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HIGHLIGHTS

» We investigate the bulk phonons contribution to the IR as well as the VIS spectra of [I-VI nanoshells.

» We use Mie scattering theory by defining appropriate dielectric functions for the constitutive materials of the nanoshells.
» The effects of: (i) phonons, (ii) size of NCs and (iii) islanding medium are investigated in the IR and VIS range.

» Finite potential confinement is used to evaluate the exciton energy in effective mass approximation.
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We have investigated the phonons contribution in the infrared and visible optical properties in [I-VI
semiconductor nanoshells of type I. For this, we use Mie scattering theory by defining appropriate
dielectric functions for the constitutive materials of the nanoshells. Indeed, for the core we have
considered dielectric function taking into account the spatial confinement of the charge carriers along
with the phonons contribution. For the shell, we have considered dielectric function similar to that used
in bulk semiconductor. Independently of the core and shell sizes and the embedding medium, we
obtain in the infrared (IR) spectra, three resonant peaks ascribed to the CdS stretching vibration, the
longitudinal optical (LO)-CdS and surface optical (SO)-ZnS phonon modes, respectively. The increase of
core and shell sizes induces a red shift of the Cd-S stretching vibration and the SO ZnS branches, while a
blue-shift is obtained for the LO CdS branch. If the phonons contribution is not considered in the IR
spectrum, the CdS stretching vibration is disappeared. On the other hand, in the visible (VIS) spectra, we
obtain one sharp resonant peak related to the 1s.-1s, optical transition, whose localization is
characterized by the core size, essential parameter to evaluate the exciton energy. Phonons contribu-
tion in the VIS range yields information about the exciton-phonon coupling in II-VI semiconductor
nanoshells. When the embedding medium is glass, where the dielectric constants at high frequency of
core, shell and islanding materials are similar, we obtain two effects on the IR as well as the VIS optical
properties: (i) the phonon peaks (IR range) or the exciton peak (VIS range) are red-shifted, and (ii) the
peaks intensities are greater. Therefore, in the light of these results, it can be concluded that the
phonons contribution is primordial if the optical properties are investigated in the low-dimensional
systems.

1. Introduction

photoluminescence quantum yields by passivation of surface
nonabsorbing recombination sites. Among examples of core-shell

In recent years, [I-VI semiconductor core-shell type composite
quantum dots (QDs) exhibit novel properties making them very
attractive from both experimental and practical point of view. It
was been shown that overcoating nanocrystallites improve the
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QDs reported in the literature, we can find CdS on CdSe and CdSe
on CdS [1], ZnS grown on CdS [2,3], ZnS on the CdSe and CdSe on
ZnS [4,5], ZnSe overcoated CdSe [6], CdSe coated ZnSe [7], ZnO on
ZnS [8], etc.

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 calcula-
tions [9-11]. The effects of charge carriers confinement on the
self-polarization of the electron-hole pairs (excitons) in quantum
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dots were reported in spherical and non-spherical quantum dots.
In many of these studies, the incorporation of the size-dependent
functions is made following generalized Penn’s model [12], or by
including spatially smooth dielectric functions at the QD-sur-
rounding material’s interface [10]. 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 [13].

In a previous work, we have investigated the optical properties
of II-VI semiconductor nanoshells in a wide range of visible
spectrum of light [14]. For that purpose, we applied Mie scatter-
ing theory by considering for core and shell, dielectric functions
similar to that used in bulk semiconductors. As the investigated
nanometric system is of type I, where the shell bandgap is larger
than that of the core and both electrons and holes are confined in
the core, it seems reasonable to consider as a dielectric function
for the core which takes into account the confinement of charge
carriers in order to correlate optical properties to nanoparticle
sizes under appropriate boundary conditions. Webb et al. [15] and
Fu et al. [16] have calculated the effective permittivity of the QD
due to the ground-state exciton excited by an electromagnetic
field. However, in those works, the authors have not investigated
the optical properties in the infrared range, which is very inter-
esting to elucidate the Raman spectra, neither the influence of
phonons contribution in the dielectric response. Therefore, the
aim of this work is to investigate the visible (VIS) and infrared (IR)
spectra of II-VI semiconductor nanoshells taking into account the
spatial confinement of charge carriers and the contribution of
bulk optical phonon modes. Confinement of polar lattice vibra-
tions is not considered herein since its effect is rather small
compared with the confinement of charge carriers.

The paper is organized as follows. In Section 2, an outline of
Mie scattering theory with the definition of the two contributions
in core and shell dielectric functions is applied in spherical
nanoshells. The implementation of the model in typical 1I-VI
semiconductor nanoshells of type I along with a discussion of the
results is given in Section 3. The main remarks and conclusion of
this work will be given in Section 4.

2. Phonons contribution to the dielectric function and Mie
scattering theory applied in core-shell nanocrystals

The system under investigation is a II-VI semiconductor
spherical core-shell nanocrystal (NC) of type I. The NCs are
characterized by a total radius Ry and a core of radius R
surrounded by a shell layer (Rs—R.), with their respective core
and shell frequency-dependent dielectric functions ¢; and ¢.. As in
nanoshells of type I, electrons and holes are confined in the core
[17], the exciton is found to be localized in that region. To
compute the phonons contribution to optical properties, we
assume that the dielectric function for the core, ¢., has two terms:
the first one, obtained from the electric-dipole approximation,
describes the quantum dot (QD) polarization due to the ground-
state exciton as described in Refs. [15,16] and the second one, due
to the bulk phonons contribution [18]. Calculations of electrons
rate scattering values by confined longitudinal optical (LO)
phonons in GaAs QDs yield phonon damping constants higher
than the value considered in this work [19,20]. Therefore, in first
approximation, the dielectric function of the core material should
be restricted to
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In the above equation, wrp, and wjo . are the core transverse and
longitudinal optical frequencies of the polar modes and y,, its
damping constant. The remaining input parameters are defined as
follows: € is the core dielectric constant at high frequency, e
the electron charge, V. the core volume (V.= 47rR§ /3), €o the free
space permittivity. The core exciton reduced mass (Mexc), the
linewidth (y), which is considered in this work to be 3 meV and
the parameter p (taken to be equal to 1 in the lossy resonance
(absorption) approximation [15]) are other parameters that
define the quantum dot dielectric function. Even if the introduc-
tion of phonons in our model can affect the linewidth dependence
with the temperature (see [21]); however, this effect is not
included hereafter. So we consider a small value of y related to
low temperatures, which is the experimental condition more
usually investigated in the literature. In fact, wex can be obtained
from the approximate core exciton energy (E; = hmex,c), where we
assume effective mass approximation by considering that carrier
confinement energies are much greater than Coulomb interaction
energy, which hence can be treated using perturbation
approaches. Then, the exciton energy is written as

E. =Eg+E(e)+E(h)+E(Coulomb). 2)

Eg  is the intrinsic core band gap energy, while E(e) and E(h) are
the electron and hole eigenenergies, respectively and E(Coulomb)
is the Coulomb interaction energy expressed as in Refs. [21,22]. In
contrast to the Webb et al. model, where the exciton was
calculated in the strong coupling regime (infinite barriers), we
solve the envelope-function Schrodinger equation using a spheri-
cally symmetric confinement potential with finite barriers to find
electron and hole eigenstates and their respective eigenvalues.
Due to this symmetry, the electron and hole wave functions only
depend on the radial coordinate r. For more details, see for
example Refs. [21,23].

For the shell material, we use the bulk-like semiconductor
dielectric function, ¢, with its plasmons and phonons contribu-
tions as described in Ref. [18]; i.e.,
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Once again, wros and wigs are the shell transverse and long-
itudinal optical frequencies of the polar modes and y,, its
damping constant, while ¢, s is the high-frequency dielectric
constant of shell. On the other hand, wp and 7, are, respectively,
the frequency and damping constant of plasmons for shell
material. To complete the description of our nanostructure, both
the core and shell materials are embedded in an insulating
medium, whose non-frequency dependent dielectric function is
denoted by ¢..

Once the dielectric functions are well established, we apply
the Mie scattering theory to the above defined core-shell nano-
crystals as extensively reported in the literature [13,14]. To
summarize our calculations, we will only remind hereafter the
expressions of absorption and scattering cross-sections. Indeed,
the absorption cross-section is given as follows [13]:

812 /Ce 3 €s€a—€e€p
Gabs = —7 RsIm <esea +Zeeeb> “
and for the scattering cross-section we have [13]
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In the above equations ¢, and ¢, are defined as
€q = €:(3—2P)+2¢P, (6)
€y =€P+¢6,(3-P), (7)
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being
P=1-(R/Rs)*. (8®)

On the other hand, the extinction cross-section (. ) is defined as
Oext = Ogps +0sca [24]. Finally, the absorption, scattering and
extinction coefficients are obtained by dividing their respective
cross-sections by the total core-shell nanostructure volume.

3. Results and discussion

To illustrate our results, we apply the Mie scattering theory in
typical II-VI semicondcutor core-shell nanocrystals such as CdS/
ZnS, where the effects of (i) phonons contribution, (ii) size of core-
shell nanocrystals and (iii) islanding medium will be investigated
on the IR and VIS optical spectra. As the nanocrystals have
nanometric sizes, the extinction is mainly due to absorption
processes, accordingly to the optical properties in typical
low-dimensional systems [25]. Indeed, the extinction (extinction
coefficient multiplied by the nanocrystal thickness) will be shown
as a function of the wavenumber (IR range) or the wavelength
(VIS range). In order to emphasize the phonons contribution in
the optical response, we will show in a same figure the extinction
evaluated with and without phonons contribution to the core
dielectric function. Values of the different constants for CdS, ZnS
and insulating media are given in Table 1 [26-29].

As our aim is to clarify the discussion of the different effects,
we present in separate subsections the optical properties of CdS/
ZnS nanoshells in the IR and VIS ranges, respectively.

3.1. Extinction of CdS/ZnS nanoshells in the IR range

Within this range, we will mainly investigate the different
lattice vibrations of the core and shell materials. Fig. 1 shows the
extinction for CdS/ZnS/polyethylene nanoshells as a function of
the wavenumber with radii R.=3 nm and R,=5 nm. When we
consider the phonons contribution to the core dielectric function,
we obtain three resonant peaks located around 241cm™!,
286 cm~! and 306 cm ™', respectively.

The peak around 241 cm™! is usually ascribed to the stretch-
ing of CdS vibration [30]. Milekhin et al. [31] have demonstrated
that the stretching of CdS vibration confirms the CdS quantum
dots (QDs) formation in the Landmuir-Blodgett matrix. The
second peak of 286 cm~! is nearly close to the experimental
value of 297 cm~! obtained in CdS QDs with Raman spectroscopy
[31]. Milekhin et al. [31] ascribed the value of 297 cm ' to CdS LO
phonons; however, this value is less than that of the LO phonon in
bulk CdS (303 cm~') [32]. The difference between the phonon
frequencies in the structures with QDs and the frequencies in the
bulk materials can be explained by the effect of optical phonons
localization in QDs, for a review of this phenomenon, see for
example [33,19]. Notice that the difference between 286 cm™!

Table 1
Different parameters of the materials used in this work. In our approach, the
exciton reduced mass for ZnS is not necessary to evaluate its dielectric function.

Parameters Cds ZnS Polyethylene Glass
€ 5.5 5.2 23 4.64
w10 (cm™1) 300 349 - -
wro (cm™1) 233 269 - -
me 0.19 - - -
m 0.8 - - -
wp (em™1) - 69.7 - -
v (em™1) - 27.1 - -
Ppn (cm™1) 8.5 8.5 - -

T T T T T T T
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Fig. 1. Extinction for CdS/ZnS/polyethylene nanoshells as a function of the
wavenumber, with (solid line) and without (dashed line) phonons contribution
in the core dielectric function with radii R.=3 nm and Ry=5 nm.

and 297 cm~! could find explanation in a different way. The LO
phonons are confined in CdS/ZnS/polyethylene NCs compared to
that of CdS QDs in the Landmuir-Blodgett matrix. Han et al. [34]
recently reported values around 280 cm~! in CdS NCs with a
radius of 2 nm. These values were obtained by DFT.

The peak at 306 cm~! can be related to the SO ZnS phonon
modes. The calculated frequency by means of dielectric conti-
nuum model in spherical ZnS QDs is 316 cm ™!, which agrees with
the experimental value obtained in Raman spectra [31]. The
plausible difference between our value of 306cm~' and
316 cm~! could derive from the fact that we use a ZnS nanoshell
instead of a ZnS QD in our calculations. In fact, in one of our
previous work, we obtained by means of the dielectric continuum
model values of the ZnS SO modes around 303 cm~! in CdS/ZnS/
polyethylene nanoshells when the ratio Rs/R. is approximately
1.7 [35] (we are using similar sizes in the present work). In our IR
spectra, the absence of the ZnS-related TO and LO phonons
frequencies agrees quite well with the results of Raman spectra
and IR reflection spectra for small ZnS QDs [31]. Milekhin et al.
[31] argued that for small-sized QDs, the ratio of the surface
atoms to the bulk atoms is relatively large; therefore, when the
number of surface atoms becomes comparable or even larger than
that in the bulk of the QDs, the contribution of the surface layers
to the Raman scattering becomes significant. Conversely, when
we do not take into account the phonons contribution to the core
dielectric function, the peak at 241 cm ! related to the stretching
of CdS vibration disappeared. Then, we can postulate that the
inclusion of phonons contribution in theoretical calculations is
primordial in order to reproduce the experimental Raman spectra
in CdS/ZnS nanoshells. If the embedding material of the NC is
glass, we observe that the resonant peaks are red-shifted toward
240 cm~', 285 cm~"! and 304 cm ™!, respectively, along with an
increase of their intensities, becoming somehow the double of
that observed in polyethylene-embedded structures (see Fig. 2).
These two effects were previously reported in the literature in
[I-VI semiconductor nanoshells when the core, shell and embed-
ding materials have similar dielectric constants at a high
frequency [14]. It seems that the proximity among the three
dielectric constant values entail a plausible cooperative phenom-
enon in the average dielectric response versus the incident light,
increasing consequently the extinction. Again, when we neglected
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Fig. 2. Extinction for CdS/ZnS/glass nanoshells as a function of the wavenumber,
with (solid line) and without (dashed line) phonons contribution in the core
dielectric function with radii R.=3 nm and Ry=5 nm.
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Fig. 3. Extinction for CdS/ZnS/polyethylene nanoshells as a function of the
wavenumber, with (solid line) and without (dashed line) phonons contribution
in the core dielectric functions with radii R.=5 nm and Ry=7 nm.

the phonons contribution to the core dielectric function, the
resonant peak ascribed to the CdS stretching vibration disappeared.

To investigate the size effects on the IR spectra, we present in
Figs. 3 and 4 the extinction of CdS/ZnS nanoshells as a function of
the wavenumber with radii R.=5 nm and Rs=7 nm embedded in
polyethylene and glass, respectively. For both insulating media,
we find that the three resonant peaks are slightly shifted towards
1 or 2 cm ™!, shift which can be explained in terms of the phonon
localization in low-dimensional systems [33,19]. In order to
clarify the size effects on the IR spectra, we show in Fig. 5 the
behavior of three resonant phonon peaks as a function of the ratio
Rs/R.. We should quote that the most significative shift is that

CdS/zZnS/glass
0.020 L R, =5nm,R,=7 nm N
—— with phonons |
oo without phonons ! 1
0.015 . B
c )
8 ]
© - ! 1
£ !
] !
L 0.010 - ! B

0.005

0.000 1

200 250 300 350
Wavenumber (cm'1)
Fig. 4. Extinction for CdS/ZnS/glass nanoshells as a function of the wavenumber,

with (solid line) and without (dashed line) phonons contribution in the core
dielectric function with radii R.=5 nm and Ry=7 nm.
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— — —LO CdS phonons mode
%0+ | - SO ZnS phonons mode -

Wavenumber (cm™)

250 - -

240 - -

1.3 1.4 1.5 1.6 1.7 1.8 1.9 2.0
RJR,

Fig. 5. Dependence of the phonons branches for CdS/ZnS/polyethylene nanoshells
with the ratio Ry /R..

related to the LO CdS phonon modes branch, with a value around
2.8% over the investigated ratio Rs/R.. Another effect to mention
in the IR spectra is that the intensities of these resonant peaks are
greater when the radii increase. This feature was previously
reported in CdS/ZnS nanoshells [14]. Again, we obtain that the
absence of the phonons contribution to the core dielectric func-
tion entails the suppression of the peak related to the stretching
of CdS vibration. On the other hand, replacing the polyethylene by
glass in embedding medium provides similar effects in the IR
optical spectra than those obtained when the nanoshell radii were
R.=3 nm and Rs=5 nm.

In the light of the above results, we can conclude that: (i) the
inclusion of phonons contribution to the core dielectric function
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of II-VI semiconductor nanoshells is essential to evaluate the
lattice vibrations effect on the IR spectra of the nanoshells; and
(ii) the size effects are noticeable in the phonon localization in
these systems giving rise to small modifications in the position of
their resonant frequencies when the size changes.

3.2. Extinction in CdS/ZnS nanoshells in the VIS range

Within this range, we will mainly investigate the size effects on
the 1s.-1s;, optical transition. By considering the phonons contribu-
tion to the core dielectric function, we will investigate the plausible
exciton-phonon coupling in these CdS/ZnS nanoshells. Fig. 6
shows the extinction for CdS/ZnS/polyethylene nanoshells as a
function of the wavelength with radii R.=3 nm and Rs=5 nm.
Independently of the phonons contribution to the core dielectric
function, we obtain a very sharp resonant peak located at 445 nm
(without phonons) and at 452 nm (with phonons). From Eq. (2),
which describes the core exciton energy, we can attribute these
peaks to the 1s.-1s;, optical transition in CdS cores of radius 3 nm.
The shift between the two peaks around 7 nm corresponds to a
difference of energy around 36 meV. This value could be attributed
to the energy of the exciton—phonon coupling. The polaron self-
energy in IlI-V semiconductor nanostructures is of the same order of
magnitude, although it is slightly lesser [36]. Indeed, we can infer
that the value of 36 meV is the coupling energy between exciton and
LO- and SO-phonon modes in CdS/ZnS NCs. As the peak intensity is
smaller when the phonons contribution is taken into account, we
could deduce that the lattice vibrations would screen the charge
carriers in the nanoshells, diminishing consequently the interaction
strength between the incident light and the electric field due to the
charge carriers.

In order to investigate the size effects, we show in Fig. 7 the
extinction for CdS/ZnS/polyethylene nanoshells as a function of
the wavelength with radii R.=5 nm and R;=7 nm. Similar to the
above investigated size, we obtain a very sharp resonant peak
located at 485 nm (without phonons) and at 489 nm (with
phonons), which can be related to the 1s.-1s;, optical transition

. | . | . | .
4l . CdS/znS/polyethylene  _|
" R,=3nm, R.=5nm
i with phonons 1
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3k ¥ i
b . n ]
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© .
£ v
L2 't 7]
(i c
1F Co
!
0o

Wavelength (nm)

Fig. 6. Extinction for CdS/ZnS/polyethylene nanoshells as a function of the
wavelength, with (solid line) and without (dashed line) phonons contribution in
the core dielectric function with radii R.=3 nm and Ry=5 nm.
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Fig. 7. Extinction for CdS/ZnS/polyethylene nanoshells as a function of the
wavelength, with (solid line) and without (dashed line) phonons contribution in
the core dielectric function with radii R.=5 nm and Ry=7 nm.

in CdS cores of radius 5 nm. As the core radius is greater, the exciton
energy is lesser, then a red-shift of the resonant peaks is obtained.
Again, the shift of approximately 4 nm between the peaks obtained
with and without phonons contribution corresponds to a difference
of energy around 21 meV, which is associated to the energy of the
exciton-phonon coupling. By comparing with the above value of
36 meV, we can deduce that the exciton-phonon coupling has a
dependence on the nanoshell size feature which is previously
reported in the literature [37]. In fact, Nomura et al. [37] attributed
a decreasing Huang—Rhys parameter in II-VI semiconductor micro-
crystals, when the NC size increases, to a reduction of the exciton-
phonon coupling, such as we have deduced from the decreasing
exciton-phonon coupling energy when the core size increases. Also,
although it is not shown herein, the embedding material effects on
the VIS spectra are similar to that obtained in the IR spectra; i.e,
when the islanding medium is glass, we obtain two effects: (i) a red-
shift of the resonant peaks related to excitons and (ii) an increasing
of the intensities peaks. Therefore, it seems that if an extinction
decreasing in nanoshells is wanted for some technological applica-
tions, these systems should be fabricated with materials whose
dielectric constants were rather different. Conversely, the exciton-
phonon coupling is not affected by the islanding material change.
Indeed, we obtain for CdS/ZnS/glass nanoshells with radii R.=3 nm
and Rs=5 nm, a value of 36 meV for the exciton-phonon coupling
energy, equal value than for the previous investigated case when the
embedding medium was polyethylene.

In the light of the above results, we can conclude for the VIS
spectra of II-VI semiconductor nanoshells that the inclusion of
phonons contribution to the core dielectric function is necessary
to remark the experimental evidence of exciton-phonon coupling.

4. Conclusions

In summary, phonons contribution on the IR and VIS optical
spectra of II-VI semiconductor nanoshells of type I has been
investigated by means of the Mie scattering theory by defining
appropriate dielectric functions for the constitutive materials of
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the nanoshells. In fact, for the core we have considered dielectric
function taking into account the spatial confinement of the charge
carriers along with the phonons contribution. For the shell, we
have considered dielectric function similar to that used in bulk
semiconductor. Indeed, bulk phonons contribution provides
features of interest for optical properties of II-VI semiconductor
nanoshells:

1. Unlike the difference in the core and shell sizes and the
embedding material, three resonant peaks are observed over
the IR range when the phonons contribution is taken into
account. Each peak corresponds to CdS stretching vibration,
LO-CdS and SO-ZnS phonon modes, respectively.

2. In the IR range, the increase of the ratio R;/R. yields a red shift
of CdS stretching vibration and SO-ZnS phonon modes, while
for LO-CdS phonon modes a blue shift is observed.

3. In the VIS range, we obtain a very sharp peak related to the 1s.—
1sy, optical transition in CdS core. This peak is red-shifted when
the core size increases, result which is consistent with the fact
that the exciton energy decreases for increasing core sizes.

4. The bulk phonons contribution in VIS range is noticeable
yielding an appropriate evaluation of the exciton-phonon
self-energy in II-VI nanoshells.

5. When the islanding medium is glass, where the dielectric
constants at high frequency of the core, shell and embedding
materials are similar, we obtain two effects in the IR as well as
the VIS optical spectra: (i) the phonons peaks (IR range) or the
exciton peaks (VIS range) are red shifted, and (ii) the peaks
intensities are greater.

6. Confinement effects of charge carriers are more significative
than those of the lattice vibration modes when the nanoshell
size is diminished.

Finally, our study can constitute an interesting information
when the lattice vibrations and their coupling with excitons are
investigated in II-VI semiconductor nanoshells.
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