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We studied the effects of the hydrostatic pressure and the temperature on the exciton
binding energy confined inside a cylindrical GaAs quantum dot. The exciton binding energies
are obtained by a variational approach. We solved the Schrödinger equation via the proper
choice of the exciton trial wave function. The behavior of the exciton binding energy was
examined at different pressure and temperature values for different quantum dot sizes. The
present study shows an increase of the exciton binding energy as the hydrostatic pressure
increases, and, in contrast, it decreases when the temperature is raised.
PACS numbers: 73.21.La

I. INTRODUCTION

The techniques of molecular-beam epitaxy (MBE) and metal-organic chemical-vapor
deposition (MOCVD) have been used to grow high-quality hetero-junctions; thus the growth
of systems consisting of alternate layers of two different semiconductors with controllable
thickness has become possible. These hetero-structures have stimulated new works in semiconductor physics over the past years. For example, we are now able to control layers so
thin that some of the quantum confinement effects of electrons and holes can readily be
seen. For example, in bulk GaAs, the exciton resonances are very weak and thus can be observed only at very low temperatures. However, in nano-structures, the exciton resonances
become considerably sharper due to the quantum-confinement effect, and thus can be observed easily at room temperature. In recent years, the exciton problems in semiconductor
nano-structures have been studied extensively [1-5].
The formation of self-assembled quantum dots (SAQDs) in different material systems such as GaAs/AlGaAs or GaInAs/AlGaAs hetero-structures has been demonstrated
successfully [6]. The stopping of the growth process in the initial state of formation of the
nano-structures results in QDs free of defects and dislocations. Adler et al. [7] have observed
optical transitions from higher energetic dot levels in the photoluminescence (PL) spectra
at different excitation levels in InAs/GaAs SAQDs. Their observed PL lines are in good
agreement with the calculated transitions between the eigenstates obtained by solving the
effective-mass Schrödinger equation in cylindrical coordinates. Additionally, in their very
simple model, they have found only one quantized electronic level in the QD. Strain modifies the band structure via the deformation potentials, and the shift of the conduction band
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is proportional to the hydrostatic strain [8]. A study of the temperature dependence of the
PL emission from InAs QDs in a strained Ga0.85 In0.15 As QW has shown [9] that the energy
shift with the temperature generally follows the InAs band gap variation for temperatures
up to about 200 K, and that when the temperature is further raised the QD peak red shifts
faster than the InAs gap variation. An understanding of the pressure and temperature
dependence of QD emissions may be very important for building efficient lasers.
It is well established that the confinement of excitons in semiconductor nanostructures
yields an enhanced excitonic effect, which can be exploited in the design of novel optoelectronic devices. The exciton binding energy increases with the spatial confinement reaching
a peak at some critical confinement width (which depends on the potential barrier height).
This implies the existence of a critical confinement limit where the quantum confinement
effect is a maximum. There has been growing interest in the topic regarding the confined
exciton states in various nanostructures [10–12]. A reason for this interest is the possible
simplification of the intensive computation involved in obtaining exciton binding energies
in quantum structures such as QDs systems. Thus, a large binding energy allows excitons
to become stable, and it is favorable for the room temperature operation of devices based
on excitons. Therefore a proper understanding of the temperature effect on the excitons
in these confined systems is necessary for the correct interpretation of the optical data.
Besides, there has been growing interest in the topic regarding the confined exciton even
at room temperature [13, 14].
El Moussaouy et al. [15, 16] published two articles, one [15] regarding the hydrostatic
stress dependence of the exciton-phonon coupled states in a cylindrical GaAs QD. But
going through their model we noticed two different issues between their theoretical model
and the present model. The first issue concerns their trial wave function, which is different
from ours. The second issue is that they considered an infinite confinement in the inplane direction. The second [16] article concerns the thermal effect on bound excitons
in a CdTe/Cd1−x Znx Te cylindrical QD. Therefore in our present work we will study the
hydrostatic pressure and temperature effects on bound excitons in a GaAs/Alx Ga1−x As
cylindrical QD with a finite confinement potential induced by the barrier material. This
paper is organized as follows: in Section 2 we show our theoretical model, the results and
discussion are given in Section 3, and finally in Section 4 we present our conclusions.

II. THEORETICAL MODEL

The Hamiltonian for an exciton confined inside a cylindrical QD of radius R and
height L in the effective mass and non-degenerated band approximations can be presented
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II-1. Hydrostatic pressure
Applying pressure along the growth axis (z-direction), the electron effective mass
inside the QD and inside the barrier changes with the pressure as m∗e (p)=mo (0.0665 +
0.00055p), and the effective mass of the hole becomes m∗h =mo (0.087 + 0.00064p), where
p is the pressure value [17, 18]. The total band gap difference between GaAs and
Ga1−x Alx As as a function of x (Al concentration) and the pressure p is given by
∆Eg (x, p)=∆Eg (x) + pD(x), where ∆Eg (x)=1.247x eV and D(x) is the pressure coefficient
of the band gap given by D(x) = (−1.3X10−3 )x eV/kbar [19, 20]. Assuming the
conduction band offset parameters for electron and hole are 65% and 35%, respectively.
The confinement potential as a function of the pressure is given as follows:
0
Vi = V i
Vi (p)

if r ≤ R, |Z| ≤ L (p) /2,
if r > R, |Z| ≤ L (p) /2,
otherwise,

where i = (e, h), Ve and Ve (p) are defined as Ve =0.65∆Eg (x, 0), and Ve (p)=0.65∆Eg (x, p),
similarly the hole confinement potential is considered as Vh =0.35∆Eg (x, 0) and
Vh (p)=0.35∆Eg (x, p). The dielectric constant is represented by ε(P )=13.1-0.0088P. The
variation of the QD height with the pressure is given by [21] L(p)=L [1 − (s11 + 2s12 )p] ,
where s11 =1.16 × 10−3 kbar−1 and s12 =−3.7 × 10−4 kbar−1 are the elastic constants of
the GaAs material and L is the original height of the QD.
In order to determine the exciton binding energy, we choose the following trial wave
function:
p
(3)
ψexc = Fe (re , ze , p)Fh (rh , zh , p) exp{−α (re − rh )2 + (ze − zh )2 },
with Fi = fi (ri )gi (zi , p), where fi and gi are the single particle (electron and hole) wave
functions in the in-plane and z-direction, respectively:

J0 (θr)
for r ≤ R,
fi (ri ) =
BK0 (βr)
for r > R,
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for |Z| ≤ L (p) /2
for |Z| > L (p) /2

Here J0 , K0 are the modified Bessel functions of zero order. α is the variation parameter.
The ground-state energy of the exciton under the pressure effect is calculated as follows:
Eexc (p) = min
α

hψexc | H |ψexc i
,
hψexc | ψexc i

and the exciton binding energy is obtained by the relation
Eb (p) = Ee (p) + Eh (p) − Eexc (p),
where Ee (p) and Eh (p) are the single particle ground-state energies (eigenvalues of Fi ).
II-2. Temperature effect
Monomer et al. [22] showed that for the Γ1 and X1 minima the temperature coefficients of the minima are a good approximation independent of the aluminum concentration,
hence the barrier potential can be obtained using Ve =0.65∆Eg (x), Vh =0.35∆Eg (x), where
∆Eg (x)=EgGaAlAs (x, T )−EgGaAs (x, T )=1.115x+0.37x2 . We used the following relations to
calculate the electron and hole effective masses and the dielectric constant, respectively [23]:
mo
,
1 + 7.51((2/Eg ) + (Eg + 0.34)−1 )
Eg mo
, and (T ) = 12.4(1 + 1.2(10−4 T )).
=
(20 − Eg )

m∗e =
m∗h

Here Eg is the GaAs direct energy gap and is given by the Varshni formula [23]:
EgGaAs (T ) = 1.519 −

5.405 × 10−4 T 2
.
(T + 204)

III. RESULTS AND DISCUSSIONS

In order to illustrate the pressure effect on the exciton binding energy, we consider a
cylindrical QD made of GaAs embedded in Alx Ga1−x As material. The physical parameters
corresponding to GaAs are: ε=(P )=13.1−0.0088P , the exciton effective Bohr radius at zero
pressure is a∗exc =183.8 Å. Figure 1(a) and 1(b) show the variation of the exciton binding
energy as a function of the half width (L/2) at a constant radius R = 15 nm, and as a
function of the radius R at constant half width L/2 = 7 nm, respectively. The three curves
in each figure are calculated at three different values of the applied hydrostatic pressure
along the z-direction, p = 0, 10, and 40 kbar. The binding energy as the radius or the half
width reduces, reaches a maximum, and then decreases, which is qualitatively similar to
our previous results [13] for the exciton state without applying pressure. At small R values,
discrete exciton levels are absent in the well, and the exciton’s particle wave functions are
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distributed outside the cylinder. When increasing the cylinder radius R, the exciton energy
levels fall from the continuum spectrum into the well. By looking at Figure 1(b) we observe
that the exciton binding energy decreases faster when the radius increases than when the
half width increases Figure 1(a).
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FIG. 1: (a) The exciton binding energy as a function of the half width at three different values of
the pressure, at R = 15 nm. (b) Exciton binding energy as a function of the radius R at three values
of pressure, L/2 = 7 nm.

The hydrostatic pressure increases the exciton binding energy, meaning that the exciton state will be more stable inside the QD under pressure than in a QD without pressure
if its radius is within the range 6 to 8 nm.
In Figure 2(a) and 2(b) we display the variation of the exciton binding energy with
the applied pressure at different half widths (L/2 = 2, 5, and 10 nm at R = 10 nm) and
different radii [R = 5, 10 and 20 nm at L/2 = 9 nm], respectively. The increase of the
three curves’ slope is a more noticeable value with an increasing R than when increasing
the QD half width, that is, again as we said before, the exciton state becomes more stable
in the presence of the applied pressure. Thus we obtained the sudden decrease of the
exciton binding energy in the in-plane of the QD, which is not the situation in the z-axis
(L-direction) Figure 1(a).
To study the effect of the barrier height on the exciton binding energy at high temperature, we present Figure 3. Figures 3(a) and 3(b) show the variation of the exciton
binding energy with the QD radius R at L/2 = 7 nm, when the temperature is zero and
300 K at two different values of Al concentration x = 0.4 and 0.2, respectively. Here we
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FIG. 2: The exciton binding energy versus the pressure for three different values of L/2, at R = 10
nm. (b) Exciton binding energy versus the pressure for three different values of R, at L/2 = 9 nm.

note that the temperature effect on the exciton binding energy is qualitatively similar to
the pressure effect. We see that the exciton binding energy decreases with a raise in the
temperature, in contrast with the hydrostatic pressure effect. Looking at Figures 3(a) and
3(b), we can say that the higher the binding energy the higher the x value and the lower
the temperature values.
Figure 4(a) and 4(b) display the variation of the binding energy with the temperature
at three different values of the QD half width (L/2 = 5, 8, and 10 nm) and at three different
radii {R = 7, 10, and 15}, respectively. Comparing the slopes of the curves in Figure 3
and Figure (2), we may say that the increase of the slopes of the plots in Figure (2) is
more noticeable than that of Figure 3. In other words the hydrostatic pressure raises the
exciton binding energy, and consequently we get a stable excitonic state. This increase
of the exciton binding energy is quite noticeable when compared to its decreasing at high
temperature.
Our results are in qualitative agreement with the results in Ref. [15, 16]. Finally, we
give a comparison between our results and the Ref. [15] results, even though those authors
showed that the exciton-phonon coupled states in their Hamiltonian increases the exciton
binding energy. However, here we choose a different trial wave function (no separation of
the exciton motion in the x − y plane from the z-direction), and without including excitonphonon coupling, we obtained a higher value for the exciton binding energy than in Ref. [15],
because we considered a finite confinement potential in the x − y plane.
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FIG. 3: (a) Variation of exciton binding energy as a function of the Radius at L/2 = 7 nm, T = 0,
300 K and x = 0.4. (b) The same but at x = 0.2.
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FIG. 4: (a) Exciton binding energy versus temperature for R=9nm at L/2 = 5, 8 and 10. (b)
Variation of binding energy with temperature for L/2 = 7 nm at R = 7, 10, and 15 nm.
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IV. CONCLUSIONS

We solved the Schrödinger equation variationally for excitons confined inside a cylindrical QD manufactured from GaAs and embedded in Alx Ga1−x As as a barrier material.
We choose a trial wave function with one variational parameter. The hydrostatic pressure effect on the exciton binding energy was examined by applying hydrostatic pressure
along the QD growth axis (z-axis). We obtained higher values for the binding energy than
those found in Ref. [15]. We obtained an increase of the exciton binding energy due to
the presence of the hydrostatic pressure, and thus the excitonic state becomes more stable.
In contrast the exciton binding energy decreases at high temperatures. The present work
could be helpful for a correct interpretation of the optical data of QDs and for the designers
of devices based on excitons.
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