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Abstract

In this work, the electronic and optical properties of CdS/ZnS core—shell quantum dots (CSQDs) capped in different matrices
were investigated theoretically. Through the effective mass approximation (EMA) and the density matrix approach (DMA),
the quantized energy levels and their corresponding wave functions of the system were obtained by solving the Schrodinger
equation in a spherical coordinates system. In addition, the effects of the incident optical intensity, the number of dots per
unit volume, dielectric mismatch of the organic and inorganic matrix, and geometric parameters of the structure, such as the
core/shell radius ratio for CdS/ZnS CSQDs on the optical properties, were evaluated and discussed. The results revealed that
both the size and dielectric environments had a substantial effect on the optical features of these nanostructures.

Keywords Intersubband transition - Nonlinear optics - Dielectric environment - Maxwell-Garnett (MG) formalism

Introduction

CSQDs have aroused a great challenge in the last few
years thanks to their particular roles in potential tech-
nological applications in many fields including optoe-
lectronics and biology [1, 2]. Recently, theoretical and
experimental studies have reported that encapsulating
CSQDs into an appropriate matrix material deal with new
optical properties [3—8]. Indeed, surrounding the CSQD
with Hafnium dioxide (HfO,), polyvinyl alcohol (PVA),
polyvinyl chloride (PVC), or silicon dioxide (SiO,) is
usually required [9, 10] to insure the QD stabilization
and enhances new optical properties. Zaiping et al. [11]
have investigated the third-order nonlinear optical absorp-
tion coefficient (AC) in colloidal CdS QDs capped by
various dielectric matrices. Their computational study
revealed that the QD capped by a matrix material having
the largest energy band gap exhibits the largest threshold
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energy. Employing a variational approach, Niculescu
[12] considered the effect of the surrounding medium
intending to conclude about the variation of the donor
binding energy in CdSe/ZnTe CSQDs. They deduced that
neglecting the effect of dielectric mismatch in calcula-
tions inevitably leads to erroneous scientific outcomes.
Moreover, in Anchala Purohit and Mathur [13], Anchala
et al. evaluated the effect of the dielectric environment
on the third-order nonlinear optical susceptibility 3.
Their findings revealed that the refractive index change
(RIC) and peaks corresponding to AC are blue-shifted
when the barrier height due to the capping matrix raises.
In 2012, Cristea and Niculescu [14] used the EMA to
examine the electronic properties of CdSe/ZnS and ZnS/
CdSe CSQDs embedded in large-gap dielectric materials.
Their results indicated that the aimed energy range for the
impurity levels could be adjusted within these dielectri-
cally modulated nanostructures. The authors in [15] have
studied how dependent the dielectric function (DF), sus-
ceptibility, RI, and AC of the slab are on the geometric
factor and density of the QDs-matrix. They mentioned
that when the volume fraction climbs, the contribution
of high-frequency dielectric constant increases while the
offset of RI tends to the high-frequency dielectric con-
stant of the dots. In Hemdana et al. [16], reporters have
numerically investigated the influence of the MEH-PPV
matrix on the optical properties of a spherical CdSe/ZnS
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CSQD. They found that in CdSe/ZnS capped in MEH-
PPV organic matrix, the radiative lifetime is higher than
that in CdSe/ZnS CSQDs. In Holmstrom et al. [10], inves-
tigated the complex DF of QDs within a core—shell struc-
ture in tetrachloroethylene (TCE) medium. Assuming the
EMA and the MG formalism, they concluded that they
could obtain the accurate polarizability for the particle
in the long-wavelength limit by a homogenized dielectric
function for CSQDs.

The goal of this work is to explore numerically
the impact of the dielectric mismatch of CdS/ZnS c/s
nanostructure on the linear, the third-order nonlinear
DF, and the effective DF. Under the EMA, the energy
levels and their corresponding wave functions are com-
puted numerically by solving the Schrodinger equation
in spherical coordinates. The theoretical explorations
are presented based on these numerical calculations
as follows. The “Theory and Computational Details”
section deals with the description of our theoretical
background. Our numerical results and related discus-
sions are given in the “Results and Discussion” section.
Finally, the “Conclusion” section is dedicated to the
major conclusions.

Fig. 1 Schematic diagram of the
confinement potential of CdS/
ZnS CSQDs encapsulated in
various matrices: SiO,, PVC,

or PVA

< | (2)

3)

Theory and Computational Details

Our adopted model consists of a confined single electron
in CdS/ZnS CSQDs, R, designates the internal radius cor-
responding to CdS (core), whereas R, designates the external
radius corresponding to ZnS (shell) and the whole structure
is encapsulated in a dielectric material. The potential dis-
crepancy between materials pictorially represents a barrier
and a well and the detailed geometry of the CSQDs-matrix
is illustrated in Fig. 1.

As the band gap of the core (CdS) is narrower than that
of the shell (ZnS), the core material potential was chosen as
the zero-reference energy, thus V. >0 [17].

By using the EM A and in a two parabolic bands model,
the one particle Hamiltonian expressed in spherical coordi-
nates is given by:

2
<— Zfrln* A+V(r)+ W(r))‘PnJ,m(r, 0,p) =EY,,,(r.0,9)
J
()

where mj* is the effective mass of the electron in QD, V(r) is
the confinement potential, which is the sum of the potential

/"
CdS |

Oe
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due to the band discontinuity between the CdS/ZnS materi- R, 5 R, )

als, and W(r) the self-polarization energy correction is given AE = / o R (NW()R, (r)r-dr + / R, (NW(r)R,(r)r-dr
by [11, 18]: ¢ ©)

(€ = £ o) a0 k+1 r\*
W — in out - 2
(r) SﬂRSein Zk:o kem + (k + 1)60141 (RS > ( )

The effective masses are expressed as:

%
mf={m$dsr<R1 3)
J my ¢ Ry <r<R,

And the barrier potential in the heterostructure is

expressed as:
0, 0<r<R,

Vir)=q Vo, Ry <r<R, 4)
0 r> R2

where g, and ¢, are the permittivity of the nano-spherical
layer and the medium respectively.
By considering the solution of Eq. (1) as:

Wn,l,m(ry 69 (P) = Rn[(r)'Yl,m(ei (p) (5)

To calculate R, (r), two cases need to be distinguished:
E > V_and E < V_. We have followed the theoretical formal-
ism described in Zeiri et al. [17].

And the following equation incarnates the normalization’s
condition [17]:

(Ri(r) = Ry (1), (6)

L dR®) 1 dRi ()

* Ed 7
m;dr mi, dr r=r, @
And
« 2
/ |R.(n)|"dr =1 (8)
0

Hamiltonian from Eq. (1) is a sum of two operators: H,
and W(r). After computing the energy levels and their cor-
responding wave functions for the operator H;, we will use
W(r) as an additional term to calculate the change of energy
according to first-order perturbation theory. Change in the
energy of (AE) can be calculated as [19]:

Eqp(w)=1+3p+9p

‘7v|M21|2 |E|*c,|M,, |2 4|le|2

AE depends on the behavior of R,(r) and W(r). However,
the energy of an electron confined in CSQD nanostructure
can be expressed as £ = E, + AE

Furthermore, assimilating our system to two energy
levels, the fundamental and the first excited states, in this
framework, the linear and the third-order nonlinear optical
susceptibilities are given by [17, 20]:

2
o, |M |
W) = o 2 10
2 ) = AT (10)
2
3\ _ o, |My|
) = e —iT
an

4|Ma | 3 My, —My,)°
(Eyy — hw)? + (AT1p)?  (Ey — iAl' ) (Ey — hoo — iRl 1)

where o, represents the carrier density, AE;=E,—E; the
inter-level energy transition between the ground and excited
states, M; = Fr(‘l‘i|er|‘Pj)| donates the electric dipole
moment, and F is the local electric factor given by:
3e
- 61;11+25mn‘.

Then, the analytical form of the linear and nonlinear DF
of the CSQDs structure is given by [20]:

our

eD(w) =1+ 47 yV(w) (12)

V() = 47y (w) (13)

The total dielectric function &(w, I) of CSQDs is
expressed as follows:

2
26(3) ‘7V|M21|
(Ey; — ho —ihl)

e, ) =eV(w) + |El*e "(w)=1+4x

ar |E|2¢7v|1"[21|2
(Ey; — ho — ifil)

14

4|M21|2 (M, — M)’ (14)

(Ey — hw)? + (AT }5)?  (Eyy — il (Eyy — hoo — iAl,)

For CdS/ZnS spherical core/shell QD, the explicit equa-
tion giving the effective DF is given by [20]:

(15)
My — M)’

3+4rx - —4r -
(Ey) — e —ihl') (Ey — ho —ihD) | (Ey, — hw)? + (hT},)?

-1
(Eyy —ifl'}y) (Eyy — hoo — ihl"lz)] }
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where p represents the volume concentration of the dots defined
asp = 47K’ ) And n is the number of dots per unit volume.

However, the effective DF is adopted within the frame-
work of the Maxwell-Garnet formalism, as reported in
Vahdani [20, 21].

Results and Discussion

In this survey, the numerical calculations were performed
to analyze the electronic, linear, and third-order nonlinear
DF, and the effective DF of CdS/ZnS CSQDs capped in a
dielectric matrix were calculated.

The schematic representation of the spherical core/shell
QDs is depicted in Fig. 1 and the structural parameters adopted
in modeling are picked from Zeiri et al. [17]: m*, 45=0.18
mg, m*, 7,¢=0.42 my, and V,,=0.897 eV. Furthermore, we
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have neglected, for simplicity, the effect of lattice mismatch
between the core/shell materials and embedding matrix in our
numerical calculations. For this reason, we assumed ¢;, =
\/m = 8.9 [22] and when the CSQDs is embedded
in different matrix with different dielectric constants €,,,=3.9,
4.8, and 14 for SiO,, PVC and PVA respectively [23, 24].

In Fig. 2, we have displayed the fluctuations of the ground
state energy E; and the first excited state E, with core-to-shell
radii ratio R/R; of an uncovered CdS/ZnS core/shell nano-
structure (Fig. 2¢) and for a CSQDs surrounded by three dif-
ferent dielectric matrices symbolized SiO, (Fig. 2a), PVC
(Fig. 2b), or PVA (Fig. 2d) matrix respectively. It is observed
from this figure that the presence of a dielectric medium is
strongly influenced the electron energies. Indeed, for a small
ratio, the slight increase in energies is attributed to the die-
lectric constants of the embedding. Physically, in the case of
CSQDs immersed in an organic or inorganic matrix, additional
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Fig.2 The variation of the energy levels of electrons E; and E, as a function of the core/shell radii ratio R/R encapsulated by SiO, a, PVC b,

and PVA d respectively and for an isolated CSQDs ¢
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self-interaction energy will appear. This is due to the interac-
tion of the charge with its own induced charges. The disconti-
nuity of the dielectric constant between the semiconductor and
the dielectric environment affects the electron energy states.
Additionally, as the ratio R /R, increases, the electron energy
decreases rapidly and tends to the continuum. This is due to
the quantum confinement effect. The dielectric mismatch and
geometrical parameters are two factors that need to be taken
into consideration especially in CSQDs when probing novel
optical properties. These conclusions have been reported in
the literature [9-14].

To compute the electronic and optical properties of the opto-
electronic devices, the intersubband transition energy AE |, must
be managed as precisely as possible and the influence of the
dielectric environment such as organic or inorganic medium
must be explicitly understood. In Fig. 3, we have plotted the
change of the AE|, as a function of R /R, for the proposed
matrix SiO,, PVC, PVA, and isolated CSQDs (g, =¢;,)- As
expected, the plot confirms that AE), is significantly affected
by the dielectric matrix. According to our calculations, for
RJR,=0.6, the transition energy AE|, for each dielectric
matrix is AE;, (PVA)=0.114 eV, AE,, (PVC)=0.155 eV, and
AE|, (5i0,)=0.183 eV. A difference can be observed when
the CSQDs structure is not capped in any dielectric matrix
(AE,=0.113 eV). Our results reflect that the performance of
optoelectronic devices can be handled by combining the effect
of variation in dimensions and a suitable dielectric environment.
This result is due to the influence of the dielectric environment
which modifies the electronic structure of the CSQDs [8, 10].

The Real e(w, I) and Im (w, I) versus photon energy 7w
are plotted in Fig. 4 in the presence of various dielectric
environments: SiO,, PVC, and PVA in the case of g, =¢;
for E<V, under the condition of /=0.2 MW/cm? and
RJ/R,=0.6. From the plot, as can be seen that, the intensity
and location of the resonance peaks corresponding to the
CSQDs embedded in a dielectric medium are different from
those of isolated CSQDs (g, =¢;,). Our study highlights
the effect of the surrounding matrix and that it should not
be ignored in the calculations. The presence of a dielec-
tric medium such as organic or inorganic materials induces
superficial charges at the boundaries. These induced charges
interact in turn with the particles which will affect the elec-
tron spectrum. From this figure, it is readily seen that the
Reale(w, I) reaches the maximum in the case of the PVA
matrix and change significantly its sign from—2.0 to+2.0
near the resonance photon energy 0.115 eV while the peak
value of Ime(w, I) is 3.086. On the other hand, by choosing
the SiO, matrix, the Reale(w, I) switches from—1.4 to+ 1.4
near the resonance 0.174 eV while the Ime(w, I) has reached
the value 1.84. We can say that a higher dielectric constant
(case of Si0O,) exhibits a large amplitude of computed coef-
ficients. Immersing CSQDs in a dielectric medium can give
a blue or red shift with the size modulated by the magnitude
of optical properties. This conclusion has been deduced by
many researchers [9, 14].

In order to test the effect of the capped matrix on the
DF, we turn our attention to the influence of the light
intensity on the Real e(w, ) and Im e(w, I) in the case of

Fig.3 The inter-level transition T T
AE,, variation as a function of 028 -
the core/shell radii ratio R /R,
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Fig.4 The real and imaginary 4
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parts of the permittivity e(w, I)
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the PVA matrix for a fixed value radii ratio R/R,=0.6
(Figs. 5 and 6). From the plot, as can be seen, Real e(w, I)
and Im e(w, I) are strongly affected by the optical intensity
I. It is found that the magnitude of both the Real e(w,I)
and Im &(w, I) decreases with increasing I. This reduc-
tion is due to the nonlinear contribution which decreased

Photon energy (eV)

the amplitude of the imaginary and real parts of the total
permittivity £(w, I). Our results are similar to those of the
reference [14].

In order to explore in detail the impact of the dielectric
mismatch at the CSQD-matrix boundary, we have depicted
in Fig. 7, the Realseﬁr and Ime off with 7w (eV) in the presence

Fig.5 The imaginary part of 40 T .
the permittivity e(w, I) with A
(eV) for the matrix PVA with i
different values of the optical 35 PVA
intensity / under the condi- R
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Fig.6 The real part of permit- 25 ——1—
tivity e(w, I) with 2w (eV) for |
the matrix PVA with different 20k PVA
values of optical intensity with ’
n=3.10"' cm~! for R/R,=0.6 i
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of various dielectric environments: SiO,, PVC, and PVA
in the case E<V_ with a fixed value of core-to-shell radii
ratio R/R,=0.6. By analyzing the figure, we can remark
that the magnitude of the Reale; and Ime ; of CdS/ZnS
CSQDs immersed by different matrices is 0.24 and 0.13

Photon energy (eV)

respectively. We note that the imaginary and real parts of
€, exhibit a red shift or a blue shift compared to €,,,=&;,.
This shift is due to the capped matrix which has dielectric
constants different from those of QD materials. It can be
seen that the Reale ;- and Ime . increase and their resonance
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Fig.8 The variation of Ime ,;
with 2w (eV) with different
values of n, for the PVA matrix,
R/R,=0.6 and [=0.2 MW/cm.?
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> g,,, the local field factor F> 1 which
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giving a stronger Reale; and Ime; magnitude results in
a better overlap between wave functions. Otherwise, when
in the case of SiO, and PVC matrix, the dipole

Eout < Ein>

Fig.9 The variation of Ime,
with Aw (e V) for four dif-
ferent values of relaxation

times under the condition of
n=3.10"'cm~! and R /R,=0.6
for the PVA matrix
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Figure 8 illustrates the variation of Ime 5 with aw (eV)
in the case of the PVA matrix with a fixed value of core-to-
shell radii ratio R /R = 0.6, for different values of the num-
ber density of QDs n (3, 4, 5, and 6 X 10716 cm_l) under
the condition of /=0.2 MW/cm?. From this figure, we
can clearly see that when n increases the magnitude of €,
increase significantly from 0.25 for n=3.10' cm™! t0 0.65
for n=6.10'° cm™!. The same behavior has been reported
by Vahdani et al. [26]. The Im ¢, depends on the optical
intensity plays a key role in ultra-fast optical signal process-
ing. It can result in many important physical processes, such
as ultra-short laser pulse, optical phase conjugation, self-
focusing, and self-trapping [27, 28].

Figure 9 illustrates the variation of Ime .z with Aw (eV)
for a fixed value of n and optical intensity I in the case of
the PVA matrix. The theoretical investigation includes four
different values of relaxation times. From the curve, as can
be seen that, there is an improvement of the Ime,; mag-
nitude when the relaxation time increases. Moreover, it is
observed that when Ime off saturation occurs, the total optical
DF will reduce with increasing the relaxation time. Indeed,
for a higher value of 7, the imaginary parts of the effective
DF peak split two peaks and were strongly bleached. Many
authors have reported in their theoretical and experimental
investigations that QD encapsulated in a dielectric medium
can absorb and re-emit wavelengths in a more precise way
which will contribute to the development of optoelectronic
nano-devices [29-31].

Conclusion

In summary, we have theoretically studied the influences
of the geometric parameter, optical intensity, and dielectric
mismatch on the effective permittivity and optical permittiv-
ity of CdS/ZnS CSQDs encapsulated in different dielectric
matrices. Our calculations revealed that the transition energy
is affected by the dielectric environment. Therefore, the die-
lectric discontinuity at CSQD/matrix boundary should be
taken into account in our computations. This investigation
allows one to select the appropriate dielectric environment
that provides the larger optical nonlinearities making the
covered CSQDs a promising candidate for the realization of
tunable nonlinear optical devices.
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