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In the framework of the effective-mass approximation and using a vari-
ational approach, we present a systematic study of the excitonic states
in CdTe/Cd,;. .Zn,Te cylindrical quantum dot as a function of the dot
size, temperature and composition. The photoluminescence line intensity
temperature dependence ig also investigated. Qur results show that the
stability of the exciton is more influenced by the dot size and temperature
factors. Furthermore, the photoluminescence intensity depends strongly
on the temperature, dot size and composition.

1. Introduction

In recent years, a great attention has been devoted to the study and engineer-
ing of high-quality devices of very low dimensions, such as quasi-two-dimensional
quantum wells (QW), quasi-one-dimensional quantum well wires (QWW) and
quasi-zero-dimensional quantum dots [1-14]. Correlated electron-hole pairs form
excitons in semiconductor heterostructures. It is well known that spatial con-
finement in semiconductor nanostructures increases the overlap of the electron
and hole wave functions and then causes an enhancement of the electron-hole
interaction. Therefore an enhancement of the exciton binding energies is expec-
ted as the dimensionality of these structures is reduced. The binding energy
increases when going from bulk to quantum well systems, and then to quantum
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well wire and quantum dots systems. In view of rapid development in crys-
tal growth and nanofabrication technology it becomes increasingly necessary to
address the concern of the exciton losing its enhanced effects in the ultrasmall
quantum structures, due to the increased penetration of the exciton wave func-
tion into the barrier materials in the direction of the decreasing gpatial con-
finement. There has been much interest in the study of electronic and optical
properties in quantum dots where the charge carriers are confined in all three
dimensions. The properties of confined exciton in those systems have been the
subject of many theoretical works [15-20]. It was shown in Refs. [21-22] that
the excitons in low-dimensional semiconductor structures play much more im-
portant role compared to excitons in bulk semiconductors. Dramatic impact can
be expected on the optical properties of such structures even at room temper-
ature. Let us mention that the authors of Refs. [15-16] have used variational
approach and effective-mass approximation to investigate properties of excitons
in cylindrical quantumn dots and quantum discs structures.

Temperature effect, on the binding energy of a hydrogenic donor impurity
[23-24] and photoluminescence line intensity, is one of the interesting physical
parameters which are essential to understand the experimental observation of
the semiconductor optical spectra [25-28]. Some recent optical measurements
[29-35] of the photoluminescence spectra realized on different quantum dot and
quantum well structures reveal also the dependence of the luminescence and
photoluminescence line widths on the dot sizes and temperatures. In this work
we report & variational caleulation in the effective mass approximation of the ex-
citon binding energy in CdTe cylindrical quantum dot (well material), of radius
R and height H embedded in Cdy.,Zn,Te (barrier material}. The quantum con-
finement induced by the barrier material is described by a finite depth potential
well. The effect of the temperature on the light (heavy) hole exciton binding
energy for different values of the QD sizes and the potential level is investigated.
Using the exciton binding energy dependence on temperature, the effect of QDs
sizes and potential level induced by barrier material on the integrated photo-
luminescence PL intensity is evaluated. Let us notice that this PL intensity is
one of the important parameter characterizing the optical properties of semicon-
ductor structures. ‘The paper is organized as follows. After a brief introduction
we present in Section 2 the Hamiltonian of the system and calculation method.
Tn Section 3 we describe some numerical results for CdTe/Cd;_-Zn, Te systems
and we summarize by a conclusion in Section 4.
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2, Theory

We consider a confined exciton in a cylindrical quantum dot of radius R and
height H = 2d (well material) embedded in barrier material semiconductors, in
the non-degenerate band approximation. The effective mass Hamiltonian of this
exciton at temperature T can be written as follows:
h? e?
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where m; and mj, are the effective masses of the electron and hole, respectively,
and 7. = (pe, 2.} and 7, = (pa, 2) are the spatial coordinates of the electron
and hole, respectively. V&(re, T) (V2 (ry,, T)) is the corresponding electron (hole)
confining’ potential at temperature T
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where —e? /eo(T")|r. — ra| is the Coulomb potential and £o(T"} is the static dielec-
tric congtant at temperature T,

Vi(T') is obtained from the temperature dependent band-gap discontinuity.
Since there is a strain effect, the conduction and hole valence band offsets are
a complex function of the temperature and concentration z. In this work the
temperature dependence of the energy band gaps of group IV and III-V semi-
conductors is given by Varshni forrmula {36] E,(T") = E,(0)--aT?/(T +d), where
d is the Debye temperature and a is a fitting parameter. From the reference [37],
the valance band offset equals 20%AF,. We can then write the expressions for
Ve(z,T) and V. (2, T) as follows:

Vi(z,T) = 0.80AE,(z,T), Vi(z,T) = 0.200E,(z,T), (3)

where

AE,(z,T) = By ¢are/Cdy - ZneTe(®, T) — Egeare(z, T). (4)
To desl with the Hamiltonian of this system, we shall adopt‘. the variational
treatment for quasi-zero-dimensional systems developed in reference {15]. The
effective Hamiltonian, in the atomic units system (a*_ = 50(0)—5 is the excitonic
Bohr radius and R}, = ue*/2¢3(0)A? is the Rydberg energy), reads
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Figure 1. Binding energy of the light (lh} and heavy (hh) hole excitons
in a CdTe QD as a function of the cylinder radius R for a fixed height
H = a}_, two values of ternperature T' and zinc concentration .
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where o = m? /m}, and £0(0) is the static dielectric constant for QD at temper-
ature 7' = 0 K. In order to calculate the exciton binding energy, we choose the
following wave function [15]:

'lpe:c(Pe: Phy Zgy Zh, T) = Fe(pea Ze, T)Fh(Ph: Zh,y T)Feh(Pem |ze - 3}:')1 . (6)
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with
Fon(pen), |2e — 2n]) = exp (—apen) exp (—y(ze — 21)7), (7)
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Figure 2. Varistion of light (solid line) and beavy (dashed line) hole
exciton binding energy as a function of temperature for a fixed height H
and zinc concentration z and two values of the dot radius R.

and

Fi(pi,z,T) = filpi, T)gi(%,T), (i=eh): (8)
Respectively, the corresponding 2D (lateral direction) and 1D (longitudinal dir-
ection) effective-mass Schrodinger equations are

) | .
{- i Vi+ tha(Pi,T)} [0, T) = Ei(p:, T) filpe, T) (=¢,h), (9)

2my
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with solutions of the form
o _ | H(@(T)E) for p< R, (i=eh)
floT) = { AT Ko(BTps) for pi> R (i)
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Figure 3. Variation of the heavy hole (hh} exciton binding energy in
cylindrical quantum dot of height equal to H = la, as a function of: (a):
the radius R and temperature T for a fixed Zn concentration z = 0.3, (b):
the radius R and fraction z of zinc at temperature T' = 300 K,

_f cos(m{TVE) for |z <d, (i=eh)
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Here Jp and Kp are the modified Bessel functions of m* order. 6;(T), 8«(T),
7(T), ki(T), A(T) and B;(T) are determined from the boundary conditions at
pi = R and |z = 4d.

In Eq.(7), o and v are the variational parameters. The temperature depend-
ent variational binding energy of the exciton system is given by

Eg(T) = E(T) + Ea(T) - EXT), (13)

where E(T) is the temperature dependent variational bound-state energy of the
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Figure 4. Arrhenius plot of the integrated photoluminescence intensity
using Eq.(15) for the light hole exciton, in the case of CdTe/Cd;_,Zn,Te
QD, as function of the temperature T for a fixed dot height H = lag,.
(a): = = 0.3, for two values of the dot radius R = 1a}, and R = 3a}, (b):
R = la*_, for two values of the zinc concentration z = 0.08, » = 0.3.

&F?
exciton system which can be written as:

E(T) — r&}.}l(wcmlﬂcxhpem) (14)
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where E,(T) and E,(T) are the free electron and hole energies.

In relation to the optical experiment on these quantum dot structures, the
integrated photoluminescence intensity is one of the physical parameters which
can draw a good picture of their optical properties. The temperature depend-
ence of integrated photoluminescence intensity is given by the Arrhenius model
[25,38]:

0T 1
7(0) ~ 1+ Crexp (—Ey(I1V/KT) + Caexp (—Ea(T)/KT)’

(15)

where I{(T") and I(0) are the integrated photoluminescence emission intensities at
temperatures 7' and 0 K, respectively, E1(T") and E,(T) are activation energies at
temperature T', C; and C are constants characterizing the ratio of non-radiative
to radiative recombination rates:

Ey(T) = Eo(T) + E(T) ~ min <¢ZET$E|:§H> | 16)
Eo(T) = E(T) + EW (T}, | (17

FE.(T) and E(T) are, respectively, the electron and hole energies at temperature
T.

3. Numerical results and discussions

The numerical calculations are performed for a cylindrical quantum dot made
of CdTe embedded in Cd;_,Zn.Te material. The physical parameters correg-
ponding to the (well) polar crystal CdTe are: mj, = 0.11my, m}, = 0.662mo,
m? = 0.098mq, (m:, m}, and mj, are respectively the electron, the light and
heavy hole effective masses). The dependence of the static dielectric constant on
temperature T is given in Ref. [39] as £o(T) = £o(0) +8.3- 10747 + 3.3 . 10°T2
where £9(0) = 9.808. Our numerical results are presented in units of the effective
Rydberg energy R;, = 7.62 meV and the effective Bohr radius af, = 98.17 Aat
low temperature.

Figure 1 shows the variation of the light. hole exciton binding energy in a
QD of a fixed height H = la?,, as a function of the cylinder radius R, for
two different values of temperature (T = 0 K and 300 K) and for two zinc
concentrations (z = 0.08 and 0.3). In the same figure we illustrate the variation
of heavy hole exciton binding energy for zinc concentration z = 0.3 and the
same two values of temperature. At fixed temperature, the exciton binding
energy increases as the radius decreases (well width is reduced), reaches a peak
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at a critical confinement width (which depends on the height of the potential
model considered), and then decreases. At small R values, discrete exciton levels
are absent in the well and the electron and hole wave functions are distributed
outside the cylinder. When increasing the cylinder radius R, the exciton energy
levels fall from the contimuum spectrum into the well. For a fixed radins R,
it is seem from this figure that the exciton binding energy at low temperature
T = 0 K is greater than that at room temperature T = 300 K. Similar result
is obtained in the case of a donor impurity in Ref, [23]. We should emphasize
that for two different values of temperature (I" = 0 K and 300 K) and fixed zinc
concentrations (z = 0.08 and 0.3), the difference between the heavy and light
hole exciton binding energies becomes smaller with increasing dot radius. The
heavy hole exciton is more stable than the light hole exciton in cases of smaller
QD which can be attributed to the heavier effective mass which provides much
more confinerment in these situations and hence an enhancement of the exciton
binding energy. Our result agrees with that obtained previously by Huang and
Jain [18]. Figure 2 displays the heavy (light)-hole exciton binding energy versus
the temperature for different radius (B = lat,, B = 2a?,). The concentration
of zinc is fixed at z = 0.3 and the dot height is H = la},. This figure shows
that the exciton binding energy decreases with increasing temperature. This
is due to the fact that with incressing temperature the exciton has a tendency
to dissociate into an electron-hole pair. We notice also that the temperature
effect on the exciton binding energy is relatively similar for both heavy and
light hole excitons. To get a good picture of the effect of zinc concentration,
radiug and temperature on the exciton binding energy, we have plotted the
heavy hole (hh) exciton binding energy as a function of the dot radius and
temperature (Fig. 3(a)) and also versus the radius and zinc concentration at
room temperature (Fig. 3(b}). The dot height is fixed at H = 1a},. The exciton
binding energy increases when the temperature and eylinder radius decrease and
also when zinc concentration increases in the barrier material. This means that
more confinement of the electron and hole wave functions can be reached by
adjusting the zinc concentration and dot sizes,

More interests, in the area of nanostructure physics, have been focused on
the study of the role of carrier charge (electron or hole} interaction not only
on the electronic properties but also on the optical ones. Investigation of the
emission spectra in such structures versus temperature allows to find the effect
of different parameters on the luminescence and photoluminescence. Equation
(15), which gives the analytical expression for the integrated photoluminescence
intensity, shows its dependence not only on temperature fluctuation, but also
on the activation energies F;(T') (Eq.16) and Ey(T') (Eq.17), and the constants
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¢, and C characterizing the ratio of non-radiative to radiative recombination
rates. In order to achieve this aim and for the sake of simplicity to obtain basic
information about this process, we take the constants C; and C5 equal to unit.

Figure 4 (a) displays the behavior of the integrated photoluminescence in-
tensity of light hole exciton in CdTe quantum dot embedded in Cdy_.Zn,Te
barrier material of zinc fraction z equal to 0.3. The integrated photolumines-
cence intensity is depicted versus temperature for CdTe quantum dots of height
H = la7, and different radii R = lag, and 3ai,. It is important to note that
the sizes of the QD as well as the temperature affect the photoluminescence
spectra. The intensity ratio I(T)/I(0) decreases with increasing radius R for
temperatures approximately higher than 50 K.

In Figure 4(b) we show, for a given CdTe quantum dot of sizes R = la;, and
H = 1a,, how the depth of the barrier potential induced by the Cd;_,Zn,Te ma-
terial modifies the intensity of the integrated photoluminescence ratio I(TY/I(0).
This figure is depicted for two values of the zinc fraction (z =0.08 and z = 0.3)
which correspond to different values of the potential barriers levels. We re-
mark that at low temperatures the height of the potential harrier has no effect
on the photoluminescence intensity ratio J (T)/I(0) but when temperature be-
comes greater than a certain critical value (around 60 K), the well potential
barrier influences notably the photolumiriescence spectra by adjusting zinc con-
centrations.

4, Conclusion

Using the variational method, we have investigated two effects on the heavy
(light)-hole excitonic binding energy for a finite depth potential: the temperature
and the dot sizes effects. Our results show that due to the finite confining capa-
city of the QD there is a critical radius for which the exciton is no longer confined.
Indeed, as the confining potential decreases, this critical radius becomes bigger.
The exciton binding energy is enhanced by decreasing temperature which allows
the exciton to become more stable. Calculation of the integrated photolumines-
cence intensity versus the temperature variation shows the noticeable effect of
the dot size and the zinc concentration on the photoluminescence spectra.

We expect that the present study will be useful for a good understanding of
experimental works concerning the existence and stability of the exciton in nano-
structures. This stability is dependent on the temperature and the dimensions
of the nanostructures.
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