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In this study, the advanced manipulability of wave functions in a type-II multi-shell hetero-nanostructure
(MS-HNS) and the tunability of radiative exciton lifetime over a wide range with and/or without changing
in transition energies has been demonstrated by the band edge engineering. For this purpose, the electronic
and optical properties of exciton (X) and biexciton (XX) in a spherical CdS/ZnSe/ZnTe/CdSe HNS have been

explored in detail. In the calculations, effects of all Coulombic interactions between the charges have been
taken into account on the wave functions. Moreover, in the case of XX, the exchange—correlation potential
between the same charged particles has also been considered. The results have been presented as a function
of CdS core radius and ZnSe shell thickness and the probable physical reasons have been discussed in detail.

1. Introduction

The core/shell hetero-nanostructures (HNSs) are stood out amongst
other HNSs due to their adjustable parameters. These parameters,
size, geometry, and material-dependent tunable electronic and optical
properties, have played a key role in many application areas such as
quantum dot lasers [1-3], light-emitting diodes (LEDs) [4-6], photo-
voltaic devices [7-9], biological imaging [10,11], and spintronics [12,
13]. The electronic and optical properties of core/shell HNSs are mostly
controlled by spatial distribution and confinement region size of the
electrons and holes. In type-I core/shell HNSs, the electrons and holes
are confined in the same spatial region. This confinement regime pro-
vides higher quantum efficiency [14] and quantum coherency [15] and
due to these properties, type-I structures are preferred in, for example,
fabrication of LEDs. If the charges are confined in the different spatial
regions, this confinement regime is called type-II core/shell HNSs. In
this confinement regime, the electronic energy levels of the charges can
be separately tuned as desired by changing the size of the confinement
regions [16-18]. This degree of freedom has paved the different ways
for quantum core/shell HNSs to use in many new application areas.

Studies on type-I core/shell HNSs continue increasingly in various
application areas due to their strong confinement effect and quantum
coherency as mentioned above. One of the latest works shows that,
field-effect transistors can achieve a sensitive photodetection ability by
using type-I CdSe/CdS core/shell HNSs [19]. Another work demon-
strates that the fabrication of the floating gate nonvolatile memory
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based on type-I quantum dots (QDs) can be possible with a large
memory window, stable retention, and good endurance [20]. The resis-
tive switching memory is another innovative application area of type-I
core/shell HNSs [21]. In addition to all these, as is well known, the
type-I core/shell HNSs are preferred in LED, water splitting [22], laser
and quantum computing applications [23-25].

As for type-II core/shell HNSs, they are more appropriate structures
for photovoltaics [16,26] due to lower recombination rates depending
on charge separation. On the other hand, Kim et al. [27] demonstrated
that the recombination quantum efficiency can be increased somewhat
in type-II structures. Thus, the fabrication of type-II based QDLEDs
has been carried out, even if it has not too much quantum efficiency
when compared to the type-I counterpart. It is reported that these type-
II QDLEDs work mostly in the near-infrared region, effectively [28].
Another remarkable application area is that a high-fidelity optical
quantum gate can be obtained using type-II double QDs [29].

Designing multi-shell HNSs can take the degree of freedom on
the tunability one step further when compared to type-II structures
and these structures can be used for many different purposes [30—
33]. Experimentally, multi-shell HNSs can be fabricated successfully
via many physical and chemical growth techniques such as, successive
ionic layer adsorption and reaction (SILAR) [22,34,35]. As is mentioned
above, as well as tunability of quantum efficiency in type-II structures,
the binding energies, and overlap of wave functions can be manipulated
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Fig. 1. Representation of CdS/ZnSe/ZnTe/CdSe HNS and its potential profile. While
the hole is confined into the ZnTe shell, the electron can be confined in CdS core or
CdSe shell depending on the sizes.

more effectively [18,30,36]. Moreover, in the multi-shell HNSs, more
than one confinement region can be formed and particles can be
confined in the desired region by means of changing the size of shells
or other tunable material parameters. All these control mechanisms
open a new door of advanced wave function engineering in HNSs.
Thanks to wave function engineering, a switching between type-I and
type-II localization regimes can be tuned more effectively [31]. With
these properties, multi-shell HNSs can be used in quantum memory
devices [37]. After all, multi-shell HNSs may be the most suitable
candidate for the main component of future hi-tech novel devices,
because they provide opportunities for new possibilities via their more
tunable key features.

The main purpose of this study is to show the independent controlla-
bility from one another of transition energies and radiative lifetimes of
exciton and biexciton in multi-shell quantum dot structures. This inde-
pendent tunability over transition energies and lifetimes is not possible
in single core/shell quantum dot structures. From this point of view,
the results of the study are thought it is able to be extremely critical
in terms of electro-optical device applications. In order to demonstrate
this independent tunability, here, a spherical CdS/ZnSe/ZnTe/CdSe
multi-shell QD is considered. In this multi-shell QD, holes have been
confined in the ZnTe shell because of the lowest confinement potential
for all CdS core and ZnSe shell thickness. On the other hand, the elec-
tron can be localized mostly in CdS or CdSe depending on their sizes.
Therefore, the electronic and optical properties have been investigated
for different CdS core radius and ZnSe shell thickness. The obtained
results are presented as a function of ZnSe thicknesses for different core
sizes.

2. Model and theory

Here, we have considered a spherically symmetric CdS/ZnSe/ZnTe/
CdSe multi-shell HNS. Schematic representation and potential profile of
the structure are given in Fig. 1.

The electronic states and corresponding wave functions have been
determined by the self-consistent solution of Poisson-Schrédinger equa-
tions. In the effective mass approximation and BenDaniel-Duke bound-
ary conditions [38], the single-particle radial Schrodinger equation of
the electron and hole for the ground state is given by [39]:

2 - -
[—h—vr ( ! V,) +Vo(r) — 4, Py + 9, P, + Ve*e[ﬂe(r)]] R, (r)
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Here, e and h are symbolize the electron and hole, respectively, i
is the reduced Planck constant, m:h(r) is the position-dependent ef-
fective mass of the particles, V, ,(r) is the confinement potential, g,
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is charge of the particles, @, is the electrostatic Coulomb potential
of the particle, vee and Vx’i‘h are the exchange—correlation poten-
tials between the same particles, R, (r) is the radial wave functions
and ¢, is the energy eigenvalues. These equations contain the re-
pulsive Coulomb and exchange—correlation terms caused by particles
with the same charges for the case of more than one electron (hole).
Hence, for single electron/hole calculations, the repulsive Coulomb and
exchange-correlation terms are taken as zero.

These two separated equations become a coupled equation thanks
to the attractive Coulomb terms (¢,®,, and ¢, ®,) between the electron
and hole. In the first step, all of the attractive and repulsive electro-
static Coulomb terms are taken as zero and the energy levels and the
corresponding wave functions of the electron and hole are calculated
without any interaction. In the second step, using obtained wave func-
tions in the first step, the electrostatic Coulomb terms of the electron
and hole are calculated from the following Poisson equations [39],

Vk()V®, = q,p,(r), Ve ()V@y, = g, p4(r), ©)

where, k(r) is the dielectric constant of the material, p, and p, are
the density of the electron and hole [40]. In the next step, these
electrostatic Coulomb terms are substituted into Egs. (1) and (2) and
these 3 steps are repeated until the desired convergence is achieved.
After all these steps, the final energies and the corresponding wave
functions of the electron and hole are obtained. The electronic and
optical properties of the CdS/ZnSe/ZnTe/CdSe multi-shell HNS are
calculated from these final energies and wave functions of the electron
and hole.

In the HNSs, since the confinement effect of the structure, the
attractive Coulomb potential between the electron and hole becomes
more powerful and effective. Therefore, the hole and electron move as
if a single particle called an exciton. The total energy of the exciton
determines the absorption frequency (transition energy) and this total
energy strongly depends mostly on the size of the shells of the HNS.
For an excitonic formation, the total energy is expressed as [40],

tot /1.
E;/r=Eg+6e+5h—Ee,h “4)
here, E, is bandgap energy of the confinement region, ¢,, and ¢, are

the energy eigenvalues of the electron and hole, respectively, and ¢,_,
is the attractive Coulomb energy between the electron and hole. As can
be seen from Egs. (1) and (2), since the ¢,_, is included separately in
both the electron and hole energies, one of them must be subtracted
from the total energy [40].

The binding energy is an important parameter for device appli-
cations and it also plays an active role in determining the optical
properties. For a single exciton, the binding energy is equal to the
attractive Coulomb energy between the electron and hole and it is
calculated by means of [40]

Ep(X) = E, + €2+ ) — B, (5)

here, €2 and 52 are the electron and hole energies that are determined
without Coulomb interaction at the first step.

As is well known, more than one electron and/or hole can be
confined in HNSs. If there are two electrons and two holes in HNSs,
this formation called a biexciton. The total energy of a biexciton can
be written as,

EV\ =2E, + EY' +E.”

q
elec hole — Eeh — Ee / ¢epe(r)d3r
dn 3 e—e e—e ;3
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where E"I” and E;l’”[ are the total energies of electrons and holes,
elec ole

E¢>*[p,(r)] and E"“h[p,(r)] are the density dependent exchange-
correlation energies of the electrons and holes, V¢ and V=" are the
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exchange-correlation potentials of the electrons and holes, respectively.
These terms are discussed in detail in our previous work [36].

In the single exciton case, transition energy is equal to the total
energy of the exciton. But in the case of biexciton, transition energy,

E,,, is defined as

Efy = - B %

The binding energy of the biexciton can be calculated by means
of [41],

Eg(XX)=2E - E'%' . (®)

Overlap between the wave functions of the electron and hole is
a decisive parameter on the recombination lifetime. In type-I HNSs,
since the electron and hole are confined in the same spatial region,
manipulation of the shell size has the nearly same effect on the electron
and hole wave functions. Therefore in type-I HNSs, the shell size has
a limited effect on the overlap. On the other side, in type-II HNSs,
the electron and hole can be confined in different spatial regions,
and as a result of this, the overlap can be adjusted in a wide range
with manipulation of the shell sizes. The overlap integral is expressed
as [42],
2

6(X) = ‘ / r*drRX (R (r) 9

2
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here, Rf(XX)(r) and R:(XX)(r) are the radial wave functions of the
electron and hole, respectively, for the exciton (biexciton). In order
to define the optical transitions, a unitless quantity called oscillator
strength is used and for the exciton and biexciton, it can be expressed
as follows, respectively [43],

EP
fx = 2E; 0(X), a1
A £y 110.0.¢ 12)
fXX - ZEZX ( )

Here, E, is the Kane energy, A is a recombination probability factor,
and A ~ 2 for the unbound biexciton and A ~ 4 [44] for the bound
biexciton.

The radiative lifetime is given as [45],

_ 6regmych?

T enp E2f
where ¢, is the dielectric permittivity of the vacuum, m is the free
electron mass, c is the velocity of light in vacuum, e is the electronic
charge, f is the oscillator strength, » is the refractive index, E is the
transition energy and g, is the screening factor [46], which can be
written as,

3e
= — 14
Ps egns +2€ a4

13

Here, ¢ and € v ¢ optical dielectric constants of the medium and HNS,
respectively.

3. Results and discussion

In this study, CdS/ZnSe/ZnTe/CdSe multi-shell HNS has been con-
sidered as a function of the ZnSe shell thickness at different core radii.
In the calculations, the atomic units have been used, h = my; = e = 1,
and ZnTe and CdSe shells size set to 0.25 a*. The effective exciton

Bohr radius, a;, and the effective Rydberg enelE)gy have been calculated
based on CdS parameters and their values are 28.9 A and 28.6 meV,
respectively. The material parameters used in the calculations have
been given in Table 1. It should be noted that, in the literature, there

are a number of studies related to the effect of ligands on the electronic
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Table 1
Material parameters.
Cds ZnSe ZnTe CdSe Ligand

m;; 0.2 [50] 0.16 [50] 0.122 [50] 0.12 [50] 1.0 [51]
my, 0.8 [50] 0.75 [50] 0.6 [50] 0.45 [50] 1.0 [51]
K 8.73 [50] 8.60 [50] 10.3 [50] 9.29 [50] 2.0 [48]
v, (eV) 0.8 [52] 0.59 [53] 1.22 [52] 3.0
V, (eV) 0.52 [52] 1.0 [53] 0.7 [52] 3.0

and optical properties of QDs [47-49]. In these studies, it is reported
that these effects may be important and hence, in this study, the ligand
effect has also been taken into account in the calculations.

In the CdS/ZnSe/ZnTe/CdSe multi-shell HNS, as shown in Fig. 1,
there are two confinement regions for the electron while the hole is
localized only into the ZnTe shell. Owing to this confinement region
alignment, the optical and electrical properties can exhibit both quasi-
type-I and type-II confinement regimes according to shell thickness. In
the case of small core sizes, the electron density is expanded to the
whole structure and it behaves like quasi type-I confinement. As the
size of the core increases, the electron is confined completely in the
core region and the structure exhibits an orthodox type-II confinement
regime due to the spatial distance between the electron and hole. On
the other hand, with this structure, it is aimed to demonstrate the
possibility of the manipulation of both binding energies and overlap
integrals in a wide range without notable changes in the energies of
the particles. For this purpose, we have specifically focused on the
thickness change of the ZnSe shell which is between the electron and
the hole’s confinement region.

Fig. 2 depicts the total energy of the exciton and biexciton as a
function of the ZnSe shell thickness for different core radii. As seen
from the figure, the total energies are monotonically decreasing in the
vertical direction with the increasing core size as expected. On the other
hand, there are no notable changes in the energies with the increasing
ZnSe shell thickness and this is important for device applications like
photovoltaic devices. These changes can be explained by means of
finding probability of the charges. As shown in Fig. 3, for the core
radius 0.275 ag, because of its higher kinetic energy, the electron can
easily tunnel into the CdSe shell which is the second well. From another
point of view, the density of the electron spreads throughout the whole
structure so the electron behaves as if in a single potential well with
a perturbed from the bottom as can be seen in Fig. 3. Hence, the total
energy of the exciton decreases with increasing the ZnSe shell thickness.
On the other hand, when we focus on the right side of Fig. 2, we see that
the changes in the biexciton total energies with the ZnSe thickness are
much lesser than that of the exciton. This behaviour can be attributed to
the repulsive Coulomb interaction between the same charged particles.
But, as the core radius continues to increase, the electron density begins
to be drawn into the core region. In the bigger core radius cases,
when the ZnSe shell thickness reaches a certain value, the total energy
of the biexciton rises slightly since the repulsive interactions become
predominant.

The binding energies are important quantities in understanding the
formation of quantum mechanical systems. As well known, in most of
many particles quantum systems, there can be a lot of interactions, like
Coulomb, exchange-correlation, etc., that have effects on the binding
energy. Among them, the Coulomb interactions are more dominant and
bound structures are formed when the Coulomb interactions are attrac-
tive. In Fig. 4, the binding energies for both X and XX structures are
demonstrated. The binding energy of an exciton is equal to attractive
Coulomb energy only between the charges and hence its magnitude
is strongly dependent on the spatial distance of the charges. As seen
in Fig. 3, an increase in the thickness of ZnSe leads to larger charge
separations. Because of this fundamental physical reason, as can be seen
from Fig. 4, the binding energy of the exciton decreases with increasing
ZnSe thickness. On the other hand, the biexciton exhibits different
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Fig. 2. Total energies of the exciton and biexciton as a function of the ZnSe shell size for different core radii.
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a better view of the distribution of electron densities in X and XX.
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Fig. 5. Transition energies of exciton (solid lines) and biexciton (dashed lines) as a
function of ZnSe thickness for different core radii.

behaviour depending on the magnitudes of attractive and repulsive
interactions. If the attractive Coulomb effect overcomes the repulsive
one, two electrons and two holes move together like a single particle
(top inset in the right panel of Fig. 4) and it is named as a bound
biexciton. If the repulsive Coulomb effect is dominant, two excitons
move separately (bottom inset in the right panel of the figure) and
this structure is called an unbound biexciton. As seen from Fig. 4, the
binding energy of the biexciton is positive at all values of the ZnSe
shell for the core radius 0.275 aj. This means that the bound biexcitonic
structure is formed in which the attractive Coulomb effect is dominant.
When we look at the density of the electron and hole in Fig. 3, we see
that the electron density invades the whole structure for the core radius
of 0.275 a; and the attractive Coulomb is stronger because of the smaller
spatial distance between the electrons and holes. At large core radii, as
mentioned above, the electron is confined mostly in the core and this
leads to weakened attractive Coulomb interaction with increasing ZnSe
thickness.

The transition energies are another important parameter especially
for technological applications of QDs such as photovoltaic devices. In
most device applications, there can be some issues for the desired
device fabrication depending on the transition energies. For example,
in solar cell applications, either the exciton lifetime can be shorter
relatively in appropriate working wavelength (i.e transition energy)
or vice versa. Fig. 5 demonstrates the changing transition energies of
X and XX with ZnSe thickness for different core radii. The transition
energies can be tuned depending on the core radius and at each core
radius, the X and XX transition energies are close to each other as
expected [54-56]. On the other hand, while the transition energies
remain almost the same with increasing ZnSe shell thickness, other
optical properties, such as radiative lifetime, are changing. This is very
important in terms of the controllability of the optical properties. In the
figure, the XX transition energies are lower than that of the X especially
for smaller core radii and ZnSe shell thicknesses. It should be noted that
these cases correspond to the bound XX structures. On the other hand,
beyond the certain ZnSe thickness, the biexciton transition energy is
crossing the exciton transition energy and becomes larger with a further
increase in the shell thickness. It is seen that this crossing occurs at
smaller thicknesses when core radii increase. These cases correspond
to unbound XX structures.

In order to see more explicitly the crossing mentioned in the discus-
sion of Fig. 5, the absorption line-shapes in arbitrary units have been
plotted in Fig. 6. Here, the line shape can be given by a Lorentzian
curve which is expressed as

E” - hw
1 X(XX)
5X(XX)= msech<T>. (15)
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Here, hw is incident photon energy and A4l is line-shape broadening
factor, taken as 30 meV. In the figure, when the core radius is 0.275 ag,
exciton absorption energies are higher than that of biexciton for all
ZnSe shell thicknesses. However, the difference between the transition
energies of X and XX decreases with increasing shell thickness. On the
other hand, the difference between the transition energies is decreasing
with increasing core radius and the transition energy becomes larger
for XX with further increasing of ZnSe shell thickness at the greater
core radii. It should be noted that the differences are very small as
reported in experimental studies as well [54-56] and we conclude that
the results are in a good agreement with the experimental studies as
tendency [57].

The overlap integral has a decisive role on the optical properties. In
type-I HNSs, the overlap integral values do not become smaller than 0.7
mostly while it can approaches zero in type-II counterparts. This wide
range wave function engineering enables these structures to come to
the fore in different application areas. As shown in Fig. 7, the overlap
integrals of the exciton and the biexciton can be controlled between
0.70 and almost 0.0 depending on the core radius and ZnSe thickness.
When we assess Fig. 7 comparing with Fig. 5 as a function of ZnSe
thickness, we see that the transition energy is almost the same for a
certain core radius, but the overlap can be changed in a wide range.
This means the optical properties can be adjusted without dramatic
changes in transition energies. At the same time, similar control can
be performed as well by changing the core size at certain ZnSe shell
thicknesses. It should be noted that these kinds of controls are not
possible in bare type- I or type-II structures. This is a perfect example
for advanced wave function engineering and hence, this controllable
degree of freedom is very important especially for electro-optic device
applications. With this feature, such structures are expected to offer
great convenience for device applications.

The radiative lifetime, directly related to the overlap integral (Eq.
(13)), can be measured experimentally as well and is a key parameter
in the optical characterization of quantum dot nanocrystals and also
device applications. The radiative lifetime of the exciton and biexciton
in HNSs are generally in the order of a few nanoseconds. While the
lifetime cannot be tuned in a wide range in type-I structures, it can be
performed in type-II regions relatively but still not in a wide range and
other properties are also changing such as transition energies. On the
other hand, the radiative lifetime in multi-shell type-II HNSs especially
can be increased significantly thanks to advanced wave function engi-
neering opportunities as it has been discussed in Fig. 7. Moreover, in
this controllability, there are no drastic changes in transition energies
as well. This is an excellent success of wave function engineering
in multi-shell HNSs. As is well known, since higher recombination
probability, the radiative lifetime of the biexciton is shorter than that of
the exciton [44,58]. In addition, in our previous study [44], we showed
that the recombination probability of a bound biexciton is 2 times
larger than that of the unbound one. This means the radiative lifetime
of the unbound biexciton is 2 times longer than that in the bound one as
the lifetime is inversely proportional to the recombination probability.
Fig. 8 shows the radiative recombination lifetime of the exciton and
biexciton as a function of the ZnSe shell thicknesses at different core
radii. As expected, in all cases, the exciton lifetime is longer than that
of the biexciton. In smaller core radii, the structure exhibits quasi type-I
confinement regime and the lifetime for both X and XX becomes smaller
and with increasing core radii the lifetimes become longer due to type-
II confinement regime. Controlling of core radii gives an opportunity
for tuning both lifetime and transition energies and in calculations, we
see that the lifetime can be adjusted almost between 4-70 times. On
the other hand, without changing transition energies, controlling the
lifetime for both X and XX is possible in a range between 4-50 times
by changing ZnSe thickness. In overall, the radiative lifetime for both X
and XX can be controlled in a wide region between 4-200 times roughly
by changing both core size and ZnSe thickness.
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Fig. 6. The absorption line shape of X (solid lines) and XX (dashed lines) as a function of incident photon energy for ZnSe shell thickness of 0.2 a; (left panel), 0.5 a; (middle
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4. Conclusion

In conclusion, we have carried out a detailed investigation of the
electronic and optical properties of exciton and biexciton in CdS/ZnSe/
ZnTe/CdSe multi-shell HNS as a function of both CdS core and ZnSe
shell sizes. We have shown that CdS core radius plays a critical role in
the electronic and optical properties of the exciton and biexciton in this
multi-shell HNS via determining the localization region of the electron.
Besides, we observed that ZnSe shell size can be used as a sensitive
overlap manipulation tool and overlap between the electron and hole
wave functions can be tuned in a wide range with the almost un-
changed transition energy of the exciton and biexciton. As a result, we
demonstrated the advanced manipulability of wave functions in type
II multi-shell HNS and the tunability of radiation lifetime over a huge
region without drastic changes in transition energies by wave function
engineering. These kinds of controls are not so possible in a single type-
I or single type-II HNSs. We hope that this study will stimulate new
experiments related to advanced wave function engineering studies in
order to take cutting-edge device applications one step further.
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