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Abstract

It has been recently reported that multi-shell type-II quantum dot nanocrystals (QDNCs) have higher quantum yields.
Besides these higher quantum yields of multi-shell type-II QDNCs, additional second layer has been a critical influence on
the formation mechanisms of the excitonic structures. Understanding of bound and unbound cases of the excitonic structures
in multi-shell type-II QDNCs gives some important information for applications. In this study, we have investigated the
electronic and optical properties of a single exciton (X), biexciton (XX), and positively and negatively charged excitons (X*
and X7) in CdSe/CdTe-based multi-shell type-II QDNCs. In the study, three different structure compositions, i.e., CdSe/
CdTe, CdSe/CdTe/CdS, and CdSe/CdTe/ZnTe, have been considered. We have observed that CdS and ZnTe materials have
drastically changed the electronic and optical properties of the bare CdSe/CdTe type-II QDNCs.

1 Introduction

The latest developments in crystal growth techniques has
made possible to produce multi-shell quantum dot nanocrys-
tals (QDNCs) with control of the electronic properties [1-4].
Quantum dot nanocrystals, because of this tunability of the
electronic properties depending on their size and/or mate-
rial, are unique candidates to fabricate of the quantum dot
lasers [5-8], biological imaging devices [9-11], quantum dot
light-emitting diodes (LED) [12-15], photovoltaic [16-22]
and spintronics [24] applications. As well known, if both
carriers (i.e., electron and hole) are confined into the same
spatial region of a QDNC, this structure is called as a type-I
QD heterostructure. On the other hand, if the carriers are
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confined in different spatial regions of a core/shell QDNC,
this one is termed as type-II QDNC. The confinement type
of QDNC:s is dependent directly on their material proper-
ties. Each structure has different physical properties and
superiorities for different device applications. For exam-
ple, while type-I QDNCs are appropriate for LED devices,
type-II QDNCs are proper for photovoltaic devices such as
solar cells. On the other hand, multi-shell type-II QDNCs
can bring a new perspective to type-II QDNCs for the LED
applications [25].

In type-II structures, while the energy levels of the elec-
tron and hole can be tuned separately by adjusting the core
size or shell thickness [27-30], this kind of controlling is not
possible in type-I heterostructures [31]. Therefore, this con-
trollability of the electronic structures of type-II QDNCs has
distinct superiority when compared to that of type-I counter-
parts. Similarly, the exciton lifetime can also be tuned much
more effectively in type-II QDNC heterostructures [32]. In
addition, when the core and shell materials are replaced
with each other, confinement regions of the electron and
hole replace by one another and so the electronic and opti-
cal properties can largely become different. As well as many
advantages of type-II QDNC:s, these structures have a bad
reputation owing to their low quantum yields at the same
time. But it seems that multi-shell type-II QDNCs can be
overcome this bad reputation thanks to their high quantum
yields [25, 31, 33].
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The type-II structures are the subject of a great interest
both theoretically [29, 30, 34-36] and experimentally [19,
27, 31, 37-50] due to these outstanding properties. Espe-
cially, CdSe/CdTe type-II QDs are very promising struc-
tures for photovoltaic applications and there are some studies
related to these structures in the literature [20, 52]. Leontia-
dou et al. [52] investigated effect of the shell thickness on
the efficiency of CdSe/CdTe QD solar cells. In addition, they
examined the exciton lifetime as a function of shell thickness
in the same structures.

Although there are a number of experimental studies
reported on the excitons in type-II QDNCs in the literature
as well as theoretical ones, the studies on charged excitons
and biexcitons in the type-II QDNCs are still unsatisfying.
Understanding in details of charged excitons and biexci-
tons in the type-II QDNC:s is crucial for device fabrication,
especially photovoltaic devices. For example, the electronic
structure of a type-II core/shell QDNC can be substantially
changed when an additional second layer covers onto the
shell layer of the QDNC.

In our previous study, we investigated the effect of a
buffer layer on the electronic and optical properties of an
X and XX in type-II CdTe/CdSe QDNCs. As mentioned
above, the electronic properties of a type-II QDNC can be
substantially changed when the core and shell materials are
switched their places. Therefore, in this work, we consider
CdSe/CdTe QDNC and its derivatives. In this context, the
primary goal of this study is to investigate the electronic
and optical properties of exciton (X), biexciton (XX) and
positively and negatively charged excitons (X* and X7)
in type-II CdSe/CdTe, CdSe/CdTe/CdS, and CdSe/CdTe/
ZnTe QDNC:s. To determine the electronic properties of the
considered structures, i.e., energy levels and correspond-

been solved self-consistently in the Hartree approximation.
Using these energy levels and wavefunctions, the optical
properties, such as overlap integral, absorption wavelength,
oscillator strength, lifetime, of the X, XX, X* and X~ in
type-II CdSe/CdTe have been carried out for cases with and
without different second layer materials, CdS and ZnTe. The
obtained results and their possible physical reasons have
been discussed in a detail manner.

2 Model and theory

We have considered a spherically symmetric type-II CdSe/
CdTe/organic coating (i.e., core/shell/ligand) QDNC and its
derivatives in which a second shell is covered between shell
and ligand, i.e., CdSe/CdTe/CdS/ligand and CdSe/CdTe/
ZnTe/ligand. The potential profile of CdSe/CdTe/CdS and
CdSe/CdTe/ZnTe structures are demonstrated in Fig. 1.

In frame of the envelope function effective mass approxi-
mation and BenDaniel-Duke boundary condition [26], sin-
gle-particle Schrodinger equations for multi excitons can be
written as:

h2 = 1 = e—e
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Fig.1 Schematic representation of the potential profiles of the con-
sidered type-II structures for bare CdSe/CdTe QDNC (left panel),
CdSe/CdTe/CdS QDNC (middle panel), and CdSe/CdTe/ZnTe
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QDNC (right panel). Black and red circles show the electrons and
holes, respectively. Dashed lines demonstrate the single-particle
energy levels of the electrons and holes
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where 7 is the reduced Planck’s constant, m’(r) and mZ(r) are
the position-dependent electron and hole effective masses,
respectively, V,(r) and V,,(r) are the electron and hole con-
finement potentials, respectively, g, is the electron and g, is
the hole charges. The ¢, and ¢,, are the electrostatic Cou-
lomb potential due to the electron and hole, respectively.
The g,y Pp . is the attractive Coulomb potential between the
opposite charges and the g, ¢, is the repulsive Coulomb
potential between the same kinds of particles. The V, [p(r)]
terms are the exchange-correlation (XC) potentials between
the same signed particles, €, is single-particle energy eigen-
value of the electron and similarly, g, is single-particle hole
energy, and R}(r) and R;(r) are the s-type radial wave func-
tions of these energy states, respectively. It is noted that, in
single-exciton cases, the repulsive Coulomb and XC poten-
tial terms are not taken into consideration.

These two equations are coupled with each other through
the attractive Coulomb terms, g,¢, and g,¢,. To find the
single-particle energy levels of electron and hole, Eqs. (1)
and (2) are solved self-consistently and simultaneously. On
the other hand, if the QDNC contains more than one same
kind of particle, in this case, the repulsive potentials between
of them are computed self-consistently. Hence, all Coulomb
effects on the energy eigenvalues and corresponding wave
functions have been taken into account. The Coulomb poten-
tials are calculated by solving of the Poisson equations:

- o qe
Vi)V, =£—pe(r),
0

L 3)
V)V, = — ?ph(rx
0

where p, is electron and p,, is hole densities [53], g, is die-
lectric permittivity of the vacuum and «(r) is the position-
dependent dielectric constant of the structure. These equa-
tions contain the image potential contributions originated
from difference dielectric values of core and shell materials.

In calculation of the XC potential between the same
particles, i.e., charged excitons and biexciton cases, Per-
dew-Zunger [54] expression, which is a parametrization
of the Monte Carlo results of Ceperley and Alder [55], is
employed. This expression of the XC potential contains the
self-interaction corrections. In the case of strong confine-
ment regime, it has been reported that electron—hole cor-
relation energy can be negligible level relative to the elec-
tron—hole Coulomb energy [23]. Therefore, this energy term
has not been included in our calculations.

To determine the electronic structure of the considered
system, the last three equations, Egs.(1), (2), and (3), must
be computed self-consistently. For this purpose, in the real
space formalism, the full numeric matrix diagonalization
technique can be used. All details of the computation steps
can be found in Ref. [29].

The binding energy of the X*, X~ and XX can be calcu-
lated by means of [56]
X+ _ ©0)
Ey =EY'+¢,” —Ey.,
E} =EQ+e" -EY, 4)

XX _ ptot _ tot
Eb - EXX 2EX ’

io})l is isolated single electron (hole) energy in the
structures. EP is the single exciton, EY is the positively
and EY! is the negatively charged excitons and EY, is the
biexciton total energies and these energies discussed in detail
in our previous work [51].

The oscillator strength, a measure of the optical transi-
tions, is crucial parameter in studying of all optical proper-
ties of any quantum structures from atoms to solids. The

single-exciton oscillator strength is given as [57]:

where €

2

EP
fx = TN , )

/ rdrRS (RS (r)

where E, is the Kane energy, Ey is the exciton transition
energy, R,(r) and R, (r) are the radial part of electron and
hole wavefunctions, respectively.

The recombination oscillator strengths of the X*, X~ or
XX are calculated by means of

2

, 6)

Ep

fx+,x—orxx =A

/ r2drR, ()R, (r)

2EX+,X‘orXX

where Ey: x-,,xx 18 the transition energy of the considered
system (X*, X~ or XX), and R,(r) and R, (r) are the corre-
sponding radial wavefunction of the electron and hole. Here,
A is a recombination probability of the system and the factor
A =~ 2 for the bound and A = 1 for the unbound X* and X~.
On the other hand, the factor A ~ 4 for the bound and A ~ 2
for the unbound XX. The details of this approximation can
be found in Ref. [28].

The radiative lifetime is another important quantity in
both theoretical and experimental investigation of the exci-
tonic structures [27, 58—60]. The mathematical expression
of the radiative lifetime is given as [61, 62]:

6regmyc h?
© enpE @
where g is the dielectric permittivity of the vacuum, m, is
the free electron mass, c is the light velocity in the vacuum,
e is the bare electronic charge, fis the oscillator strength, n
is the refractive index of QDNC material, E is the transition
energy of considered system and g, is the screening factor
[62].
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3 Results and discussion

The atomic units are used throughout the calculations. In
this units, the Planck constant, 7, bare electron mass m,;, and
fundamental electronic charge e are equal to unity. All mate-
rial parameters used in the calculations are listed in Table 1.
The effective exciton Bohr radius and the effective Rydberg
energy are a, = 71.06 A and R, =9.74meV, respectively,
in terms of the CdSe material parameters. In all structures,
the core radius has been set to R, = 1.95 nm.

The potential profile of the considered structures are
shown in Fig. 1. In these structures, CdS and ZnTe are cho-
sen as the second shell layers and thicknesses of them are
fixed to 0.1 a; in the calculations. In left panel of the fig-
ure, while the electron(s) are substantially confined into the
CdSe core region, hole(s) are confined into the CdTe shell
of CdSe/CdTe QDNC. In middle panel of the figure, it is
seen that a third material, i.e., CdS, is grown between shell
and ligand as if a buffer layer. In right panel of the figure,
the CdS layer is replaced by ZnTe. Thereby, the potential
profile is modified and it is expected that the modification,
in middle panel, will be effective especially on the energy
level of electron(s) while the modification in right panel will
especially affect the energy level of the hole(s).

The position-dependent effective masses and dielectric
constants are given as:

m?, (CdSe), r<Rc

. m?, (CdTe), Rc <r <Ry
m,,(r) =y %

e my, (buff), Ry <r <Ry

m* (lig), r>R

onig) B ®)
(k(CdSe), r <R
_J x(CdTe), R-<r<Rq

K=Y jouff), Rg<r<Ry

k(lig), r> Ry

Figure 2 depicts changes of the total energies of the X,
XX, X*, and X~ in CdSe/CdTe, CdSe/CdTe/CdS, CdSe/
CdTe/ZnTe QDNCs as a function of the CdTe shell thick-
ness. The total energies of all structures, as expected,
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Fig.2 Total energy of the X, XX (top panel) and X*, X~ (bottom
panel) as a function of the CdTe shell thicknesses for three different
QDNC structures

decrease with increasing shell thickness and this decreas-
ing is more distinctly in CdSe/CdTe and CdSe/CdTe/CdS
QDNCs while it is not so dramatic in CdSe/CdTe/ZnTe
QDNC. When we look at the potential profile, we conclude
that, in the first and second structures, changing of the shell
region affects directly the energy level of the hole(s) since
the hole(s) are confined into the CdTe shell. Therefore, the
total energy changing interval with respect to shell thick-
ness is the most in CdSe/CdTe structures for all exciton
complexes. However, although it is not very obvious, the
electron(s) energy levels are affected from changing of the
shell region thickness depending on the penetration of the
electron wave functions into the shell region. In the third
structure, right panel of Fig. 1, confinement of the hole(s)
will most probably be inside the ZnTe shell depending on
the CdTe shell thickness. For that reason, neither electron(s)
nor hole(s) energy states are affected drastically from chang-
ing of the shell thickness. On the other hand, the attractive
Coulomb interaction will decrease with increasing shell
thicknesses.

Binding energies of excitonic structures are other impor-
tant quantities. Origin of the binding energy is the attrac-
tive Coulomb potential between the electron(s) and hole(s).
If a single exciton is unbound, the electron and hole move

Table 1 The material

parameters used in the Material  n} /my my [my E, V,(eV) V,(eV)

calculations CdSe 0.12[35] 0.45[35] 9.29[63] 1.76 [64] (CdTe-CdS)0.10[64] (CdTe—CdS) 0.99 [64]
CdTe 0.096 [35] 0.4[35] 10.4[63] 1.61[64] (CdTe-CdSe)0.42[64] (CdTe-CdSe) 0.57 [64]
CdS 0.2 [63] 0.7[63] 8.73[63] 2.50[64] (CdTe—ZnTe) 1.10[65] (CdTe—ZnTe) 0.40 [65]
ZnTe 0.122 [63] 0.6 [63] 10.3[63] 2.26[65] (CdS-ligand)2.75 (CdS-ligand) 2.75
Ligand 1.0[35] 1.0[35] 2.0[35] 8.0[35] (ZnTe-ligand)2.87 (ZnTe-ligand) 2.87
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independently from each other and hence, these carriers
can be separated relatively easily and in this case, there
is no an exciton in exact manner. Actually, there is just an
electron—hole pair. However, in semiconductor quantum
nanostructures, especially in quantum dots, single excitons
are in bound forms. As for trions, bound trion term cor-
responds to a situation in which all particles behave as a
single particle. Namely, the attractive Coulomb potential
is more dominant than repulsive interactions between the
same charges. In case of an unbound trion, the repulsive
Coulomb potential is dominant and this structure is dealt
as an exciton and an excess charge, that is an electron in X~
and a hole in X*. Similarly, in an XX structure, if the attrac-
tive Coulomb potential between the electrons and holes is
higher, all of the charges move as a single particle and are
called as a bound biexciton. In an unbound biexciton case,
the repulsive Coulomb potential is stronger and this structure
can be considered as two independent excitons [28]. The
unbound excitonic structures are more proper for photovol-
taic applications when compared to the bound excitons. Con-
versely, bound excitonic structures, observed especially in
type-1 QDNC, are more appropriate for illumination devices
such as, LED. Figure 3 demonstrates the binding energies
of the X, XX, X*, and X~ in CdSe/CdTe, CdSe/CdTe/CdS,
and CdSe/CdTe/ZnTe QDNCs as a function of the CdTe
shell thicknesses. When we look at the binding energy of the
X, we see that the changing of it in CdSe/CdTe exhibits a
typical exciton-binding energy behavior. That is, it decreases
with increasing shell thickness. And also the highest exciton
binding energy value is observed again in this QDNC. This
can be explained as follows: in smaller shell thicknesses,
the hole pushes towards the core region and so the attrac-
tive Coulomb interaction becomes higher due to smaller
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Fig.3 Binding energy of the X, XX (top panel) and X*, X~ (bottom
panel) as a function of the CdTe shell thicknesses for three different
QDNC structures

distance between the electron and hole and with increas-
ing shell thickness this attractive Coulomb energy becomes
smaller because of the larger distance between the electron
and hole. Yet, in other two QDNCs with CdS and ZnTe
additional shells, the binding energy values are smaller and
especially in CdSe/CdTe/CdS QDNC, the binding energy
value is almost unchanging with increasing shell thickness.
This is because the probability distribution of the electron
expands to whole structure and hence, the Coulomb interac-
tion becomes approximately constant. In CdSe/CdTe/ZnTe
QDNC, since the hole is substantially confined into the ZnTe
shell, the attractive Coulomb interaction is decreasing with
increasing shell thickness for the exciton. When we look at
the XX panel, we see that this structure is unbound in bare
CdSe/CdTe QDNC and its derivative with ZnTe layer. Its
reason is that the repulsive Coulomb interaction between the
charges with the same sign is predominant when compared
to the attractive Coulomb interactions between the electrons
and holes. On the other hand, in CdSe/CdTe/CdS QDNC,
the attractive Coulomb interaction is more dominant and so
a bound XX structure emerges. This result is so crucial in
terms of demonstrating that controlling of the binding situ-
ations of the XX depending on the second shell material.
As for the Xt and X~ structures, while positively charged
exciton is bound in all three QDNCs (except shell thickness
of 0.075 a, for CdSe/CdTe QDNC), negatively charged exci-
ton is unbound in CdSe/CdTe and CdSe/CdTe/ZnTe QDNCs
and it is bound until a certain value of the shell thickness in
CdSe/CdTe/CdS QDNC. It can be concluded that, in the X,
the attractive Coulomb interactions are larger. On the other
hand, in the X, the repulsive Coulomb interactions are more
dominant in case of unbound situations.

The absorption wavelength, which corresponds to the
transition energy, is another important parameter of the
QDNC:s for device applications of these structures. Figure 4
shows the changes of the absorption wavelengths for the
X and XX (top panel), and X* and X~ (bottom panel) as a
function of the CdTe layer thickness. As seen from the fig-
ures, in all structures, the absorption wavelengths increase
(red shift) with increasing of the shell thicknesses. This
behavior is an expected situation since the energy levels are
inverse proportional to the size of the quantum structures.
Yet, the interesting situation for the exciton is while chang-
ing intervals are approximately between 575 and 780 nm
in CdSe/CdTe and CdSe/CdTe/CdS QDNCs, this interval
is very narrow, between 600 and 650 nm, in CdSe/CdTe/
ZnTe QDNC. Similar observation in CdSe/CdTe QDNCs
has been reported by Leontiadou et al. [52]. In their study,
when the shell thickness is smaller than 0.5 nm, the structure
exhibits quasi-type-II (or type-I) properties. In this study, the
shell thickness starts almost from 0.5 nm, and, therefore, the
quasi-type-II regime is not so apparent for the X structure.
Another observation is that the absorption wavelength of

@ Springer
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Fig.4 Absorption wavelength of the X, XX (top panel) and X*, X~
(bottom panel) as a function of the CdTe shell thicknesses for three
different QDNC structures

the X is beginning from lower than 650 nm in CdSe/CdTe/
CdS QDNC while the absorption wavelength of the other
excitonic complexes starts from higher than 650 nm, it is
almost 700 nm for X* and XX. Overall observation is that the
absorption wavelengths are strongly dependent on the CdTe
shell thickness in all QDNCs except for CdSe/CdTe/ZnTe
QDNC. This is because the hole(s) are confined to the CdTe
shell region in first two structures. On the other hand, in the
third structure, the hole(s) are substantially confined into
ZnTe layer and the thickness changing of the shell region
does not affect dramatically the absorption wavelength of
QDNC with the ZnTe shell.

The overlap integral is a unitless quantity and it is key
in calculation of the oscillator strength. This important
parameter gives an information about the overlapping of the
electron and hole wavefunctions. Figure 5 demonstrates the
overlap integral of all excitonic complexes in QDNCs. In
overall glance, we see that the overlap integral of all X, XX,
X*, and X~ is approximately unity when the shell thickness
is very small in CdSe/CdTe and CdSe/CdTe/CdS QDNCs
and it decreases with increasing shell thicknesses. This is
because when the shell thicknesses are smaller, the hole(s),
due to the pushing to core region, are localized almost in
the same spatial region with the electron(s). This localiza-
tion of the hole wavefunction disappear with increasing shell
thicknesses and consequently the overlap becomes weaker.
Nevertheless, in CdSe/CdTe/ZnTe QDNC, the hole(s) are
considerably confined into the ZnTe layer due to the lower
potential and hence, the overlap of wavefunctions is already
smaller and is not affected drastically from the changing of
the shell thicknesses.

The oscillator strength is a dimensionless quantity and
it can be considered as the probability of absorption or

@ Springer
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Fig.5 Overlap integral of the X, XX (top panel) and X*, X~ (bottom
panel) as a function of the CdTe shell thicknesses for three different
QDNC structures

emission of light in optical transitions of a quantum mechan-
ical system. Figure 6 shows the radiative recombination
oscillator strengths (ROS) of the X, XX, X*, and X~ as a
function of the CdTe shell thickness. The ROS values of the
X, XX, X*, and X~ are minimum in QDNC with the ZnTe
layer. This is because the overlap integrals of CdSe/CdTe/
ZnTe QDNCs are smaller for all exciton structures. In CdSe/
CdTe and CdSe/CdTe/CdS QDNCs, changing of the ROS of
the X and X* are very similar to each other. When the shell
thickness is very small (0.075 a;), the ROS of X* in CdSe/
CdTe QDNC becomes smaller because the X* is unbound
at this thickness value. As known, if there are two exciton
structures in a QDNC, they can form a biexciton (bound
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Fig.6 Oscillator strength of the X, XX (top panel) and X*, X~ (bot-
tom panel) as a function of the CdTe shell thicknesses for three differ-
ent QDNC structures
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Fig. 7 Radiative lifetime of the X, XX (top panel) and X*, X~ (bottom
panel) as a function of the CdTe shell thicknesses for three different
QDNC structures

structure) or two independent excitons, called unbound biex-
citon, depending on the interaction between X and X. Similar
explanations can be done for X* and X~ structures. Hence,
the factor A in Eq. (6) takes different values for the bound
and unbound cases. In the unbound case of Xt or X, as
mentioned in model and theory section, the factor A is unity
and it becomes two in the bound cases. Similarly, the fac-
tor A is two for the unbound biexciton cases while it is four
for the bound biexcitons. Variations of the ROS of the XX
and X~ are similar to each other until shell thickness is 0.3
ay. At this thickness value, X~ in CdSe/CdTe/CdS QDNC
is unbound and so the oscillator strength becomes smaller
suddenly due to changing of the factor A.

In investigation of the potential device application of the
QDNC:s, the radiative lifetime of the excitons is extremely
important and, therefore, in almost all experimental stud-
ies, the lifetime measurements have an extensive place. In
Fig. 7, the radiative lifetimes of the X, XX, X*, and X~ are
plotted as a function of the CdTe shell thickness. As can be
seen from the figure, the lifetimes range from 2 to 20 ns.
It is clearly seen that all exciton complexes have the long-
est lifetime in the QDNC with the ZnTe additional shell.
This is because the hole(s) are almost completely confined
into the second shell. In other two QDNCs, CdTe/CdSe and
CdTe/CdSe/CdS, the lifetime values are almost the same in
a wide region, especially in the X and X structures. On the
other hand, an apparent separation is observed between the
lifetime values of the XX and X~ structures, depending on
whether they are bound or not. As can be seen from Eq.(7),
the lifetime is proportional inversely with the oscillator
strength and its values are different for the bound or unbound
cases as explained in discussion of Fig.6. Therefore, these

changes in the oscillator strength will affect directly the radi-
ative lifetimes. Hence, the lifetime of the bound XX becomes
shorter when compared to its unbound counterpart. Similar
explanation is also valid for X* and X~ structures. In the lit-
erature, some experimental studies[66] related to the lifetime
of biexcitons and trions, in which radiative lifetime of the
XX and X* is explained using similar model we proposed,
are available.

4 Conclusion

In this work, we have explored the electronic and optical
properties of the X, XX, X*, and X~ in CdSe/CdTe, CdSe/
CdTe/CdS, and CdSe/CdTe/ZnTe QDNCs in a detail. To
carry out the electronic structure calculations, the Poisson
and Schrodinger equations have been solved self-consist-
ently in the Hartree approximation for all structures. The
optical properties, absorption wavelengths, overlap integrals,
oscillator strengths, and radiative lifetimes have been deter-
mined using the obtained energy values and wavefunctions.
We observe that all electronic and optical properties of the
excitonic structures are strongly affected from potential pro-
file and thickness of the additional second shell materials,
CdS and ZnTe. This controllability provides a very impor-
tant opportunity in terms of design of the type-II multi-shell
QDNC:s for some specific applications. It is hoped that this
detailed investigation will give important informations to
scientists in understanding of the X, XX, X*, and X~ struc-
tures in multi-shell type-II QDNCs.
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