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Abstract

We theoretically investigate optical properties of II-VI core-shells distri-
butions mixtures made of two type-I sized-nanoshells as a plausible negative
dielectric function material. The nonlocal optical response of the semicondu-
tor QD is described by using a resonant excitonic dielectric function, while
the shell response is modeled with Demangeot formula. Achieving the zero-
loss at an optical frequency ω; i.e., ϵeff = ϵ′eff + iϵ′′eff with ϵ′eff < 0 and
ϵ′′eff = 0, is of fundamental importance in nanophotonics. Resonant states
in semiconductors provide a source for negative dielectric function provided
that the dipole strength and oscillator density are adequeate to offset the
background. Furthermore, the semiconductor offer the prospect of pump-
ing, either optically or electrically, to achieve a gain mechanism that can
offset the loss. We analyze optimal conditions that must be satisfied to
achieve semiconductor-based negative index materials. By comparing with
II-VI semiconductor quantum dots (QDs) previously reported in the litera-
ture, the inclusion of phonon and shell contributions in the ϵeff along with
the finite barrier Effective Mass Approximation (EMA) approach, we found
similar qualitative behaviours for the ϵeff . The lossless optical condition
along with ϵ′eff < 0 are discussed in terms of sizes, volume fractions and em-
bedding medium of the mixtures distributions. Furthermore, we estimated
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optical power to maintain nanocrystals density in excited states and this
value is less to that previously obtained in II-VI semiconductor QDs.

Keywords: Optical properties, II-VI core-shells distributions,
Maxwell-Garnett theory, lossless optical materials.
PACS: 78.67.Bf, 78.30.Fs, 78.40.Fy

1. Introduction

Semicondutor quantum dots (QDs) nanocrystals, have attracted consid-
erable interest owing to their unique optical and electrical properties, which
are governed by the composition, dimensions and shape of each of their com-
ponents. Through the choice of specific materials, one can tailor the confine-
ment potential profile, giving rise to the popularly known as ”‘wave function
engineering”’. This wave function engineering has opened route to colloidal
core-shell nanocrystals (NCs) in which the alignment of energy states at the
interface between two semicondutors promotes spatial localization of elec-
trons and holes in core and/or shell regions. Each localization regime gives
rise to different optical behaviours. For example, in type-I regime where
electrons and holes are localized in the core region, NCs exibit bright and
stable fluorescence that is used for biological tagging and as emitters in light-
emitting diodes. Meanwhile, the type-II regime NCs, where electrons are
confined in the core region while holes are localized in the shell regions, exbit
intrinsic charge separation which is beneficial for photovoltaic applications
[1, 2, 3].

In addition, overcoated II-VI NCs have been observed to improve the PL
quantum yields trough the passivation of the surface nonabsorbing recom-
bination sites. However, despite their high emission efficiencies, there are
significant challenges to practical applications of NCs in lasing technologies.
Because of the degeneracy of the lowest-energy emitting levels, population
inversion in NCs can only be achieved if the average number of excitons
per nanocrystal is greater than 1. That implies that at least some of the
NCs must contain multiexcitons. It is known that a significant complication
arising from the multiexctonic nature of the optical amplification in NCs is
the efficient non-radiative Auger recombination induced by confinement of
exciton-exciton interactions. One of the strategies for solving the problem
of Auger decay consists in developping structures that allow realization of
optical gain, where generation of photons by stimulated emission dominates
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over photon absorption [4, 5]. Optical gain requires population inversion,
that is, the situation in which the number of electrons in the excited state is
greater than that in the ground state. The attempt to develop QDs NCs with
suppressed non- radiative Auger recombination gave rise to the development
of giant QDs NCs where small CdSe core were surrounded by thick CdS shell
[6, 7].

On the other hand, the possibility of creating optical negative index meta-
materials (NIM) and espilon-near-zero (ENZ) materials using nanostructured
metal-dielectric composites has triggered intense basic and applied researches
over the past several years [8, 9]. Much efforts are dedicated to the engineer-
ing and extension of the functionalities of metarials at optical frequencies,
specically to design NIM or ENZ in the visible range of electromagnetic
spectrum (see for example refs. [8, 10, 11]). Most of these attempts take
advantage of plasmonic behaviour of noble metals such silver and gold in
addition to dielectric bulk materials to design arrays of NIM thin films com-
posite materials. In this context, a suitable design of metal-based composite
requires both positive and negative permitivities to compensate the lossy be-
haviours of many systems [12, 13]. With the emergence of qunatum dots,
silver coated core-shell NCs have been also employed to compensate the gain
emission of QDs [14] and to obtain a negative-refractive index material.

Previously, Webb et al. [15] and Fu et al. [16] later on, have proposed
semiconductor QDs mixture as a lossless negative dielectric constant optical
material. To do, Webb et al. [15] first deduced a mascroscopic dielectric
function for a single QD within a density-matrix approach, where the ex-
citonic susceptibility is averaged over the confined volume of QDs. In that
treatment, the QD exciton energy was derived from the Effective Mass Ap-
proximation (EMA) with an infinite potential barrier and without taking into
account the phonons contribution, nor the shell effect in the homogenized II-
VI semiconductor QD dielectric function. In the cited work, following their
previous theoretical studies [17], they suggested that, to achieve negative
ϵ′eff , the gain must occur at higher energy. However, later on, Fu et al. [16]
demostrated that negative ϵ′eff may be achieved, unlike the gain is associated
to lower or higher energy using a set of two types of QDs.

To characterize most of these nanocomposites, researchers have used a
variety of optical measurements as well as some structural techniques. The
challenge of tailoring the QDs distribution size, the shell thickness and surface
electronic properties through physical or chemical methods has deserved a
great attention in the field of nanotechnology [18, 19, 20, 21, 22, 23, 24, 25].
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Available theoretical models for QDs optical properties range from the
formalism of light scattering of small particles based on polarizability of
dielectric spheres to more sophisticated calculations [26, 27, 28]. The effects
of charge carriers confinement on the self-polarization of the electron-hole
pairs (excitons) in QDs, were reported in spherical and non-spherical QDs.
In many of these studies, the incorporation of the size-dependent functions
is made following generalized Penn’s model [29], or by including spatially
smooth dielectric functions at the QD-surrounding material’s interface [27].
In metallic nanoparticles for example, the effect of size on the dielectric
function is often introduced through the size-dependent damping coefficient
that accounts on different scattering mechanisms such as electron-electron,
electron-phonon, surface and defect interactions [30].

On the other hand, the Maxwell-Garnett (MG) effective medium theory
has proved to be a good model for the optics of semiconductor inclusions
in glasses [31] and many other homegeneous media. Also, when a good
description of dielectric functions of small sized particles is known, the gen-
eralization of MG with the mixing rules, can be applied to investigate the
optical properties of mixing distributions of nanoshells.

This theory is also appropriate when the inclusions are made of two-
component spheres such as core-shell NCs [32]. A natural extension of this
generalization can be made to investigate the optical properties of a medium
consisting in a mixing distributions of nanoshells. These mixing distributions
will take into account the size inhomogeneity, through inequal sized-cores
QD dimensions to reach typical features in the growth of real dispersive
nanostructures.

In our previous work, the visible (VIS) and infrared (IR) spectra of iso-
lated II-VI semiconductor nanoshells revealed a size-dependent behaviour as
a consequence of the size-quantum confinement effect [33]. At this end, we
used the effective dielectric function of QD that acounts on size-quantization
of the QD-polarization produced by the ground-state exciton excited by an
electromagnetic field [15, 16].

Then, the aim of the present work is to investigate the dielectric function
of exciton polariton in a mixture of spherical II-VI semiconductor core-shell
NCs of type I (excitons confined in the core), where we assume the EMA
approach with finite potential barrier and considering the phonons contribu-
tion along with the shell effect in the effective dielectric function. Besides,
we present the influence of gain on the homogenized dielectric constant in
order to describe the required core-shell density and pumping to achieve the
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lossless condition. We analyze optimal conditions that must be satisfied, to
achieve semiconductor-based negative index materials. For the investigated
systems, specific volume fractions and core-shells sizes along with the em-
bedding media effects have been found to determine the lossless condition.

The paper is organized as follows. In section 2, an outline of extended
MG theory applied in mixing distributions of core-shell NCs is given. The
implementation of the model in typical II-VI semiconductor nanoshells dis-
tributions along with a discussion of the results are given in section 3. The
main remarks and conclusion of this work will be given in section 4.

2. Maxwell-Garnett effective medium approach and core-shell NCs

Let us model a II-VI semiconductor core-shell NC as a coated sphere with
inner radius Rc and outer radius Rs (Rs > Rc) embedded in a homogeneous
medium with a positive real dielectric constant ϵe. Core and shell materi-
als are characterized by frequency-dependent dielectric functions ϵc and ϵs,
respectively.

Within the context of effective medium approach, if the radiation wave-
length is much greater than the nanoparticle radius, we can consider the
coated spherical QD as an effective homogeneous sphere whose equivalent
dielectric function depends on the core (ϵc) and shell (ϵs).

In type I core-shell NCs, the bandgap of the shell material is larger than
that of the core. Therefore, both electrons and holes are confined in the core,
giving rise to the exciton localization in the core region.

To determine ϵc we adopt the electric-dipole approximation as described
by Webb el al. [15] to account on quantum confinement effect on the total
QD dielectric function. In addition, we include a bulk-like phonon contri-
bution where the size-dependent damping terms are neglected. With these
assumptions, the total dielectric function in the core region can be described
by

ϵc(ω) = ϵ∞,c +
8e2

Vcϵ0mex,c

[
2ρ− 1

ωex,c
2 − ω2 − i2ωγ

]
+ ϵ∞,c

[
ω2
LO,c − ω2

ω2
TO,c − ω2 − iγphω

]
.

(1)
Here, ωTO, c and ωLO, c are the core transverse and longitudinal optical phonons
frequencies, with γph its damping constant. mex,c, ωex,c and ρ represent re-
spectively, exciton reduced mass, exciton energy (Ec = ~ωex,c), and the av-
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eraged probability of the single exciton being in ground state. In section
3, we summarize further materials parameters that are used to describe the
dilectric response of the ensemble of QDs NCs.

Since ϵc depends on the exciton energy, we calculated the electron and
hole energies using EMA in a finite barrier potential, while the Coulomb
interaction is treated as a perturbative correction to the confinement energies,
so that the exciton energies take into account the finite boundary conditions
at the interface. For more details, see ref. [34].

Writing the complex dielectric function of the shells as a bulk-like semi-
conductor dielectric function with plasmons and phonons contributions [35];
i.e.,

ϵs(ω) = ϵ∞,s

[
1 +

ω2
LO,s − ω2

ω2
TO,s − ω2 − iγphω

− ωp
2

ω2 + iγω

]
(2)

the effective core-shell dielectric function ϵns can be expressed within the
framework of the electrostatic dipole approximation, in a similar way as
described in ref. [32]; that is

ϵns − ϵe
ϵns + 2ϵe

=
(ϵs − ϵe)(ϵc + 2ϵs) + (Rc/Rs)

3(ϵc − ϵs)(ϵe + 2ϵs)

(ϵs + 2ϵe)(ϵc + 2ϵs) + 2(Rc/Rs)3(ϵc − ϵs)(ϵs − ϵe)
. (3)

Looking at the core-shell NCs as polarizable point dipoles, the effective
dielectric function of the composite medium is described for an ensemble
of two distributions of NCs using an extended Maxwell-Garnett effective
approach; i.e.,

ϵeff − ϵe
ϵeff + 2ϵe

= f1
ϵns,1 − ϵe
ϵns,1 + 2ϵe

+ f2
ϵns,2 − ϵe
ϵns,2 + 2ϵe

= Q. (4)

By solving the multiphase nanoshell distributions in eq. 4 for ϵeff and in-
troducting two-type distributions effective dielectic funtions, being f1 and f2
the volume fractions of the two distributions, respectively, we find that

ϵeff =
ϵe(1 + 2Q)

1−Q
. (5)

The right-side term in eq. 5, includes both nanoshell model parameters,
together with boundary-conditions applied to a binary mixture of two kinds
of nanoshells as solution of Laplace equation. The latter expression follows
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the formalism discussed by Fu et al. [16], in which we replaced two single
QDs by two core-shell species. We analyze the dielectric response of these
binary mixed NCs through the frequency-dependent real and imaginary parts
of the effective dielectric function in order to derive the lossless conditions as
a function of strcutural parameters. Lossless conditions require ϵ′′eff = 0 and
negative index condition is related to ϵ′eff < 0. From the eq. 5, we find that
the lossless condition is achieved when Q′′ = 0.

On the other hand, by combining simultaneously the lossless condition
and the ϵ′eff < 0, we find that negative index condition can be reached if
Q′ > 1 or Q′ < −1/2 at the same lossless resonant frequency, that is, the
frequency at which ϵ′′eff vanishes.

As the right-side mixed term Q in eq. 4 is a complex-valued expression
that depends on different model parameters, such as, the fraction volume,
core and shell radii, embedding medium dielectric constants, confinement-like
regimes, one can easily tailor a negative index metamaterial by accomodating
each of these parameters to the best conditions of device-design engineering.
In our case, we will focus our attention on structural and compositional
parameters such as volume fractions and shell-sized materials. However, the
key requirement to reach lossless materials or negative-index metamaterials
lay on the coexistence of lossy and gain constituents in layered-like structures
of NCs devices.

3. Results and discussion

To illustrate our results, we numerically analyze a binary mixture of
CdSe/ZnS spherical nanoshells, half of which providing gain and half hav-
ing loss absorptions, using an extended MG formalism. The gain and loss
features are introduced through the probability transition parameter ρ in ϵc
(see eq. 1), taking values < 0.5 for gain and > 0.5 for lossy constituents in
the mixture [15].

In contrast to many researchers (see for example ref. [36]), we do not
include a metallic shell to compensate gain emission of QDs NCs. Instead,
the shell dielectric function is introduced with its phonons and plasmonic
damping terms (see eq.2). For sake of comparison, we considered polymer and
semiconductor as host material to analyze the effect of emdedding medium,
with respectively ϵ∞ = 2.3 (polyethylene (PE)) and 10.0 (semiconductor).

The choice of CdSe/ZnS mixture core-shells QDs in the simulation is
dictated by the fact that CdSe/ZnS colloidal core-shell microcavities present
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a fast experimental development of its optical gain, as reported elsewhere
[16, 37]. Indeed, the polymer-coated QDs are widely used for its stability
in comparison with QDs coated with small organic ligands. In addition,
it was shown that with the use of polymers, multiple and diverse chemical
functionalities can be introduced at the surface of QDs.

The effects of core sizes and volume fractions are analyzed in order to
determine the numerical lossless optical conditions. In addition, we estimate
the minimum optical energy pumping required to maintain NCs in excited
states in analogy with the work of Fu et al. [16]. Shell thicknesses of 3 ML =
0.93 nm and 2 nm are considered in good agreement with experimental and
theroretical works reported elsewhere. In table 1, we summarize values of
structural constants used in the numerical simulations. Most of these values
are taken from refs.[38, 39, 40, 41].

Table 1: II-VI semiconductors structural parameters used in the calculations, where ωp

and γph are fixed to 69.7 cm−1 and 8.5 cm−1, respectively.

Parameters Eg ϵ∞ ωLO ωTO m∗
e m∗

h γ
eV (cm−1) (cm−1) (m0) (m0) (cm−1)

CdSe 1.769 6.2 213.1 165.2 0.19 0.8 56.4
ZnS 3.54 5.2 349 269 0.4 0.525 56.4

Throughout all the work, the gain resonance is assumed to be at ~ωex,c−
~δ, where ~ωex,c is the loss resonance and ~δ is the energy difference achieved
through a small reduction in core-shell size, which should satisfy ~δ > ~γ.
That is, adjustable values of ρ satisfying gain-resonances are assigned to
smaller core-sizes NCs constituents, while absorption-like values of that pa-
rameter are assigned to bigger NCs. Equal loss and gain volume fractions
are assumed for both kinds of NCs to obtain the same weight in the MG
expression.

Figure 1 shows ϵeff for gain and absorptive distributions with different
sizes. For the three investigated cases, the core radius of the gain distribution
is maintained constant with a fixed value of 3 nm, while the core radius
of the absorptive distribution is considered to be 4 nm, 5 nm and 6 nm,
respectively. We find that the gain resonance is localized approximately at 1.4
eV , while the loss resonances are localized at 1.49 eV , 1.43 eV and 1.415 eV
for the distributions of 4 nm, 5 nm and 6 nm, respectively. As we mentioned
above, the loss and gain resonances do not correspond exactely with the single
excitons energies of the two distributions because of the complex weighting
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Figure 1: Effective dielectric function of CdSe/ZnS/PE characterized by gain distributions
with Rc1 = 3 nm and varying loss distributions sizes: Rc2 = 4, 5 and 6 nm respectively.
The shell thickness is fixed to 3 ML and volume fractions f1 = f2 = 0.2.
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in the denominator of the MG formalism. Similar behaviours of gain and
loss resonances were previously reported by Fu et al. [16] in PbSe/ZnSe QDs
mixtures for ~δ ≤ 3meV . The lossless optical condition (ϵeff = 0) is achieved
for the three sized distributions in a small range of energies. However, this
range seems to be reduced to an unique value for the absorptive distributions
with 5 nm and 6 nm sizes. Also, at the gain resonance, ϵ′eff is negative in
the three investigated distributions.

In order to investigate in depth possible effects of the distributions sizes on
ϵeff , we turn our attention to the dependences of ~δ and energies separation
between loss and gain resonances on the geometrical factor of Rc1/Rc2 (see
figure 2). While ~δ decreases with radii ratio, gain and loss peaks separation
energies tend to increase before they fall down for higher values of radii ratio.

On the other hand, we also investigate the effects of shell thicknesses on
ϵeff . Figure 3 shows the dielectric response of NCs ensemble for two shell
sizes of 0.93 nm and 2 nm, with equal volume fractions of 0.2 and core radii of
3 and 5 nm, respectively. The increase in the shell thickness produces energy
shifts in both resonant peaks of the investigated structure. With a greater
thickness, we observe that the gain and loss resonances energy separation is
reduced to ≈ 30 meV (gain resonance at 1.47 eV and loss resonance at 1.50
eV ). Also, negative values in ϵeff are observed for smaller shell sizes, while
it remains positive with higher values of the shell sizes (see dashed plots in
fig. 3) over all investigated frequencies.

To complete the effects of a large number of adjustable parameters in
the model, we also investigate the role of volume fractions and embedding
material on the lossless optical condition. Figure 4 shows ϵeff for 3 nm and
4 nm sized gain and loss distributions, respectively with volume fractions
of f1 = f2 = 0.05; f1 = f2 = 0.1 and f1 = f2 = 0.2. When the volume
fraction increases, which means a greater core-shells density, the loss- and
gain-resonance peaks separation becomes smaller. This reduction in peak
energies separation restricts the extension of lossless optical region and gives
rise to an abrupt change in the sign of ϵ′′eff . With respect to the volume
fractions, we found that reaching ϵ′eff < 0 at the gain resonances requires
a minimum concentration of core-shells in the distributions to be pumped.
Figure 5 depicts the effects of the embedding material on ϵeff for gain and
absorptive distributions. The semiconductor surrounding medium with its
large dielectric constant (ϵ∞ = 10) produces a more negative ϵ′eff at the gain
resonance. In addition, the lossless optical condition is fullfilled at nearly an
inflexion point determined by an unique frequency value. These two features
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Figure 2: Dependences of ~δ (square symbol) and energy difference of loss and gain reso-
nances (circle symbol) versus the radii ratio of the two distributions. The solid and dashed
lines are guide for the eyes.

are also obtained with a higher concentration of core-shell NCs (see figure
4). Similar dependences on volume fractions and embedding media on ϵeff
were previously reported in CdSe QDs [15].

As can be derived from the above simulation results, the condition ϵ′eff <
0 together with the lossless condition can be achieved for particular NCs ad-
justable parameters. For instance, for distributions with Rc1 = 3 nm, Rc2 = 6
nm, the above conditions are satisfied for f1 = f2 = 0.3, when Q′ > 1. Figure
6 shows the behaviour of ϵeff for this particular case. Similarly, Bratkovsky
et al. [42] have found that, in a metal wire/QD composite metamaterial, the
way to obtain negative dielectric function consists in increasing the volume
fraction of the gain material as high as 0.3. Therefore, we can infer that the
core-shells sizes, volume fractions and embedding medium in mixtures of gain
and loss distributions are crucial factors if one wants to control the lossless
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optical conditions and the possibility to obtain negative dielectric function
optical material.

Now, we will estimate the minimum optical power (P ) to maintain N
core-shells NCs in excited states, where P = N~ω/2τ [43], being τ the core-
shells spontaneous radiative emission decay. For core-shell CdSe/ZnS NCs,
the radiative recombination of singlet trion at 300 K is between 8 and 10 ns
[44]. Then, the required optical power becomes 8.8×106 W.cm−3 when the
core-shells density is around 7.86×1017cm−3; i.e., Rs = 3.93 nm and f = 0.2,
while ~ω = 1.405 eV is the energy when ϵ′′eff = 0. For example, for a film
of thickness of 10 µm and a cross section of 1 mm2, this corresponds to an
averaged optical power of 88 W . As another example, in a waveguide with a
cross section of 10 µm2 and 100 µm of length, the absorbed power needs to
be only of 8.8 mW .

To compare with an equal density of QDs; i.e., 7.86×1017cm−3, being τ
= 3.6 ns [16], we obtain an optical power of 24.5 ×106 W.cm−3, which is
approximately triple of optical power in core-shell NCs. Then, the optical
pumping seems to be easier for core-shell NCs.

It is reported in the literature [44] that in typical CdSe NCs, the long
photoluminescence (≈ 20 ns at 300 K) is connected with the lowest excited
state having a forbidden optical transition dipole (in other words, it is a
”‘dark state”’). However, radiative recombination of singlet trions is always
optically allowed, because one of the hole spins (either spin up or down)
forming the singlet can always recombine with any electron spin.

On the other hand, if we consider non-radiative decay processes via LO
phonon modes, τ will be of tenth order of ns [45] and the optical power
will increase significantly. Non radiative relaxation processes are given when
the difference of energies between levels is very small and the time scale
is shorter and shorter than the radiative transitions. In semiconductors,
the electrons go down from a level of high energy to a metastable level of
small energy difference, via non-raditive relaxation and then, they go down
to fundamental level via radiative processes. The metastable states show
interesting features for the laser fabrication. In fact, if the electrons decay
slowly from the metastable states, they can be promoted to higher states
with scare loss and the stimulated emission can be used to yield an optical
signal.
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4. Conclusions

We obtained a plausible candidate of negative dielectric function optical
material by mixing distributions of CdSe/ZnS core-shells NCs (type I) with
different exciton energies. We evaluated its effective dielectric function by
a generalized MG theory, where the core dielectric function accounts on the
carriers confinement within EMA finite barrier framework through the exci-
tonic eigenfrequencies, while the shell dielectric function includes plasmons
and phonons contributions. We observed that the shell and phonon effect on
ϵeff along with the finite barrier scheme yield similar qualitative behaviours
than those previously reported in mixtures of PbSe/ZnSe QDs. Core-shells
sizes, volume fractions and embedding medium in mixtures distributions are
crucial to control the lossless optical condition and the possibility to obtain
negative dielectric function optical material. On the other hand, we esti-
mated the optical power to maintain N core-shells NCs in excited states
for radiative transitions and this value is smaller than those obtained for
equivalent CdSe QDs density.
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