effective mass of 0.155 and the DFT dispersions evidences strong non-parabolicity
for wavevectors larger than 0.5 nm™. The curvature even changes from positive to negative

for wavevectors larger than 1.5 nm'. From the computed QW wavevector,

12
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k= \/W, for various QW thicknesses shown Figure 7b, one can qualitatively
conclude that an effective mass model based on bulk parameters is well suited for tetralayers
(I = 4). Strong non-parabolicity shows off already for trilayers (I = 3) and bilayers (I = 2).
The specific case where [ = 1 (monolayers where k~2 nm™) is far beyond the area of
applicability of the effective mass model. This is consistent with the poor agreement between
experimental data and results derived from the effective mass approach reported Figure 2. A
rough way to achieve a better fit of the experimental data would be to consider larger
effective masses for small QW thicknesses, i.e. effective mass changes with QW thickness as
has been implemented for NP."">*! Alternatively, one could also increase the size of the

Bloch function basis set,!*®! use an empirical atomistic TB approach for heterostructures, "

12,17,18
17181 However, one may

or consider the 2D hybrid crystal as a single composite material..
seek to keep the description as close as possible to the one that is widespread for conventional

semiconductors and this will be addressed in the next section.

2.6. First principles approach to band offsets in 2D HOP

In a conventional semiconductor A/B heterostructure (Figure S1), the precise knowledge of
the A and B bulk materials structures is the usual starting point. The difficulty often lies in
having access to precise experimental indications on the A/B heterostructure or to build it
using empirical or DFT simulation codes. One faces a different problem for describing 2D
HOP. The equivalent A/B heterostructure (the 2D HOP) is well known, but the A and B bulk
partners are not easily defined. At a first glance, A and B may be defined as the inorganic and
organic layers, respectively. We already showed in sections 2.3-2.5 that material A cannot
simply be approximated by the bulk (CH3NH3)Pbl; crystal. Moreover, it is not conceptually
possible to identify the A and B bulk partners with the inorganic Pbl, > layer and the sheet of

organic cations, respectively, because the Coulomb interactions have a large impact on the

13
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electronic structure of the hybrid material, especially for electronic states located close to the
electronic band gap. Here we suggest describing the whole structure as a composite material
in a slightly different way. Figure 8a is a schematic representation of the three chemical
structures used for such composite approach to compute the valence band-lineup of
(CioH21NH3),Pbly. The A/B structure on the right corresponds to the complete
crystallographic structure (orthorhombic phase) reported by Lemmerer and Billing.*
Structure A corresponds to an inorganic Pbly > perovskite layer with additional Na cations
(Figure 8a, middle). The latter are located at the position of the nitrogen atom of each
Ci10H2/NH3", so asto mimic the strong Coulomb interactions close to the inorganic layer. We
have already demonstrated that such a procedure leads to a good description of the electronic
band diagrams of 2D and 3D HOP close to their electronic band gaps.!"***  Structure B is
made from organic neutral molecules, namely C;oH,;CH3, where nitrogen has been replaced
by a carbon atom, thus ensuring electroneutrality and avoiding electron double counting
(Figure 8a, left).'! DFT slab calculations were performed for the A/B, A and B structures.
Figure 8b compares the potential profiles of the whole (A/B) 2D HOP crystal to that
calculated for each separate piece, structures A and B. By applying a downward energy shift
of 1.1 eV to the potential calculated for A (inorganic layers + sodium atom), a perfect match
is obtained for the two profiles in the inorganic region. This confirms that the electronic states
mainly located in the inorganic layers and at energies close to the electronic band gap are well
described by the simplified structure A. Similar potential profiles are also found for A/B and
simplified structure B in the region where the organic molecules are located (Figure 8b). To
match the two profiles, a small downward shift of 0.04 eV must be applied. This analysis
shows that 2D HOP can be considered as composite materials with very weak interactions
between the inorganic layers, otherwise such reconstruction of the whole profile by pieces

would not have been possible. We may underline that such a procedure requires non-ionic

14
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reference materials A and B and that while for A, effective masses match those of A/B, it is
not reasonable to deduce effective masses for B on its own.

Besides, comparison of the potential profile of (CioH21NH3),Pbly with that calculated for
(CsH11NH3),Pbly (Figure S3) reveals similar shapes in the inorganic region. This helps to
understand why the energy gaps remain almost unchanged for 2D HOP having the same
inorganic structure. Variations of the energy gaps are mainly associated to lattice

1217181 These distortions are related to the chemical structure of the organic cations.

distortions.
In this sense, the organic layer has an indirect influence on the energy gap. Moreover, the
diagram shown Figure 8a obtained by considering the 2D hybrid as a composite material
clearly evidences the type-I nature of the CB and VB band alignment.!®”’ As for the potential
profile (Figure 8b), the CB and the VB of A match those of the real A/B crystal after a
downward shift of 1.1 eV. Interestingly, alignment of the Pb 5d orbitals of both structures is
obtained by applying the very same offset (Figure 8a). In fact, Pb 5d orbitals are low lying
orbitals virtually unaffected by chemical substitution in such HOP and have already been
suggested to offer an electronic marker to deduce absolute VB energies.**! This further
confirms the validity of the present approach. The next step is to align VB and CB of B with
respect to those of the whole A/B structure (Figure 8a) by applying a 0.04 eV downshift,
deduced from the alignment of their respective potential profiles (Figure 8b). This affords the
complete band alignment of A and B “bulk like” materials with respect to each other (Figure
8a). It reveals that the confinement potential of holes is large (1.6 eV) as compared to that of
conventional semiconductors, but significantly smaller than the one of electrons (2.7¢V). This

is in contrast with the currently used diagram shown Figure 3.1

3. Conclusion

We have thoroughly explored effects of quantum confinement within the context of 2D

organic-inorganic hybrid perovskites. The concept of quantum well and approaches based on
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effective masses and envelope functions have been carefully investigated as they are at the
heart of standard models aiming to simulate quantum confinement in heterostructures having
a type-I band alignment. It is shown that for such 2D materials, both experimental data and
state of the art DFT calculations rule out the applicability of models based on an ultrathin
quantum well with finite confinement barriers. In fact, such empirical models predict
superlattice effects that are not observed. Moreover, energies of the confined charge carriers
lie in a range where strong non-parabolicity occurs for the commonly used reference bulk
material, namely (CH3NH3)Pbl; taken for the inorganic QW. In addition, relevant Bloch
functions of the real material cannot be properly recovered from the bulk Bloch functions of
each material constituting the heterostructure. This prevents the use of standard continuity
equation for effective mass transport. We introduce a first principles approach to the
calculation of band offsets, based on an alternative view of these 2D HOP in which the
layered crystal is treated as a composite material. It allows deriving the proper band alignment,
confirming the type-I character and reveals larger confinement potentials for electrons than
for holes, in contrast with earlier assumptions. While this procedure remains correct even for
ultrathin QW, i.e. 2D HOP with inorganic monolayers, we underline that this model should
not be used to investigate effects of quantum confinement in this case. Further development
will concern dielectric confinement as both quantum and dielectric confinements are at the
origin of the attractive optoelectronic properties of these layered hybrid perovskites. Last, we
hope that this work may also be useful and offer guidance for other classes of 2D functional

materials.

Experimental Section
For 3D crystal structures, calculations were performed using the DFT implementation
available in the ABINIT package,” with the GGA-PBE gradient correction for exchange-

]

. 6 e . . .
correlation®’ and relativistic, norm-conserving, separable, dual-space Gaussian- type
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pseudopotentials of Goedecker, Teter, and Hutter for all atoms.'® The SIESTA code was
used for the simulation of the superlattices at the GGA-PBE level.[®” The electronic wave
functions are expanded onto a plane-wave basis set with an energy cutoff of 950 eV. 4 x 4 x 4
and 4 x 4 x 1 Monkhorst—Pack grids were used for reciprocal space integration in 3D and 2D
structures, respectively. Calculations were performed with and without SOC.
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Jacky Even,” Laurent Pedesseau and Claudine Katan,”

Quantum confinement of charge carriers in 2D hybrid perovskites is investigated, starting
with the concepts of effective mass and quantum well. For ultrathin layers, the effective mass
model fails. An alternative approach where these perovskites are treated as composite
materials is suggested including band offsets calculations.
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