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The shape given to HOP has an impact on its excitonic prop-

erties. 2D HOP are known to present a strong exciton bind-

ing energy21 related to abrupt dielectric interfaces22 and ex-

hibit a quantum confinement of type I23,24 with a dielectric

confinement22,25 attributed to the contrast between the low

dielectric constant of the organic part26 and the high dielec-

tric constant of the inorganic part.27 On the other hand, 3D

HOP show an exciton screened by polar vibrational modes

and disordered configurations of polar organic cations.28–31

The acquired control over the shape of the active materials al-

lows one to tune quantum and dielectric confinements. The

later is a crucial point as it has a direct impact on the bind-

ing energy of the exciton32 and thus, influences the separation

and the transport of charges. Quantum size effects of HOP

nanoplatelets of different thicknesses were investigated exper-

imentally and an increase of the energy gap and of the exciton

binding energy was observed for the thinnest nanoplatelets.20

Theoretical inspections can shed light on these effects. In a pi-

oneer contribution, Muljarov et al. calculated the binding en-

ergies of excitons in HOP.33 This method takes into account

the dielectric confinement but relies on parameters fitted to

experimental data. Moreover, to avoid unphysical divergences

related to abrupt dielectric interfaces, a transitional layer at

the interface between organic and inorganic parts has to be

considered. Recently, we proposed a different approach based

on density functional theory (DFT) calculations to describe di-

electric profiles of 2D systems.34 Our method takes advantage

of the ab initio description of the nanoplatelets and in particu-

lar of interfaces.

In this work, we use DFT calculations and subsequent treat-

ments to describe the quantum and dielectric confinements in

halide perovskite-based nanostructures. We start by recall-

ing the main features of the method. Then, we describe the

quantum confinement in 3D all-inorganic perovskites CsPbX3

(X = I, Br, Cl) nanoplatelets as well as the most studied 3D

HOP, namely CH3NH3PbX3 (X = I, Br). The confinement ef-

fects are compared to the one observed in 2D and intermediate

(2D/3D) materials. In all cases, the expected enlargement of

the band gap is observed when going to thinner systems. Then

we discuss static and high frequency dielectric profiles and

find a dielectric confinement for systems where the inorganic

layer is less than 30 Å. In agreement with recent experimen-

tal data, we show a decrease of the dielectric constant with

decreasing nanoplatelet thicknesses.

Methods

Computational details

First-principles calculations are based on DFT as implemented

in the SIESTA package.35,36 Calculations have been carried

out with the GGA functional in the PBE form.37 Atoms

are described by scalar relativistic norm-conserving Troullier-

Martins pseudopotentials,38 that include 14 valence electrons

for Pb, 7 for I, 5 for N, 4 for C and 1 for H. Valence wave func-

tions are described through a basis set of finite-range numer-

ical pseudoatomic orbitals.39 Structures relaxation and elec-

tronic structure calculations have been done using a double-

ζ polarized basis sets.39 The geometries were optimized un-

til the forces were smaller than 0.01 eV.Å−1. The electronic

structure was converged using a 1×4×4 k-point sampling of

the Brillouin zone. In all cases, an energy cutoff of 150 Ry for

real-space mesh size has been used. After construction, the

atomic positions of the slabs of CsPbX3, CH3NH3PbI3 and

CH3NH3PbBr3 are first relaxed (along the [010] direction) in

the absence of any electric field. These optimized structures

are then used as the starting point to compute the electronic

and dielectric properties. The high frequency dielectric con-

stants are obtained by relaxing the sole electron density under

the external electric field, keeping the atomic positions fixed.

To compute the static dielectric constant, the atomic positions

are relaxed both in the absence and in the presence of the elec-

tric field. The choice of the magnitude of the external electric

field is made based on a compromise between large enough

variation of the electron density and absence of higher-order

contributions (e.g. 0.1 V.Å−1).

Let us note that spin-orbit coupling (SOC) is not taken into

account in the present calculations. Although it is known to be

of importance for the description of the electronic structure of

HOP (especially for lead-based HOP), it leads to significant

underestimation of the band gap.25,40–44 In turn, this would

lead to an artifactual overestimation of the dielectric constant

and artifacts in the calculated profiles. Adding many-body

corrections, such as in SOC+GW calculations, would provide

an improved alternative. Unfortunately, this level of theory

has a much larger computational cost, thereby preventing the

investigation of layered structures or colloidal nanoplatelets.

Dielectric profiles

Despite the importance of the dielectric constant, its descrip-

tion often relies on a crude continuum modeling of the dielec-

tric heterostructures by abrupt interfaces, with one dielectric

constant value for the semiconductor core and another one for

the surfaces and the surrounding medium.45–47 Alternative Ab

initio-based approaches of interfaces have also been proposed,

based on DFT calculations of free-standing silicon/oxyde and

ferroelectric slabs48,49 or other heterostructures.50 These ap-

proaches rely on periodic supercells, a plane wave description

of the wavefunction and are included in the self-consistent part

of widely used first-principles codes such as VASP51 or Quan-

tum ESPRESSO.52 Next, taking advantage of the strictly lo-

calized basis set description, the SIESTA code,35,36 offers an-

other type of approach to the determination of dielectric pro-
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files (see ESI†).34,53,54 Such an approach is computationally

cheaper, takes full advantage of the costless representation of

vacuum and is parameter free. Here, we recall the main points

of the latter method, more details can be found in Ref. 34.

Similarly to the scheme introduced by Giustino and

coworkers,55 dielectric profiles are obtained without the de-

scription of the whole dielectric matrix, thus reducing the

computational time. The induced variation of the planar

averaged electron density, δρind(z), is given by δρind(z) =
ρ(z)|~Eext

− ρ(z)|0, where ~Eext is an external electric field.

Longitudinal nanoscale and transverse macroscopic averages

are performed to derive nanoscale dielectric properties.34,53,54

This is important to ensure proper connection with the macro-

scopic dielectric constant of the bulk material.

An electric field is applied on slabs which are periodically

reproduced. Thus, the induced polarization shall be corrected

for unphysical inter-slab interactions. This cannot be per-

formed directly on the induced polarization. A trick is to

calculate the total induced dipole mz(L) for various inter-slab

distances L with and without the external electric field. The

slope of the inverse of mz(L) as a function of 1/L is equal

to 1/(ε0.Eext), where ε0 is the vacuum permittivity.53 The in-

duced dipole mz (L → ∞) for an infinite L, is simply obtained

by extrapolating 1/L to 0. The ratio mz(L → ∞)/mz(L) is then

employed to correct the induced polarization from the artifi-

cial interaction between slabs.

Four steps are required to derive the dielectric constant pro-

files along the stacking axis of the slab from the calculated

DFT electron density:

(i) The electron density is first averaged in the plane perpen-

dicular to the stacking axis. The electron density profile

ρ(z) is then smoothed using a nanoscale averaging along

the stacking axis.56 The length of the filter function is

chosen from the study of the Hartree potential profile.

For perovskites investigated in this works, it is equal to

the distance between two adjacent octahedra. This is in

good agreement with the definition of macroscopic inter-

nal fields in a solid (vide infra).

(ii) The induced electron density is computed from the DFT

calculations with and without an external electric field:

δρind(z) = ρ(z)|~Eext
−ρ(z)|0.

(iii) The induced polarization pind(z) is computed by partial

integration of the induced electron density

d pind(z)

dz
=−δρind(z).

and correct for the unphysical inter-slab interaction using

the ratio mz(L → ∞)/mz(L). The total induced dipole is

given by

mz =
∫ z

−∞

pind(z)dz.

(iv) Derive the nanoscopic average of the dielectric constant

profile ε(z) from the induced polarization

ε∞(z) =
ε0Eext

ε0Eext − pind(z)
.

The dielectric constant depends on the frequency of the

electric field, the temperature and the direction. It is usually

describe by a tensor when the system is anisotropic. In the

high frequency limit (ε∞), it takes into account only the dis-

tortion of the electron density by the electric field. For lower

frequencies (εs) it takes into account both electronic and ionic

effects (phonons). For extremely low frequencies, other inter-

actions such as dipolar interactions contribute as well. In the

present work, the latter are not included in our computation of

εs. Moreover, as we use a static electric field, we are bound

to the description of limit cases. The inspection of intermedi-

ate regimes would involve the use of a time-dependent electric

field and of more sophisticated approaches that are generally

dedicated to the study of laser-irradiated materials.57–61

Investigated structures

First, we consider the all-inorganic perovskites CsPbX3 (X =

I, Br, Cl) series. Recently, synthesis of colloidal nanocrystals

and nanoplatelets of these compounds has been reported.17,62

Starting from the Pm3̄m cubic phase (no. 221),63 we con-

struct slabs with thicknesses going from 1 to 8 layers, each

layer consisting in an octahedra PbI6 stacked in the [001]

direction (Fig. 2-a). Similar slabs are constructed from the

low-temperature Pnma (no. 62) phase of CH3NH3PbI3 and

CH3NH3PbBr3 (Fig. 2-b)64,69 in the [010], [100] and [001]

direction.

A series of 2D HOP are then explored (Fig. 2-c-e). In

those systems a one-octahedron thick inorganic layer is sand-

wiched between layers of organic cations. The effect of

the molecule on the confinement is inspected. The or-

ganic cation is aromatic for (C7H10N)2PbI4,65 aliphatic for

(C4H12N)2PbI4 and (C10H24N)2PbI4.66,67 Finally, the 2D/3D

HOP (C10H24N)2PbI3CH3NH3PbI4 is investigated (Fig. 2-

f).68 In this system, the inorganic layer is 2-octahedron thick.

Results and discussion

Quantum confinement in nanoplatelets

We first stress that it is well known that semiconductor band

gaps are poorly reproduced by plain DFT calculations (vide

infra). However, the qualitative trends are well reproduced and

comparisons between similar structures can be conducted.

Bulk CsPbX3 (X = I, Br, Cl) in the Pm3̄m phase presents

a direct band gap at R (Fig. S1, ESI†).70–72 The main im-

pact climbing down the halogen column is the reduction of
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B. Nickel, C. Cardenas-Daw, J. K. Stolarczyk, A. S.

Urban and J. Feldmann, Nano Lett., 2015, DOI:

10.1021/acs.nanolett.5b02985.

21 K. Tanaka, T. Takahashi, T. Kondo, T. Umebayashi,

K. Asai and K. Ema, Phys. Rev. B, 2005, 71, 045312.

22 L. Pedesseau, J.-M. Jancu, A. Rolland, E. Deleporte,

C. Katan and J. Even, Opt. Quantum Electron., 2014, 46,

1225.

23 D. B. Mitzi, K. Chondroudis and C. R. Kagan, IBM J. Res.

Dev., 2001, 45, 29.

24 J. Even, L. Pedesseau and C. Katan, ChemPhysChem,

2014, 15, 3733.

25 J. Even, L. Pedesseau, M.-A. Dupertuis, J.-M. Jancu and

C. Katan, Phys. Rev. B, 2012, 86, 205301.

26 F. J. A. Solsona and J. M. Fornies-Marquina, J. Phys. Appl.

Phys., 1982, 15, 1783.

27 C. C. Desai, J. L. Rai and A. D. Vyas, J. Mater. Sci., 1982,

17, 3249.

28 J. Even, L. Pedesseau and C. Katan, J. Phys. Chem. C,

2014, 118, 11566.

29 A. Miyata, A. Mitioglu, P. Plochocka, O. Portugall, J. T.-

W. Wang, S. D. Stranks, H. J. Snaith and R. J. Nicholas,

Nature Phys., 2015, 11, 582.

30 H.-H. Fang, R. Raissa, M. Abdu-Aguye, S. Adjokatse,

G. R. Blake, J. Even and M. A. Loi, Adv. Funct. Mater.,

2015, 25, 2378–2385.
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