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ARTICLE INFO ABSTRACT

Keywords: Semiconductor core/shell quantum dots represent a promising class of nanostructure that can provide new
Type II core/shell techniques of control for performing the electronic and optical properties. Through each combination formed
Exciton

by the core and the shell radii and the confinement effect, the trapped charge carries behave differently,
which obviously has a direct effect on the semiconductor properties. Studying the behavior of charge carriers
is one of the most important steps in understanding the semiconductor performance when it undergoes
certain conditions, which inevitably can offer other benefits for various applications. The electron and hole
localizations strongly depend on core and shell sizes, but determining these limit sizes has not been sufficiently
discussed in the literature. This paper gives a detailed theoretical study describing the three cases of electron
and hole positions in two different type II core/shell quantum dots, CdSe/ZnTe and CdSe/CdTe considering
the core and shell sizes. Our numerical calculations show that two significant critical radii of the core allow to
switch between the exciton type I and type II quasi-particle. As a function of the shell thickness, the ground
state energy of the electron is found to be higher when the core radius is small; contrariwise, the hole ground
state energy remains smaller. Afterward, these specific variations influence the ground state binding energy
of the correlated electron-hole quasi-particle (exciton), leading to a particular behavior of this energy as a
function of the core and shell sizes.

Critical radius
Effective optical band gap
Binding energy

Introduction confined in the shell), and type II (one of the charge carriers is confined
in the core and the other in the shell) [7]. By controlling the shell
thickness or core size, type II can be highly recommended by looking
at the change that can be made in the energy levels of the electron,
hole, and exciton [8-10]. Their fascinating properties attract significant
interest in the nanostructures research community, which manifests

in a wide variety of applications such as light-emitting-diodes, inter-

The development of nanostructures (NS) research has considerably
advanced since the first synthesis of nanocrystals [1]. Over the last
two decades, we have moved from controlling sizes to shapes [2-
4]. These nanostructures attract great interest thanks to their similar
behavior to the atom, i.e., quantifying electronic states with a finite
number of confined particles and the possibility of artificially control-

ling their behavior through modifying dimensions and shapes. Because
of modern techniques in synthesizing semiconductors materials, new
architectural structures can be obtained known as core/shell NS. An
exterior shell can cover an inner material that makes up the core with
a different band gap. These structures provide new and exciting optical
and electronic properties due to the reinforcement of orbitals overlap
between confined charge carriers. Depending on the band alignments,
the core/shell syntheses were classified into three types. Type I [5] (the
particles are localized in the core), inverted type I [6] (the particles are
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band lasers, wavelength detectors, and photovoltaics [11-17]. Several
investigations have been devoted to type II NS experimentally [18-31]
and theoretically [32-38]. It has been demonstrated that the energy of
the particles (electron, hole, exciton...) depends directly on the size of
a core/shell type II. The binding energy of biexciton confined in type
II heteronanomaterial has been reported theoretically by Piryatinski
et al. [7]. Their results show a strong effect of quantum confinement
and dielectric mismatch on exciton-exciton repulsion. P.G. McDonald
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Fig. 1. Pictorial view of type II core/shell nanostructure: for a fixed shell size, one can distinguish different particle localization regimes according to core radius: (a) corresponds
to core radius a > a¢ and a > g} which means that the electron energy E, <V, and hole energy E, > V,, electron and hole are localized within core, (b) corresponds to the case:

h

a>aS and a < aj, E; <V, (i=eh), electron is localized within core while hole escapes to the shell and (c) corresponds to core radius a < a and a < aj, E, >V, and E, <V,

where the electron and hole are localized within shell region.

et al. [39] have investigated the shell thickness effect on the electron—
hole interaction energies and the exciton—exciton confined in core/shell
quantum dots type I and type II. Their calculation shows a decrease in
the correlated energy of the exciton by increasing the shell thickness
for a fixed core radius. S.N. Saravanamoorthy et al. have examined
the pressure effect on the optical and electronic properties of excitons
localized in Type II core/shell [40]. Other studies have treated the size
effect on the electronic and optical properties of type II CdSe/ZnTe and
CdSe/CdTe core/shell quantum dot. These studies have shown that the
electronic and optical properties are deeply dependent on the size of
the materials [41-44].

Looking closely at all these studies, we notice that they need to
consider critical radius, which is a significant factor in determining the
charge carriers’ positions when the core and shell radii vary. In this
paper, we will present a general study that considers all the possibilities
of the existence of the electron (e) and the hole (h), whether inside
the core or in the shell. Therefore, to investigate the behaviors of the
electron and hole ground state energies in type II spherical NS for
CdSe/ZnTe and CdSe/CdTe materials by considering the effect of inner
(core) and outer (shell) radii on the localization of charge carriers, we
determine the critical radii corresponding to electron and hole dislo-
cation through CdSe/ZnTe and CdSe/CdTe, respectively. Following this,
this study will be extended to the influence of the Coulomb interaction
and the core/shell sizes on the correlated (e-h) pair (exciton). The
calculations were performed within the framework of effective mass
approximation by choosing adequate wave functions considering the
correlations between the particles. The structure of our article begins
with our theoretical model used in this study, and then we discuss the
results obtained for the correlated and uncorrelated pair energies (e,
h); finally, the study wraps up with a conclusion.

Background theory

In this study, we consider a quantum dot (QD) NS composed of a
spherical core material with a dielectric constant ¢, and radius a over-
coated by another spherical shell material with radius » and dielectric
constant ¢,. For the core/shell QD type II system, which constitutes
our issue, we have to choose specific materials to meet our objectives.
In this work, we consider two different core/shell compounds each
other: CdSe/ZnTe and CdSe/CdTe. The choice of these two materials is
due to (i) the possibility of their synthesis and (ii) the convergence of
their dielectric constants, which allows the solution of the Schrédinger

Table 1
Radial wave functions R! " (r;) and energy-relations k, for different regions of the
electron and hole localization.

e h
R, (r.) R, (ra)
A,ei“"’“:‘““) ifo<r,<a Ay, 7"'"}'1"'”") ifo<r,<a
n
sinh(ky, (r,=b))  + sin(ks, (rp=b)) .
bound A= _hlfa<n.<b Ay, ISR A a <, <b
states with : with :
2my, Ee 2m, (Va—Ep)
E <V ke =1\ =% Ky = s
2, (Vo—E,) S E
Ky, = ) ke PR E
” 3h s
A L) if0<r, <a Ay M) i 0 <1y <a
sin(ly, (r,=b)  + sin(ks, (r,=b)) .
unbound Az = Vh‘f"<’e<b Ay =0 if a<r,<b
states with : with :
[2m E, T A
E >V ky, = t‘; kg = m;, ( 2 )
_ )2 (EV) 2m, B,
ks, = w ks, = e

equation without the dielectric mismatch but only with the direct
Coulomb interaction between the particles (electron and hole). For one
particle, the Hamiltonian can be written as:
h? .

H;, = —WA,- +Vi(r;), (i=e,h) (€8]

The first term is the kinetic energy operator; r; and m are the radius
and the effective mass of the particle i (i=e,h), respectively. Because of
the discontinuity of the core/shell structure, electron and hole masses
in different regions are related to their positions in both materials by
the relation:

.
() = at for O0<r <a
[ my, for a<r <b

(2)

The second term V, denotes the electron and hole confinement
potentials. They take the following forms:

0, for O<r,<a

Vo=4 V. for a<r,<b 3)
<) otherwise
Von» for O<r,<a

V,=14 0, for a<r,<b 4)
0o otherwise
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To obtain the wave eigenfunctions of the electron and hole, it is
necessary to solve the Schrodinger equation:

H[Wf("[) = E[Wi(r[)

The resolution of this equation in spherical coordinates (r,0, @)
gives:

wi () =R, (rn)Y, 0. 9, i=e h

Where Yl’m (0, @) is a spherical harmonics functions, n, [ and m are
respectively the principal, orbital and magnetic quantum numbers. The
ground state of the particles is corresponding ton =1, / =0 and m = 0.
To understand the behavior of the electron and hole particles under the
finite band offsets model, we should include the critical radius concept.
Indeed, the electron (hole) can move from the core (shell) region to the
shell (core) region when the core radius reaches critical values al for
a given shell radius b. These values can be obtained numerically when
the energy of the particles (e, h) is equal to the band offsets (E; = V;).
We recall that two cases are possible for each particle: (i) a bound
state (E; < V;) and (ii) an unbound state (E; > V;). Determining the
electronic states of the particles in this structure requires the resolution
of the Schrédinger equation in all possible positions of both particles.
Table 1 shows the explicit expressions of the radial parts of the ground
state wave functions and the energies corresponding to both cases.
From these expressions, we can build the exciton trial wave functions
considering the localization of the electron and the hole simultaneously
(configuration a, b, and c in Fig. 1).

The continuity of the radial wave function at r; = a gives the tran-
scendental equation for computing the ground (bound and unbound)
states energy E;:

v, (core)|ri=a v, (shell)|ri=a
Ld v ;(core) _ 1 d w(shell)

i=e, h %)

m dr; m’ dr;

li ri=a 2i ri=a

Note that when E; = V}, the previous equations coincide and lead
to significant expressions. From these expressions, we can conclude the
critical core radius af, from which the particles i leave the core (shell)
material.

For electron:

ms 2m* Vv, 2m’* v,
2e ¢ le € le” ¢ ¢ _ b

mT a; \/—h2 cot \/ 2 al-1|= <—(ac — b) ) 6)
e e

and for hole:

2m? vV, 2m:,V,
1- aZ\/ :lg h cot \/ ;lg h (a;l—b) =0 @)

The electron and hole can be correlated to form the known exciton
(X). For this reason, the next part will be devoted to determining
the exciton ground states confined in the considered structure. The
Hamiltonian of exciton within this structure can be written as:
- f’z A, - f’z Ah+Ve+Vh—;

2m}, (re) 2m?, (rh) &(rys rp) |re — rh|

The first and second terms describe the kinetic energies of the
electron and hole, respectively. V, and V), are the confining potentials.
The last term is the Coulomb interaction.

In our model, we use as a unit of energy the excitonic effective
Rydberg Ry = i—% As the unit of length, the exciton effective Bohr

2jiay

HX = (8)

~2
radius a, = %, with (;7)"] = (rh’:)_1 + (’;’Z)_] is the reduced mass of

exciton, i} = m/’_‘] m’_*2 is the single particle (i) mean effective mass,

and £ = /e ¢, is the mean relative dielectric constant. By using these
reduced units, the Hamiltonian of the system becomes:

] 28

. A, +V, + V) — ———— (C)]
re) m;, (rp €(res Tplen
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Table 2
Physical parameters of the studied materials.
CdSe [47] CdTe [34] ZnTe [47]
E,(eV) 1.75 1.61 2.2
€ 10.6 10.4 9.7
m [m 0.13 0.096 0.15
my [mg 0.4 0.4 0.2
with
2 2 2
> 20 et 0* 2 9 0*
b=+ 24 4 +=——+ = (10)
a"e Te are Tel'en areareh Ten areh dreh

4, is obtained by interchanging the indices e by A.
The fundamental energy Ey and the corresponding envelope wave
function yy of the exciton, are solutions of the Schrodinger equation:

Hywy (res Ths Ton) = ExWx (s Ths Top) an

The trial wave function was chosen as:
Wy = R,(r)Ry(rp)exp(—ar,p) 12)

exp(—ar,;,) describes the Coulomb spatial correlation between the elec-
tron and the hole. « is the nonlinear variational parameter that must be
determined to minimize the energy mean value. This energy is obtained
by the minimization of the mean value of Hy:

. <wx|Hylyy >

Ey =min 13)
<wylwy >

Results and discussions

All physical parameters of materials used in the calculus are given
in Table 2. The offsets of the conduction and valence band between
core and shell materials are described by finite potentials: V, = 1.27 eV
and V,, = 0.84 eV for CdSe/ZnTe [45] and V, = 0.42 eV and V, = 0.57 eV
for CdSe/CdTe [46].

From the wave functions established in different regions, we con-
clude that both electron and hole energies depend on the core and
shell sizes and their confining potential values. Indeed, for a given shell
radius (b), the electron and hole localizations depend on the core’s size
or the well thickness Ly, = b — a. The resolution of the Egs. (6) and
(7) allows us to obtain the critical radii a; and (a;) corresponding to
E, =V, and (E, = V,,) from which the electron and (hole) leave the
core (shell) for a given shell size. In Fig. 2a and Fig. 2b, we plot the
variation of the critical core radii af and aj corresponding respectively
to the switching of the electron and hole between the core and shell
materials for both type II system (CdSe/ZnTe and CdSe/CdTe ), as
functions of the shell radius b. As we can remark, the critical radius of
the electron (a¢) decreases as the shell radius b increases. In contrast,
the critical radius of the hole (ajl) increases linearly as the b increases
(this behavior corresponds to the type II core/shell heterostructure,
and it is opposite to type I [5]). Moreover, we notice that the critical
electron radius of CdSe/ZnTe is less than that of CdSe/CdTe. The critical
hole radius of CdSe/ZnTe is more substantial than that of CdSe/CdTe;
the difference between the calculated values of these critical radii
depends on the nature of the materials and is related to the physical
parameters: electron and hole masses, dielectric constants, and also to
the magnitude of the band shifts.

Generally speaking, determining these limits is crucial to under-
standing the behavior of the correlated pair electron-hole confined in
type I or type II core/shell structures where the localization of the
charge carriers depends on the sizes a and b. In our case, the scenario
is given in the pictorial schematic shown in Fig. 1. As we can see, for
a fixed shell size (b), we can distinguish three possible configurations
according to the value of the core size (a). The configuration I is
obtained when a > « and a > af, corresponding to E, < V, and
Ej, > V). In this case, the electron and hole are localized in the core
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Fig. 2. Variations of the critical core radius a for the electron (black line) and a;, for the hole (red line) for: (a) CdSe/ZnTe and (b) CdSe/CdTe, as a function of the shell radii
b. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Variation of the electron energy (a) the hole energy (b) of CdSe/ZnTe core/shell as function of the core/shell ratio a/b for b = 18,24 and 30 nm.

region (Fig. 1a) then the exciton is also formed (type I exciton with
Coulombic potential depending on ¢,). By reducing the core size, the
hole critical radius is reached, which means that the hole escapes to the
shell, whereas the electron is still in the core. This situation corresponds
to the configuration II (a > af and a < af), which corresponding to E, <
V, and E, <V}, the maximum values of electron and hole probabilities
are within the core and shell, respectively (Fig. 1b), that leads to a type
II exciton. In this situation, the mean value between ¢, and ¢, describes
the potential of Coulomb. Finally, if we continue to decrease the core
size, the configuration (III) characterized by: (a < & and a < ‘12) is
obtained when E, > V, and E,, < V,,. In this configuration, the electron
leaves the core and joins the hole in the shell material. The maximum
values of electron and hole probability densities are within the shell,
and the electron-hole pair interact via a Coulomb potential depending
only on ¢, (inverted type I exciton with Coulomb potential depending
on &,) (Fig. 1c). Our calculations show that from these critical radii
values, we have a forbidden case that the electron and (hole) cannot
exist within the shell and (core).

In Fig. 3a, and Fig. 4a, we plot the fundamental energy levels of the
electron confined in a CdSe/ZnTe and CdSe/CdTe core/shell spherical

quantum dots, respectively, as a function of the ratio a/b for different
outer radius values b = 18,24 and 30 nm. It is found that the electron
ground state energy decreases as the outer radius b increases due to the
confinement effect. We can also observe that for a fixed shell radius,
the energy decreases as the a/b ratio increases from 0 to 1 due to the
electron spatial confinement effect, i.e., when a tends to 0, the electron
is strongly confined due to the thickness of the core which is very small
in this case. In contrast, when a tends to b (a/b ~ 1), the confinement
of the electron becomes weak, and therefore the energy decreases.
Always for a given shell radius, the electron energy comprises two
regions separated by a critical radius (a¢); one corresponds to the
unbound state when E, > 1.27 eV and E, > 0.42 eV, correspond to the
electron confinement potential value of theCdSe/ZnTe and CdSe/CdTe
respectively, in this case, the probability of the presence of the electron
in the shell is more significant than in the core (Fig. 1c). A bound state
corresponds to E, < 1.27 eV and E, < 0.42 eV, where the electron
moves to the core (Fig. 1b). Turning now to the variations of the hole
level energies of the core/shell CdSe/ZnTe and CdSe/CdTe QDs as a
function of the ratio a/b plotted in Fig. 3b and Fig. 4b, respectively,
for b = 18,24 and 30 nm. As a first observation; the behavior of the
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Fig. 5. Variation of the core (a) and the shell (b) optical band gap of CdSe/ZnTe as function of the core/shell ratio a/b for b = 18,24 and 30 nm.

hole energy is opposite to that found in the case of the electrons.
While increasing the core radius (a) up to “2 (bound state), the hole
energy increases towards 0.84 eV and 0.57 eV, which correspond to the
hole confinement potential in CdSe/ZnTe and CdSe/CdTe, respectively;
under this situation, the hole existence probability in the core is lower
than in the shell, from a; to a/b ~ 1, the situation changes (unbound
state) and the hole existence probability in the core becomes higher
than in the shell (Fig. 1a). The study shows that it is possible to switch
between type I and type II electron-hole correlated pair (exciton) if the
critical radius can be accurately determined when synthesizing these
materials, thus widening the range of applications.

The effective optical band gap corresponding to the band alignments
were determined by using the formula: EgQD =E,+E,+E* -V, for
the core and ECP = E, + E, + E}" —V, for the shell. Fig. 5a and
Fig. 6a show the variations of the core effective gap of CdSe/ZnTe and
CdSe/CdTe, respectively, as a function of the core to shell radii ratio
a/b for the following shell sizes: b = 18,24 and 30 nm. The green line
corresponds to lower limit of visible spectrum Av = 1.72 eV (720 nm).
The pink line corresponds to the middle of the visible spectrum hv =
2.48 eV (400 nm). The wine line corresponds to upper limit of the
visible spectrum hAv = 3.18 eV (390 nm). As we can see, the band gap
transition is sensitive to the variation of the core size that controls

the particles’ position. For CdSe/ZnTe and when the ratio a/b varies
from 0 to 0.5, for b = 18 nm, the absorption spectrum extends from
near LR through visible to ultraviolet. For a/b varies from 0.5 to 1,
we have an opposite behavior compared to 0 — 0.5 a/b variation, and
the absorption spectrum extends from U.V to visible. For b = 24 nm
and 30 nm, we remark that the absorption spectrum varies from visible
to U.V, i.e., the size reduction leads to an increase in the absorption
ranges. For the CdSe/CdTe case, we remark that when the ratio a/b
varies from 0 to 0.5, the absorption spectrum varies from the lower
limit of the visible to the U.V, and for a/b varies from 0.5 to 1 we
have an opposite behavior compared to 0 — 0.5 a/b variation, and the
absorption spectrum, this time, extends from U.V to visible. In the shell
case (Fig. 5b and Fig. 6b), we obtained the same behavior found for
the core with a small change in values. Our findings are qualitatively
in agreement with the experimental results found in Ref. [19,31,48—
50]. As a final remark, the absorption spectrum is affected by the
properties of the materials, especially the potential confinement val-
ues: large potential values enhance the absorption ranges. This result
provides an accurate picture of the significant improvement in the
optical gap in these structures. The optical gap diagrams are interesting
for understanding optical spectra and absorption ranges. They hence
help design structures for different electronic applications such as solar



N. Aghoutane et al.

2.0 T T T T T T—7/ T T T T —
| (a) —— b=18nm |
—— b=24nm

S 184 —— b=30nm i
< /
Q. fl
© 1 ]
(@]
2
S 16 -
0
© i i
.0
& 144 i
o
o 4 J
O

1.2 |

L /L
— 1 v 1 7/ T T T
0.0 0.2 0.4 0.8 1.0

T T 771 T T
600 - (@) i
500 ——b=18nm _
| —— b=24nm 1
—— b=30nm
< 400+ 4
o ] J
3
L 300 .
200 \ .
w] = J/ 1
0 T T /e v v
0.0 02 0.8 1.0
a/b

Results in Physics 44 (2023) 106158

yi
T T v 1/ T T T
20 (b)  [——b=18nm i
< — b=24nm
3 . — b=30nm :
o
S 184 \ ]
he)
2 | _
o)
©
S 16 .
a
(@] | i
D
=
B 144 i
] /L ]
— T T T T T/ T T ™
0.0 02 0.4 0.8 1.0
a/b

500 T/ T T
] (b) i
400 .
| ——b=18nm ]
——b=24nm
300 —— b=30nm .
>
(0]
£ ] i
wi” 200 -
100 7 \ % 7]
i N i
— 1 r T v 7/ 1 T T
0.0 0.2 0.4 0.9 1.0

a/b

Fig. 7. Variation of the exciton binding energy of CdSe/ZnTe (a) and CdSe/CdTe (b) core/shell as function of the core/shell ratio a/b for b= 18,24 and 30 nm.

cells (i.e., by using type II core/shell materials, the absorption band
is expanded, and thus a more significant proportion of the incident
photons can be absorbed)...; by controlling the core/shell dimensions
in the two limits a/b ~ 0 to a/b=0.5 and a/b = 0.5 to a/b ~ 1.

Now we proceed to analyze the electron-hole interaction (exciton),
which influences the optical spectra. For this reason, we plot in Fig. 7a
and 7b, the exciton binding energy defined as: E, = E, + E;, — Er, for
CdSe/ZnTe and CdSe/CdTe type II core/shell spherical QD respectively,
as a function of core to shell radii ratio a/b for b = 18,24 and 30 nm.
The difficulty of this problem is that for finite potentials, the wave
functions of the particles are spread in the two regions (core and shell)
with the possibility of passage from one side to the other by the tunnel
effect; therefore, in our model, all those impacts are taken into account
by investigating the three possible cases. Calculations show that the
binding energy is more robust for both unbound states (E, > V,
and E, > V), i.e., the Coulombic interaction is more important in
this situation, and increases as the shell radius decrease due to the
confinement effect. Also, we remark that for a given shell radius, the
binding energy decreases when a/b varies from 0 to 0.8 for CdSe/ZnTe
and from 0 to 0.83 for CdSe/CdTe. From a/b = 0.8 and 0.83, the
binding energy increases and reach a maximum for a/b ~ 1 i.e., the
binding energy of the excitons can be controlled by adjusting the size of

these nanostructures. Another remark can be extracted, the maximum
of the CdSe/ZnTe binding energy at a = af is higher than obtained
for a = af and is small at a = a; compared to a = a; founded in
the case of CdSe/CdTe. This difference is attributed to the intrinsic
materials’ properties (confinement potentials, effective mass values,

dielectric constants).
Conclusion

In the current study, we have investigated the electronic properties
of uncorrelated pair electron and hole and correlated pair electron-hole
(exciton) confined on a CdSe/ZnTe and CdSe/CdTe type II core/shell
quantum dots taking into account the dependence of the dielectric
constant. We started our work by determining the charge carriers’
critical radius and ground state energies. We found that it is possible to
switch between the exciton type I and type II by knowing the critical
radius. After that, we analyzed the electron and hole energies, and the
effective band gap. Then, we investigated the correlated electron-hole
pair (exciton), which has crucial influences on the optical spectra by
determining the exciton binding energy. Our findings reveal that the
optical and electronic properties are strongly affected by the CSQD size.
In fact, the switching between the exciton type I and type II according
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to critical radii leads to a significant extension of the effective band gap
that covers practically the entire visible wavelength. We expect these
findings to be very useful in experimental studies concerning type II
CSQD optical properties and be useful in a variety of applications such
as biomedical and photovoltaic fields.
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