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ABSTRACT

In this study, we have investigated the effect of the buffer layers
on the electronic and optical properties of an exciton (X ) and a
biexciton (XX ) in a type-II CdTe/CdSe quantum dot nanocrystal. In
an experimental study, it has been reported that when a CdTe/CdSe
quantumdot nanocrystal is coated by a ZnTematerial as a buffer layer,
the photoluminescence quantum yield is growing from 4 to 20%.
We have confirmed theoretically this improvement and extended
the calculations to an XX structure. In the calculations, two different
semiconductormaterials, CdS and ZnTe, have been considered for the
buffer layer. We have theoretically shown that the buffer layer causes
an increase in the radiative oscillator strength of both X and XX . When
the ZnTe is used as the buffer layer, the oscillator strength becomes
stronger when compared to CdSe buffer material because of higher
conduction band offset between CdSe and ZnTe.
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1. Introduction

The possibility of manipulating and tuning the properties of confined electrons and holes
in nanosize semiconductor quantum dot nanocrystals (QDNCs) is the subject of a great
interest due to its potential applications in photovoltaic devices [1–3]. There are two basic
principles of tuning the quantum mechanical properties of the QDNCs which are the
variation of the size of the core/shell layers [4] and the change of the using materials in
core/shell region [5]. Another process for changing the properties of the semiconductor
QDNC is to separate and confine the electron and hole in different regions as in the case
of type-II QDNCs [1,6]. This spatial separation of the carriers provides a great advantages
such as band bending effect [7,8], long radiative lifetime [9] and large optical anisotropy
[10,11].

There are some differences between type-I and type-II semiconductor QDNCs. As a
novel property of the type-II semiconductor QDNCs, the value of the effective band gap
[1] can be modulated which means that it is possible to separately tune the energy levels
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of electron(s) and hole(s) by changing the size of the shell and core layers. This novelty
is not available in type-I semiconductor QDNCs. Therefore, it is possible to obtain long
excitonic radiative life time [12] in type-II QDNCs. Emission properties are also sensitive
to the size of the core and shell materials [13]. Furthermore, in contrast to type-I QDNCs,
the excitation of single excitons can be sufficient for optical gain in type-II QDNCs [14].

A number of experimental and theoretical studies on the electronic and optical prop-
erties of excitons in type-II quantum dots has been reported in the literature [1,4,13,
15–18]. The effects of the shell thickness and core size on the electronic and optical
properties have been also investigated recently. Particularly, the exciton dynamics in type-
II structures has been researched due to their importance in the solar cell applications. As
well known, a biexciton in a QDNC is the simplest multiexciton structure. However,
the theoretical discussions on the XX dynamics are not sufficient to understand the
multiexciton mechanism in type-II quantum dots. The studies on the effect of the layers
of QDNCs have been limited to the core/shell type-II semiconductor quantum dots [15].
But, it is also possible to grow this kind of systems in the form of multi-shell structures.
The researches on the multi-shell type-I semiconductor QDNCs have shown that the
presence of multi-layers provide a flexibility to tune the quantum mechanical properties
of the structure [19,20]. In order to understand the effect of multi-layers on the single and
multiexciton in type-II structures, still theoretical and experimental effort is required.

In this work, we concentrate on the optical properties of single excitons and biexcitons
in type-II semiconductor QDNCs. The main aim of this study is to calculate for the first
time the effect of buffer material between the shell layer and ligand on the electronic and
optical properties of an exciton and to compare the results with that of experimental work
of Kim et al. [1]. The calculation is also expanded to a biexciton complex in the same
structure. The optical properties such as overlap integral, absorption wavelength, binding
energy, oscillator strength and lifetime of the X and XX in the QDNC heterostructures
are investigated for different buffer materials (CdS and ZnTe) and for different shell
thicknesses. The results are discussed in the light of the possible physical reasons behind
the electronic and optical properties.

2. Model and theory

We consider a spherically symmetric type-II CdTe/CdSe/buffer/ligand (i.e. core/shell/
buffer/ligand)QDNC. In this structure, hole is localised in the CdTe core regionwhile elec-
tron is localised in theCdSe shell one. Figure 1 shows thepotential profile ofCdTe/CdSe/CdS
and CdTe/CdSe/ZnTe structures. In the first structure, CdS is chosen as the buffer layer
while ZnTe is used instead of the CdS in the second structure. In the calculations, the
thicknesses of the buffer layers are set to 0.1 a0.

In the effective mass approximation and BenDaniel–Duke boundary conditions, the
single particle Schrödinger equations of a multi-exciton complex can be written as

[
−�

2

2
�∇r

(
1

m∗
e (r)

�∇r

)
+ Ve(r) − qe�h + qe�e + Ve−e

xc [ρe(r)]
]
Re(r) = εeRe(r), (1)

and
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Figure 1. Potential profile of the CdTe/CdSe quantum dot structures. The buffer materials are chosen as
CdS in the upper panel, and as ZnTe in the bottom panel.

[
−�

2

2
�∇r

(
1

m∗
h(r)

�∇r

)
+ Vh(r) − qh�e + qh�h + Vh−h

xc [ρh(r)]
]
Rh(r) = εhRh(r), (2)

where � is the reduced Planck’s constant, m∗
e (r) and m∗

h(r) are the position dependent
effective mass of the electron and hole, respectively, Ve(r) is the electron confinement
potential andVh(r) is the hole confinement potential, qe and qh are charges of the electron
and hole, respectively, and �e and �h are the electrostatic Coulomb potentials of the
electron and hole, respectively. The Vxc[ρ(r)] potentials are the exchange-correlation
potentials between the same kinds of particles, and Re(r) and Rh(r) are the radial part
of the electron and hole wave functions, respectively. εe is the energy eigenvalue of the
electron and similarly, εh is the hole energy.

These two equations coupled by means of the attractive Coulomb terms, qe�h and
qh�e. Equations (1) and (2) must be solved simultaneously and self-consistently. The
self-consistency requirement in the calculations has been provided through the repulsive
Coulomb potentials, qe�e and qh�h. As a result, all Coulomb effects on the energy
eigenvalues and wavefunctions have been taken into account. The all Coulomb potentials
are calculated from the Poisson equations

�∇κ(r) �∇�e = qe
ε0

ρe(r)
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�∇κ(r) �∇�h = −qh
ε0

ρh(r), (3)

where ρe and ρh are the density [16] of the electron and hole, respectively, ε0 is dielectric
permittivity of the vacuum and κ(r) is the position dependent dielectric constant of
the structure. These equations contain the image potential contributions due to surface
polarisation at the interfaces.

It should be noted that the position dependent effective masses and dielectric constants
are

m∗
e,h

(
r
) =

⎧⎪⎪⎨
⎪⎪⎩

m∗
e,h(CdTe), r < RC

m∗
e,h(CdSe), RC < r < RS

m∗
e,h(buff ), RS < r < RB

m∗
e,h(lig), r > RB

, κ
(
r
) =

⎧⎪⎪⎨
⎪⎪⎩

κ(CdTe), r < RC
κ(CdSe), RC < r < RS
κ(buff ), RS < r < RB
κ(lig), r > RB

. (4)

In self-consistent Poisson–Schrödinger calculations, these effective mass values have been
used in the frame of the BenDaniel–Duke boundary conditions.

In single exciton case, repulsive Coulomb and the exchange-correlation terms, i.e. last
two terms of the left-hand side of Equations (1) and (2), are ignored due to a single
electron and hole. Perdew and Zunger [21] expression, which is a parametrisation of the
Monte Carlo results of Ceperley and Alder [22], is employed for the exchange-correlation
potential of the XX. This formulation contains the self-interaction correction.

The last three equations, Equations (1)–(3), should be solved self-consistently. For this
purpose, the full numeric matrix diagonalisation technique is used in a real-space. The
details of the calculation schemes can be seen in Ref. [15].

The binding energy of XX is described as [17]

EXXb = EtotXX − 2EtotX , (5)

where EtotX is single exciton total energy, and EtotXX is biexciton total energy.
Being a unitless parameter, the oscillator strength, which is a measure of optical tran-

sitions, is very important in studying of all optical properties of any quantum structures.
The single exciton oscillator strength is expressed as [23]

fX = Ep
2EX

∣∣∣∣
∫

r2drRe(r)Rh(r)
∣∣∣∣
2
, (6)

where Ep is the Kane energy, EX is the exciton transition energy, Re(r) and Rh(r) are the
radial part of electron and hole wavefunctions, respectively.

The recombination oscillator strengths of the XX are calculated by means of

fXX = A
Ep

2EXX

∣∣∣∣
∫

r2drRe(r)Rh(r)
∣∣∣∣
2
, (7)

where EXX is the biexciton transition energy, Re(r) and Rh(r) are the radial part of the
electron and hole wavefunctions of the XX. Here, theA is a recombination probability and
the factorA � 4 for bound andA � 2 for unboundXXs. The details of this approximation
can be found in Ref. [19].
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Table 1. The material parameters used in the calculations.

Material m∗
e /m0 m∗

h/m0 κ Eg Ve (eV) Vh (eV)

CdTe 0.096 [18] 0.4 [18] 10.4 [30] 1.61 [29] (CdTe–CdSe) 0.42 [29] (CdTe–CdSe) 0.57 [29]
CdSe 0.12 [18] 0.45 [18] 9.29 [30] 1.76 [29] (CdSe–CdS) 0.32 [29] (CdSe–CdS) 0.42 [29]
CdS 0.2 [30] 0.7 [30] 8.73 [30] 2.50 [29] (CdSe–ZnTe) 1.22 [14] (CdSe–ZnTe) 0.7 [14]
ZnTe 0.122 [30] 0.6 [30] 10.3 [30] 2.26 [31] (CdS–Ligand) 2.75 (CdS–Ligand) 2.75
Ligand 1.0 [18] 1.0 [18] 2.0 [18] 8.0 [18] (ZnTe–Ligand) 2.87 (ZnTe–Ligand) 2.87
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Figure 2. (colour online) Absorption wavelength of the X (left panel) and XX (right panel) structures as a
function of the CdSe shell thickness.

The radiative lifetime of excitonic structures is an important quantity and therefore a
number of studies on lifetime have been reported both theoretically and experimentally
[6,24–26]. The radiative lifetime is inversely proportional with the oscillator strength and
it is given as [27,28]

τ = 6πε0m0c3�2

e2nβsE2f
, (8)

where ε0 is the dielectric permittivity of the vacuum, m0 is the free electron mass, c is the
light velocity, e is the electronic charge, f is the oscillator strength, n is the refractive index,
E is the transition energy and βs is the screening factor [28].

3. Results and discussion

We have used the atomic units throughout the calculations, where the Planck constant
� = m0 = e = 1. Thematerial parameters used in the calculations are listed in Table 1. The
effective exciton Bohr radius and the Rydberg energy are calculated as a0 = 71.06Å and
Ry = 9.74meV, respectively, in terms of the CdTe material parameters. In our considered
core/shell structure CdTe/CdSe, hole resides in CdTe core region, whereas electron is
confined in CdSe shell one and here, the core radius has been set to R1 = 1.95nm.

In Figure 2, the changes of the absorption wavelength, which correspond to transition
energy, are shown for theX (left panel) andXX (right panel) as a function of the CdSe shell
thickness. As seen from the figures, in all cases, absorption wavelengths grow (or transition
energies reduce) with increasing of the shell thicknesses. This is an expected result because
the energy levels are inverse proportional to the size of the quantum structures. As reported
in the literature, in type-I core/shell or single core structures, the exciton transition energy

205



F. KOÇ ET AL.

Shell thickness (a0)

B
in

di
ng

 e
ne

rg
y 

(m
eV

)

30

40

50

60

70

80

Shell thickness (a0)

0.0 0.1 0.2 0.3 0.4 0.0 0.1 0.2 0.3 0.4

B
in

di
ng

 e
ne

rg
y 

(m
eV

)

-200
-180
-160
-140
-120
-100
-80
-60
-40
-20
0
20

CdS
ZnTe

Figure 3. (colour online) Potential profile of the CdTe/CdSe quantum dot structures. The buffer materials
are chosen as CdS in the left panel, and as ZnTe in the right panel.

is larger than that of the biexciton [20,32,33]. Yet, in the type-II structures, as seen from
the figures, the absorption wavelength of the X is larger than that of the XX. This means
that the transition energy of theX is smaller in type-II structures than in type-I ones. These
results are in a good agreement with experimental studies [14,35]. Contrary to type-I, in
type-II structures since the electrons and holes are confined in the different spatial region,
the repulsive Coulomb interaction become more effective in the XX structures and so the
transition energies become larger. On the other hand, in an exciton structure, although
there is no a repulsive interaction in both type-I and type-II structures, the attractive
Coulomb interaction in the type-II structures is smaller when compared to that in the
type-I. The buffer material has an important influence on the absorption wavelength. As
seen from the figures, when CdS is chosen as the buffer layer, the absorption wavelength
goes to larger values when compared with the structure that has ZnTe buffer layer. The
physical reason of this can be explained as follows: because the electron confining potential
formed by CdS is smaller than that of ZnTe, the electron penetration into the CdS becomes
much more in comparison to the penetration into the ZnTe. So, the energy levels become
smaller in the first case and this leads to higher absorption wavelengths in both the X and
XX structures. While, in the case of CdS buffer, the absorption wavelengths of the X and
XX increase monotonously with increasing CdSe shell thicknesses, in CdTe/CdSe/ZnTe
quantum dot heterostructure, the absorption wavelength of the XX is non-monotonous.
The physical origin of this behaviour can be explained by means of the potential profile
of the structure. As can be seen from the bottom panel of Figure 1, the valence band edge
becomes higher when compared to that of the core one and in small shell thicknesses the
holes are much more affected from this potential region until a certain thickness value of
the shell. On the other hand, in addition to this effect in the valence band, while the shell
thickness increases, the repulsive Coulomb interaction decreases between the electrons.
All of these changes derivate the absorption wavelength of the XX from monotonous
behaviour in the case of ZnTe layer.

In Figure 3, the binding energies of the X (left panel) and XX (right panel) are given
depending on the CdSe shell thickness. In the case of the X, as can be seen from the left
panel of the figure, the binding energies are positive, namely bound exciton structure, in
both ZnTe, and CdS buffer layer cases and decrease with increasing shell layer thicknesses.
These are typical exciton binding energy behaviours in a quantum dot heterostructures.
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Figure 4. (colour online) The recombination oscillator strength of the X (left panel) and XX (right panel)
as a function of the CdSe shell thickness. Insets show the overlap integral of the wavefunctions of the
same structures.

On the other hand, the binding energy of the X in case of the ZnTe buffer material is
larger than that of the CdS buffer material case. This is because the confinement of the
electron is so strong in the first case. In the case of XX with CdS coating for buffer layer,
we observed that when the shell thickness is smaller 0.1 a0, the binding energy becomes
positive (bounded biexciton), but in larger values of the shell thicknesses than the 0.1 a0,
the binding energy becomes negative (i.e. unbounded biexciton). General behavior of the
binding energy is smooth decreasing tendency. In CdTe/CdSe/ZnTe heterostructure, the
binding energy of the XX calculated as ≈ −140meV as the shell thickness is 0.05 a0. This
observation can be explained as follows: As seen from the potential profile in Figure 1,
in very thin shell layer, while the holes energy levels decrease due to lower confinement
potential of the ZnTe buffer layer, the electrons are forced to confine to smaller CdTe
core region. As a result, the repulsive Coulomb interaction and the kinetic energies of the
electrons will become larger and so the total energy value of the electrons becomes higher.
In the case of shell thickness values from 0.075 a0 to 0.225 a0, the binding energy of XX
exhibits a smooth decreasing. In this case, the electrons do not confine completely to the
CdSe shell. That is, the electron density expands throughout the CdTe/CdSe structure and
the repulsive Coulomb interaction between the electron becomes smaller. When the shell
thickness becomes greater than 0.225 a0, it is observed that the binding energy exhibits a
sharply decrease behaviour. The reason of this behaviour is that the electrons confine to the
CdSe shell region and consequently, the repulsive Coulomb interaction, which reduces the
binding energy, between the electrons becomes larger. The binding energy has a smooth
decreasing tendency with further increasing of the shell thickness.

Figure 4 shows the recombination oscillator strengths and overlap integrals of the X
(left panel) and XX (right panel) as a function of the CdSe layer thickness. As seen from
the figures, the oscillator strengths decrease with increasing of the CdSe layer thicknesses
in all cases. These behaviours are very similar to the overlap integrals of the wavefunctions
as can be seen from the insets. In the first structure, labelled as CdTe/CdSe/CdS, the spatial
separation of the carriers become higher due to the moving of the electron density towards
the CdS layer. Hence, even if the layer thickness of CdSe is very thin, the overlap integral
experiences small values in both X and XX cases and the overlap integral values lie in the
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Figure 5. (colour online) The radiative lifetime of the X and XX as a function of the CdSe shell thickness.

range of 0.1 and 0.6 in the first structure. As a result of this weak overlaps, the oscillator
strengths in the first structure become smaller. In this structure, because the XX become
bound, its oscillator strength is approximately four times greater than that of X when shell
thickness is 0.05 a0. On the other side, in other considered structure, CdTe/CdSe/ZnTe,
the electron confining potential originated from the ZnTe layer is higher than that of the
CdTe and hence, this case brings about to localise of electron(s) to the core region or blocks
the penetration of the electron into the ligand in small CdSe shell thicknesses. Hence, the
overlap integrals of both X and XX have larger values when we compared to the former
structure. Using the buffer layer increases the overlap of the wavefunctions and for that
reason, the photoluminescence quantum yield (PLQY) becomes higher than that of the
case without buffer layers as is reported experimentally by Kim et al. [1] They show that
the PLQY can raise from 4 up to 20% if the CdTe/CdSe type-II QD is coated by ZnTe. In
small shell thicknesses, the wavefunction of the electron(s) expands to whole structure. In
this case, the structure called as quasi-type II and the overlap of the wavefunctions become
larger as seen from the insets. The values of the overlap integral take between the range
of 0.15 and almost 1.0. This strong overlap causes the strong oscillator strength. When
the shell thickness is very thin (0.05 a0), depending on the energy difference between the
initial and final states, the oscillator strength of the XX becomes almost two times greater
than that of the shell thickness is 0.1 a0.

Figure 5 shows the radiative lifetimes of the X (left panel) and XX (right panel) as a
function of the CdSe shell thickness in CdTe/CdSe/CdS and CdTe/CdSe/ZnTe structures.
The lifetimes increase with increasing of the CdSe shell thicknesses owing to the decreasing
of the overlap as can be expected in all cases. In CdTe/CdSe/CdS structure, due to lower
oscillator strengths and transition energies, the radiative lifetimes of the X and XX are
higher than that of the other structure include ZnTe buffer layer. In general, it is expected
that type-II QDNCs have longer exciton decay times than type-I QDNCs [12] because
of the spatial separation of charges. Thanks to this feature, type-II structures are made
more suitable for the photovoltaic applications since the carriers may separate before their
recombination.
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4. Conclusion

In the study, we have investigated the electronic and optical properties of a single exciton
and biexciton in a CdTe/CdSe type-II QDNCs which include a thin buffer layer between
the shell and ligand. Poisson and Schrodinger equations have been solved self-consistently
in the Hartree approximation to obtain energy levels and corresponding wavefunctions. In
biexciton calculations, we have taken into account the quantummechanical many-particle
effects in the local density approximation. The optical properties, absorption wavelengths,
overlap integrals, oscillator strengths and radiative lifetimes, have been carried out using
the wavefunctions and energy values obtained. In the calculations, two different materials,
CdS and ZnTe, have been considered as the buffer layer. We show that the buffer layer
plays drastically important role on the optical properties of the X and XX and both of
materials increase the oscillator strength. When we compare the effect of CdS and ZnTe,
it is seen that the ZnTe used as the buffer layer, the overlaps of the wavefunctions become
stronger in comparison to CdS. We conclude that if a type-II nanocrystals are used for
fabrication of an optoelectronic devices, such as an LED, covering of the type-II nanocrystal
with a buffer layer will become more efficient of the device performance. Finally, it should
be noted that an increase in the shell thickness of II-VI core-shell well QDs leads to the
increase in lifetime as reported in a recent experimental study [36] which is consistent with
our theoretical results.
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