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The electronic surface states and dielectric self-energy profiles in CdSe colloidal nanoscale platelets are explored by means of

an original ab initio approach. In particular, we show how the different coatings deeply modify the quantum and dielectric

confinement in CdSe nanoscale platelets. Molecular coating leads to an electronic band gap free of electronic surface states as

well as an optimal surface coverage. The reduced blinking in CdSe nanoscale platelets is discussed. The theoretical method here

proposed allows one to go beyond the popular empirical description of abrupt dielectric interfaces by explicitly describing the

nanoplatelet surface morphology and polarisability at the atomic level. This theoretical study open the way toward more precise

description of the dielectric confinement effect in any hybrid system exhibiting 2D electronic properties.

Introduction

Since the seventies, researchers have been able to grow semi-

conductor devices that exploit the quantum-mechanical be-

havior of carriers.1,2 Thin-film semiconductor crystal-growth

techniques such as molecular beam epitaxy (MBE) led to the

design of ultra-thin semiconductor layers and 2D quantum

confined quantum well (QW) structures. Highly complex op-

toelectronic structures for light emission, like quantum cas-

cade lasers are now routinely available.3 Electrical and opti-

cal injection of carriers, emission wavelength tuning, semi-

conductor alloying for electrical and optical confinements,

etching techniques as well as doping, are necessary for nu-

merous applications ranging from light emission, light detec-

tion, photovoltaics, high-speed nonlinear optical telecommu-

nications, to mid-infrared sensing.1–7 Free standing colloidal

nanoplatelets (CNPL) have recently emerged as a novel class

of semiconductor nanostructures with two-dimensional elec-

tronic structures. These new nano-objects have attracted in-

creasing interest thanks to their ease of synthesis, opening

new routes for low-cost technologies. Among the most attrac-

tive physical properties of CNPL is the high quantum yield

for light emission at room temperature after optical excita-

tion. CNPL are also the fastest colloidal fluorescent emitters,

reaching nanosecond radiative lifetime at low temperature.8

† Electronic Supplementary Information (ESI) available: Complementary in-
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sité de Rennes 1, Campus de Beaulieu, 35042 Rennes, France; E-mail:
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Time resolved optical spectroscopy studies are dedicated to

the understanding of the blinking phenomenon which is only

suppressed at low temperature, as well as the influence of

non-radiative Auger effects.9–13 Despite foremost recent ex-

perimental research efforts, the understanding of underlying

CNPL properties remains scanty. The design of more efficient

CNPL structures requires a realistic modeling including chem-

ical composition, mechanical, electrical and optical features.

The description of CNPL monoelectronic states rely ei-

ther on the envelope function approximation coupled to the

k · p perturbation method,8,14,15 on empirical tight-binding

(TB) modeling15 or density functional theory (DFT) com-

putation.16 The former approach yields a convenient way

to quickly simulate the electronic properties, the electron-

phonon interaction or the influence of the morphology, but

fails to accurately describe properties down to the atomic

scale. This is especially important for the ligands at the sur-

faces which play a major role in CNPL. The k · p method

is also fundamentally not able to address properly the issue

of non-parabolicity in the electronic dispersion which is im-

portant in ultrathin CNPL.15 TB gives a more accurate de-

scription of the electronic structure at the atomic level , but

only up to now for the semiconductor core. It is neverthe-

less able to predict quantum confinement effect more precisely

than the k · p method. DFT calculations are able to handle

the whole CNPL structure, but this simulation technique suf-

fers from the large underestimation of the electronic band gap

in ground-state computation. This can be corrected by in-

cluding many-body effects by means of self-energy correction

Σ = GW for the bulk electronic band gap,16,17 or by using

the Bethe Salpeter equation resolution for the exciton contri-

bution to the optical band gap.18 Unfortunately, such calcula-
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ab initio modelling. However it can only be considered as a

rough approximation and is well-known to lead to an unphysi-

cal divergence of the dielectric self-energy profile close to the

interfaces. In order to understand the origin of this divergence

and cure most of the models deficiencies without relying on

a complete ab initio description, it is necessary to recall the

basic ingredients of self-energy correction within the abrupt

interface model. Within this description, self-energy correc-

tions for a test charge e0 are equivalent to a local potential

acting on the charge. This is obtained by solving the Poisson

equation for the electrostatic potentials in the heterostructure

and in the bulk and taking the limit (~r = ~r0):35,36,47

δΣ(~r0) = lim
~r→~r0

1

2
e0

(

V (~r,~r0)−Vbulk(~r,~r0)
)

.

Where the classical screened potential equivalent to W in the

GW approximation is:

W (~r,~r0) =V (~r,~r0)−Vbulk(~r,~r0).

In a layered heterostructure, it is usual to define the planar av-

erage of the self-energy corrections δΣ(z0) which can be eval-

uated either from charge images in special cases36 or, more

generally, from the transverse Fourier transform of the electro-

static potential produced at position z by a charge e0 located at

position z0:35

δΣ(z0) =
e0

4π

∫

∞

0

(

V (q,z,z0)−Vbulk(q,z,z0)
)

z→z0
qdq

V (rt ,z,z0) =
1

2π

∫

∞

0
V (q,z,z0)J0(q,rt)qdq

where J0(q,rt) is a Bessel function and rt is the in-plane dis-

tance between the two positions. The inhomogeneous Poisson

equation yielding V (q,z,z0) is:

∂

∂ z

(

ε(z)
∂

∂ z
(V (q,z,z0))

)

−q2ε(z)V (q,z,z0)=−e0δ (z−z0).

For a bulk homogeneous material, an analytical solution of

this equation is

Vbulk(q,z,z0) =
e−q|z−z0|

2qε
.

It shows that the knowledge of the dielectric constant pro-

file ε(z) along a heterostructure is necessary to calculate

V (q,z,z0) and the self-energy corrections. In the abrupt di-

electric interface model, the dielectric profile is constructed

piecewise from bulk dielectric constants.15,35

A first inconsistency of the abrupt interface model is that all

the information related to the interface nature are neglected,

whereas self-energy corrections are expected to be maximum

on the interface and related to an interface induced charge den-

sity. The second fundamental inconsistency of this simplified

representation of dielectric heterostructures, is the implicit in-

complete Fourier filtering of the induced densities. Indeed,

the underlying assumption leading to bulk constant values for

the dielectric profile in bulk regions, corresponds to an ef-

fective nanoscale averaging or Fourier filtering with a criti-

cal wavevector related to the size of the Brillouin zone of the

bulk materials. A step variation of the dielectric profile at in-

terfaces is thus not consistent with this implicit assumption.

Fully consistent nanoscopic dielectric profiles should be only

properly defined with smooth variations across the interfaces.

We propose in our model to take into account the nature of the

interface and simultaneously cure the divergence problem of

the self-energy correction by a proper nanoscale averaging of

the induced density across all the heterostructure profile.

This prompts a general comment about non-locality and

computation of self-energy corrections from dielectric con-

tinuum theory. The classical expression of self-energy cor-

rections δΣ(z0) defined above, is local by construction, but

the screened interaction W (q,z,z0) computed from the abrupt

interface model35,36 is non-local due to the dielectric in-

homogeneity of the heterostructure. Such expressions for

W (q,z,z0) can thus be used to compute semi-classical non-

local self-energy operator δΣ(q,z,z0) beyond the classical

approach, and formally equivalent to the ab initio GW ap-

proximation.38,48 However, this procedure requires the pre-

cise knowledge of the single-particle wavefunctions and the

one-electron Green functions. This has been done for empir-

ical plane waves48 and more recently for qualitative analysis

of ab initio results.38 However as indicated before, the non-

local screened interaction W (q,z,z0), leads to unphysical ef-

fects close to the interface for step-like variation of the dielec-

tric profile. It is expected to reproduce non-locality properties

only far from the interface.38 In this work, a more accurate

representation of the dielectric profile is proposed but this pro-

cedure is not as complete as a full ab initio approach, since

part of the information on non-locality is lost by the nanoscale

averaging, especially for local field effects removed at the in-

terface. The computation of self-energy corrections is per-

formed in this work only for the local δΣ(z0) quantity, with-

out detailed computations of the one-electron Green function.

The dielectric constant profiles are piecewise discretized εi(z)
and electric continuity relations are considered between the

segments to calculate V (q,z,z0).

A DFT method based on polarization variation in response

to a finite electric field was proposed recently to extract di-

electric profiles in heterostructures.15,49 It avoids the complete

determination of the dielectric matrix. The induced variation

of the planar averaged electronic density is first computed by

δρind(z) = ρ(z)| ~Eext
−ρ(z)|0. The induced polarization is then
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Fig. 7 Projected density of states (PDOS) for surface Cd atoms

(solid lines) and AcO molecules (dashed lines) with (E =−0.250

V/Å, red lines) and without (black lines) electric field for ncell = 1

with (a) the reconstructed, (b) the H-passivated, and (c) the

AcO-passivated surfaces. The electric field has been exaggerated to

enhance its effects on the PDOS.

we observe a shouldering around the position of the H atoms,

then a maximum of 0.22 eV at the edge of the nanoplatelet

and a minimum of 0.12 eV at the middle. The AcO-passivated

CNPL presents a slightly distinct picture. Indeed we find a

high self-energy correction at the position of the molecules

with peaks reaching 0.17 eV. It is then followed by a small dip

that goes to slightly negative values at the edge of the CdSe

slab and δΣ reaches a maximum at the center with a value of

0.19 eV. The fluctuations of the self-energy are small in the

middle of the CNPL.

In the dielectric profile as well as in the self-energy pro-

file, the abrupt model delivers good qualitative pictures. Still,

it cannot provide with the subtlety imposed by the variety of

surface coatings of CdSe CNPL.

Finally, we consider the influence of CNPL thickness in

Fig. 8. The same dielectric constant value is found in the mid-

dle of the CNPL and the variation of the dielectric profiles

close to the surface are also similar (Fig. 8-a). It is then not

surprising that the increase of the self-energy in the middle of

the CNPL when going from thicker to thinner CNPL is related

to dielectric confinement effect. Such a result is qualitatively

predicted from abrupt interface modeling of the CNPL. How-

ever, this model overestimates the effect of dielectric confine-

ment on the renormalization of monoelectronic state energies

and the electronic band gap. One may conversely also infer

that additional dielectric contributions to excitonic binding en-
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Fig. 8 (a-c) Variations of the nanoscale dielectric constant ε(z) as a

function of the position along the CNPL stacking axis (isolated slab,

ncell = 3) for (a) the abrupt model, (b) the reconstructed, and (c) the

AcO-passivated surface. The solid and dotted lines correspond to

thin (ncell = 1) and thicker (ncell = 3) CNPL, respectively. (d-f)

Same with the self-energy δΣ(z).

ergy are probably smaller than the one predicted in previous

studies from the abrupt interface model.14,15

Conclusion

In summary, based on DFT calculations and continuum ap-

proaches, we proposed a description of CNPL electronic band

structure including the influence of electronic surface states.

Our study describes the basic concepts for the modeling of

dielectric confinement beyond the standard abrupt interface

model, including CNPL thickness and atomic structure of the

surface. More generally, the method presented in this paper is

also designed to bridge empirical and DFT methods applied

to simulate hybrid nano-objects with 2D electronic proper-

ties. Dielectric properties of materials result of an interplay

between quantum and size effect. The quantum confinement

remains always the main effect. In most cases, the influence

of the dielectric confinement will only show off for ultra-thin

CNPL. AcO molecular coating in a tilted bridge configuration,

has a beneficial effect on the electronic properties of CNPL,

leading to an electronic band gap free of surface electronic

states as well as an optimal surface coverage. These two ef-

fects are proposed to explain the reduced blinking in CdSe

CNPL by comparison to CdSe CNC. This theoretical study

open the way toward more precise atomistic description of the

CNPL and any hybrid system exhibiting 2D electronic prop-

erties, as well as dielectric confinement effect.
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