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Abstract: In the current work, we study the intense laser pulse influences on the behaviors of the
first excitonic transition in a core/shell quantum dot submitted to an electric field. Therefore, the
exciton binding energy and the mean distance between the correlated electron–hole pair are discussed,
considering the electric field and laser strength. Our calculations show that both external fields play
significant repulsive effects. Through their effects, they oppose the attractive nature of the Coulomb
potential between the correlated pair, which decreases the excitonic binding energy. We also analyze
the dissociation process by determining the photo-ionization cross-section (PICS). Our findings show
that the peaks of the PICS redshift when the shell thickness b− a increases. For a given core radius,
the laser and electric field induce a shift toward the low-energy region for the PICS; this displacement
is more pronounced for the laser case. Our study also compares simple quantum dots and core/shell
quantum dots to show the effect of the inner radius on the obtained results. Our theoretical results
can lead to promising applications of exciton-based devices controlled by sizes and external fields.

Keywords: core/shell quantum dots; exciton; Intense laser field; electric field; photo-ionization
cross-section; exciton binding energy

1. Introduction

Low-dimensional systems have attracted great interest in materials science after being
studied extensively, either theoretically or experimentally [1–8]. These systems are classified
according to the degree of confinement of particles as 1D (quantum wells (QW)), 2D
(quantum wires), and 3D (quantum dots (QD)). The increasing interest in these structures,
especially QD, is due to their wide technological applications, such as memory devices,
solar cells, and terahertz detectors [9,10]. Nevertheless, the modest chemical/photostability
of QDs in the presence of air and moisture hinders their use and exploitation. Therefore, to
increase the stability of these QDs, several approaches have been developed during the last
few decades. These approaches allow for achieving new architectural configurations by
coating a second material onto QDs, known as core/shell quantum dots (CSQD), which
have been demonstrated to be an effective method for enhancing QD photostability and
improving absorption at various wavelengths and with more accurate colors [11–16].
Therefore, due to their intriguing morphological features, which can be controlled based on
shapes and thickness, this nanostructure has garnered interest because of the combination
of several exceptional qualities that individual components do not possess. These systems
may integrate the traits and qualities of both the coated shell and the core, where the shell
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surface properties can be translated to the core or vice versa, giving these structures new
performances and functionalities. Depending on these properties, these classes of materials
have been utilized in numerous applications such as surface coatings, light-emitting diodes,
printing, corrosion protection, impact modifiers, and sensing, to mention a few [17–20]. The
excitation of QDs can create an electron–hole correlated pair (exciton). From their extensive
intervention in the optical process, the excitons offer a better comprehension of physical
properties, such as excitonic binding energy (Eb) and photo-ionization cross-section (PICS),
which is considered an important factor in the understanding of optoelectronic properties
of these types of CSQD structures [21–26].

In addition to the choice of the materials, adjusting particle size and shape is a very
important factor in the synthesis or processing steps of QDs, because the physical proper-
ties of core/shell particles are much more sensitive to their size and shape. Many studies
have shown that nanoparticle size can be controlled by varying the laser photon energy
(wavelength), where the particle size decreases as the number of irradiations of laser pulses
increases [27–30]. Moreover, the intense laser (ILF) and electric fields (EF) induce repul-
sive effects that counteract the attractive Coulomb interaction between the correlated pair,
reducing the overall Eb, and therefore affecting the physical properties of these nanomate-
rials [31–39]. The influence of these two applied fields on some nanostructures has been
widely investigated in the literature [40–44]. In particular, the effect of ILF was analyzed
for quantum rings by Radu et al., finding an analytical expression for the dressed poten-
tial [31]. The combined effects of EFs and ILFs on cylindrical QDs were studied, in which
the nonlinear optical properties were computed [32]. Barseghyan et al. explored double QD
electronic and optical properties, considering a lateral EF and ILF [33]. Moreover, Laroze
et al. examined the states of impurity in 2D QDs and quantum rings [40]. A theoretical
study of a donor dopant inside a QD under the excitation of an ILF was carried out by
Yesilgul et al. [45]. They found a strong impact of the ILF on the interaction of electron im-
purity, which manifests in a variation in the donor Eb. The impurities’ nonlinear properties
of QD using an ILF were investigated by Lu et al. [46,47]. Their findings indicate that these
properties respond sensitively to the ILF. Later, Burileanu reported the effect of EF and
ILF on the PICS of a donor in QDs [48]. Wang et al. studied the impact of ILF on PICS of
donor dopants in semiconductors [49]. They demonstrated that the PICSs shift to the lower
energy of the photon when the laser intensity augments. Xie investigated the susceptibility
and PICS of an exciton in a QD; he observed that the dot size and hole mass have a strong
effect on the exciton susceptibility and PICS [24]. The magnetic field (B) impact on the PICS
of exciton within quantum wire was discussed by Arunachalam et al. [25]. Another study
was carried out by Angayarkanni concerning the pressure-dependent PICS for an exciton in
a QW; they found that well width and hydrostatic strain had a significant influence on the
PICSs [26]. Isono et al. realized the photo-ionization of the singlet exciton in single-crystal
naphthalene; they showed that the cross-section increases monotonically with the photon
energy [50]. The EF effect on the fundamental state energy of a donor dopant within QD
was examined by Feddi et al. [51]. Additionally, M’zerd et al. realized the EF effect on the
PICS of a dopant in a CSQD; their results show that the PICS spectra exhibit a redshift
when the EF is applied [52].

However, among the available research, most of the reports focused on impurities;
only some examined the ILF effect on excitons confined in QDs. Ouadghi et al. studied the
Eb of excitons in a simple QD under an ILF. They reported that the ILF lowers the excitonic
Eb [53]. The ILF effects on the exciton Eb in QW were reported by Yesilgul et al.; their
results show that the ILF has a significant effect on the physical properties of an exciton in
the QW [54]. Concerning the EF effect on excitons, Heyn et al. studied the states of excitons
in conical QDs under applied EF and B [55]. The EF effect on exciton states in CSDQs has
been investigated for CdSe/ZnS and InGaAsP/InP materials [56,57]. These studies have
shown a profound dependency between the excitonic properties and the applied EF.

To our best knowledge, no studies have been carried out that treat the ILF impact
on the properties of an exciton confined in a spherical CSQD. For this reason, this study
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is regarded as a contribution to the comprehension of the behaviors of the Eb and PICSs
of excitons within these types of structures under the application of ILF and EF. Our
computations have been made in the effective mass framework and the variational method
and by selecting a good wave function considering the correlation of particles, the laser
intensity, and the EF effect. This research paper starts with the introduction. The theoretical
model of the calculations is given in Section 2. The discussions of our findings are reported
in Section 3.

2. Background Theory

This research is based on an exciton trapped in a spherical CSQD formed by AlAs/GaAs/AlAs
with AlAs of radius a and GaAs of radius b representing the core and shell, respectively.
Our system is submitted to a uniform external EF and an ILF. The Hamiltonian of this
CSQD in the existence of these two fields can be written as:

HX = − h̄2

2m∗e
∆e −

h̄2

2m∗h
∆h + Vc(

−→α ) + Wi + Vi
w (1)

Vc(
−→α ) is the dressed Coulomb potential describing the interaction energy of correlated

pair under the influence of the ILF of amplitude A0 and angular frequency Ω. This dressed
Coulomb interaction is given by [48,58]:

Vc(
−→α ) =

−e2

ε

(
1∣∣−→re −−→rh +−→α

∣∣ + 1∣∣−→re −−→rh −−→α
∣∣
)

(2)

where −→re (−→rh ) is the electron (hole) position. α = eA0/µΩ = (8πe2 I/µ2cΩ4)1/2 is assessed
as a factor that establishes the ILF strength, known as the laser-dressing parameter, which
has a nanometer (angström) unit. It includes both the frequency Ω and intensity of the
laser I (kW/cm2); c is the light velocity and µ = ( 1

m∗e
+ 1

m∗h
)−1 is the exciton reduced mass.

Vi
w = Ve

w + Vh
w is the potential confinement of electron and hole, respectively, and it is

given as follows:

Vi
w =

{
0 a < ri < b
∞ 0 < ri < a and ri > b

i = (e, h) (3)

a (b) is the CSQD’s internal (external) radius. The infinite potential choice is justified
by very large-band offsets of the heterostructures, where particles always remain confined
to the shell region.

Wi (i = e, h) represents the dipolar electrostatic energy of the particles, given by:

Wi = We + Wh = e
−→
F · (−→re −−→rh )). (4)

Using the excitonic units aX = h̄2ε/e2µ for length and R∗X = h̄2/2µa2
X for energy, as

well as the dimensionless parameter f = ea∗X/R∗X (which measure of the EF in the effective
units), the Hamiltonian (1) becomes:

HX = − 1
(1 + σ1)

∆e −
σ1

(1 + σ1)
∆h − (5)(

1∣∣−→re −−→rh +−→α
∣∣ + 1∣∣−→re −−→rh −−→α

∣∣
)
+ Wi + Vi

w

where σ1 = m∗e /m∗h is the mass ratio and Wi follows the expression:

Wi = e
−→
F · (−→re −−→rh ) = f (ze − zh) (6)
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The coordinates Hylleraas (re, rh, reh, ze, zh) are a very good choice for describing a
two-bodies system [21–23], and therefore, the Laplacian for the electron (for the hole, the
index e is substituted by h) is given by:

∆e =
∂2

∂r2
e
+

∂2

∂r2
eh

+

(
r2

e − r2
h + r2

eh
rereh

)
∂2

∂re∂reh
+

2
re

∂

∂re
(7)

+
2

reh

∂

∂reh
+

2ze

re

∂2

∂ze∂re
+ 2
(

ze − zh
reh

)
∂2

∂ze∂reh
+

∂2

∂z2
e

The fundamental energy of exciton EX and the corresponding wave function ΨX can
be calculated from the equation of Schrödinger: HXΨX = EXΨX. Without an analytical
solution, this equation must be solved numerically. The chosen numerical method in this
work concerns the variational method with an appropriate wave function. The exciton’s
fundamental energy can be determined by the minimization of the value of HX :

EX = min
β,η,λ

〈ΨX |HX |ΨX〉
〈ΨX |ΨX〉

(8)

To describe the distortion entered by the ILF and EF, the trial wave functions are given as:

ΨX = N1 J0(re)Y0
0 (θe, ϕe)J0(rh)Y0

0 (θh, ϕh)e−βreh eη f (ze−zh)eλ(ze−zh) (9)

J0 and Y0
0 are spherical Bessel of order zero and harmonic functions, respectively. N1 is

the normalization constant. e−βreh refers to the Coulomb correlations between the particles.
e−η f (ze−zh) and eλ(ze−zh) depict the impact of the EF and ILF on the particles. β, η, and λ
are the variational parameters, which must be determined for minimizing the energy EX .
The exciton Eb is then given by:

Eb = Ee + Eh − EX (10)

The photo-ionization cross-section (PICS) refers to the removal of a particle from its
electronic state by the action of light, and it is governed by a dipole transition between
the states. This PICS is a crucial process in a vast range of phenomena. It is the simplest
process that gives detailed information about complexes excitonic, and it is mainly utilized
in the characterization of semiconductor materials. In the dipole approximation, the PICS
can be written as [59,60]:

σ(h̄ω) =
4πe2

nr h̄c
(

Fe f f

F0
)h̄ω×∑

∣∣∣〈Ψi|
−→
ζ .−→ri

∣∣∣Ψ f

〉∣∣∣2δ(E f − Ei − h̄ω) (11)

where h̄ω is the photon energy of excitation, nr is the index of refraction, and Fe f f /F0 is the
ratio between electromagnetic radiation’s effective electrical component and the mean EF.

〈Ψi|
−→
ζ .−→ri

∣∣∣Ψ f

〉
(i = e, h) is the transition state’s dipole moment’s matrix component.

−→
ζ is

the light wave vector’s polarization. Ψ f is the eigenfunction of the Hamiltonian given by
Equation (1) without the Coulombic interaction effect, while the initial state Ψi refers to the
exciton wave function (expression (9)). Please note that 〈Ψi|

−→
ζ .−→ri

∣∣∣Ψ f

〉
depends deeply on

the polarization orientation controlled by the strict selection rules. For simplicity, we accept
in our study that the polarization is along the z-axis; in this case, the PICS is given as:

σ(h̄ω) =
4πe2

nr h̄c
(

Fe f f

F0
)h̄ω× IOP

Γ
(Eb − h̄ω)2 + Γ2 (12)

where Γ represents the maximum line width of the Lorentzian at midheight. IOP is the
optical integral of the recombination of the pair, given by the following expression:
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IOP =

∣∣∣∣∫V
Ψi(re, rh)(ze + zh)Ψ f (re, rh, reh)dredrhdreh

∣∣∣∣2 (13)

The PICS determination first requires calculating the effective field parameter Fe f f at
the exciton site, which is very heterogeneous and tricky to calculate because the external
field related to the incoming radiation has three spatial components along all polarization
orientations. There is little knowledge about how the laser influences the Fe f f /F0 ratio in
such laser-driven materials. Since the form of the PICS is not influenced by the Fe f f , we
consider Fe f f /F0 = 1.

3. Discussion of Results

This work aims to highlight the impact of an ILF on an exciton confined within a
spherical CSQD submitted to a uniform EF, where the physical parameters of the studied
GaAs material are given in Table 1 [61].

Table 1. Physical parameters of the studied material.

Eg (eV) m∗
e /m0 m∗

h /m0 ε RX (meV) aX (nm)

1.607 0.067 0.079 13.18 2.84 21.78

In the first approach, let us start our investigation with the case of the simple GaAs
QD (SQD) (a = 0). In Figure 1a,b, we present Eb of the exciton, for several EF and
ILF values, respectively. As a first remark, the excitonic Eb enhances as the size of QD
(b) decreases. This evolution is related to the effect of the confinement, where for the
smallest dots, the exciton wave function becomes strongly localized within it, and the
three-dimensional (bulk) values limits (=1RX) are reached for large QD sizes. By examining
the ILF effect, we notice that Eb is a decreasing function with the α parameter because
of the system’s geometric modifications brought on by the laser, which influences the
exciton wave function’s localization within the QD. As a result, the Coulombic interaction
between the particles becomes weak, i.e., the charge carriers are less confined under the
application of ILF. Moreover, we note that the laser effect is always pronounced, even
for strong confinement regions. (Our findings are consistent with those obtained for the
impurity [62,63]). Regarding the EF effect (Figure 1b), we find that for a strong confinement
regime (b < 1.5aX), Eb decreases quickly, and the confinement effect is more critical than
the EF one (EF effect seems to be negligible). However, when the QD size increases, the
confinement loses dominance, and the EF effect is further evident because of the expansion
of the excitonic orbital close to the surface of the QD, and thus Eb is more sensitive to EF in
this case. The external EF and ILF can modify the quantum states of particles trapped in
very low-dimensional materials. Moreover, they are powerful tools for investigating the
properties of the complexes excitonic confined in CSQD. It is well known that the electronic
system confinement potential is significantly altered when an ILF is used to irradiate it.
This has a strong impact on the Colombian interactions between the particles, which leads
to a modification in the CSQDs’ physical properties.

Next, the laser effect on the core/shell QD configuration is discussed. In Figure 2a,
we show the variation of the exciton’s Eb in relation to the ratio a/b, for b = 2aX, and for
α = 0, 5 and 10 nm. We remark that at zero applied laser field, the Eb variation includes
two regions separated by a minimum corresponding to a/bcri, where when a/b varies from
a/bcri to 1, Eb tends towards the well-known 2D exciton Eb limits (=4RX), i.e., the particles
form a free rotation over the surface of the well of GaAs, and consequently, the kinetic
energy becomes more important than the Coulomb energy, leading to an augmentation
in the exciton Eb. The rise of Eb over the a/bcri indicates that the system behaves as
two-dimensional (2D) material created by some layers of GaAs. This a/bcri value allows
us to distinguish between the 3D geometrical system and spherical surface confinement.
According to the above assertions, the laser application shows a drastic reduction in
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the excitonic Eb, especially within the a/b > 0.4 limits, because of the weakness of the
confinement induced by the geometrical change resulting from the applying ILF. We also
see that the Eb minimum shifts to the higher values of a/b as α increases. In Figure 2b, the
EF effect on the exciton Eb of a CSQD is plotted for b = 2aX and different values of EF
(F = 0, 5 and 10 kV/cm). It is observed that Eb diminishes with EF augmentation. Indeed,
the application of the EF diminishes the influence of the confinement for both particles
because of the increase in the structure size; therefore, Eb reduces. This decrease is more
pronounced when a/b tends to 1 but is still inferior to that obtained in the ILF application
case (Figure 2a).

Figure 1. Excitonic Eb variation versus the QD radius b. (a) For α = 0, 5 and 10 nm. (b) For F = 0, 5
and 10 kV/cm.

Figure 2. Excitonic Eb variation versus the core/shell radii ratio a/b for b = 2aX . (a) For α = 0, 5 and
10 nm. (b) For F = 0, 5 and 10 kV/cm.

The analysis of the variation of the particles’ mean distances can support the exci-
tonic Eb behaviors. In Figure 3, we plot the electron–hole mean distance 〈reh〉 given as
〈reh〉 =

〈ΨX |reh |ΨX〉
〈ΨX |ΨX〉

, for a simple QD (a) and a core/shell QD (b). We remark that for the
strong confinement region (b < 1.5aX for simple QD and a/b ' 1 for CSQD), the distance
〈reh〉 is small because the particles are unable to penetrate the well barriers due to the
infinite potential confinement, and therefore, the electron and hole become very close
to each other. When the ILF and EF are applied, it is noted that 〈reh〉 increases for both
structures (this increase is more significant for the ILF than for the EF), i.e., with EF and
ILF presence, the exciton is less confined because of the dispersion of the wave function s
surrounding the QD well, leading to a decrease in the interaction between the particles. In



Coatings 2023, 13, 1098 7 of 12

summary, both fields weaken the pair interaction, which explains the drop in the binding
energy when these fields are applied.

Figure 3. Variation of the average distance 〈reh〉, for α = F = 0, α = 10 and F = 10 kV/cm for simple
QD (a) and for CSQD (b).

The following topic is photo-ionization cross-section (PICS) behaviors analysis. Its
measurement in the nanostructures system is important for comprehending the optical
properties of charge carriers within QDs. First, it should be noted that the PICS depends
essentially on Eb and the optical integral (IOP) variations (Equation (12)). Figure 4a shows
the evolution of the PICS of the exciton in relation to the photon energy of excitation h̄ω, for
an SQD (with radius b), and b = 1, 2 and 3aX , in the absence of external perturbations. One
can see that the PICS peaks are deeply influenced by the SQD sizes, where the decrease in
the structure volume induces a remarkable blue shift (the PICS spectrum moved towards
higher energy regions). These behaviors are related to the sensitivity of exciton Eb with
the QD size variations. The application of the EF and ILF to the system (Figure 4b and 4c,
respectively) show clearly an important impact on the PICS, where under the influence of
these two external factors, the PICS peaks show a redshift, i.e., the h̄ω value corresponding
to the peak of the PICS shifts to the region of lower energies, because, as mentioned above,
the ILF and EF increase the electron–hole distance. Consequently, the Coulomb interaction
of the pair is weakened, and the excitonic Eb correspondingly reduces. Therefore, a redshift
of the PICS peak appears. Additionally, we see that the PICS peak intensities reduced
(enhanced) with the ILF and EF application (QD radius increment) due to IOP variation.
For this reason, we plot in Figure 4d the IOP variation for α = 0, F = 0, α = 10 nm and
F =10 kVcm−1. As we can observe from this figure, IOP increases with QD sizes while the
ILF and EF reduce it, which leads to the changes observed in the intensity of the PICS peaks.

In Figure 5a, we examine the PICS according to the core–shell sizes, where we trace
their evolutions versus h̄ω energy for b = 1, 2 and 3aX and a = 0.5aX , without ILF and EF
effects. First, note that the threshold frequency and intensity of the peak depend on both
shell radius b and shell thickness b− a. This figure indicates that the PICS exhibits a resonant
peak at the incident photon energy threshold frequency when h̄ω = Eb. In addition, as
b− a increases, the PICS peak shows a redshift due to the Eb and the superposition of the
wave function variations under the effect of structural confinement. By comparing the two
curves corresponding to a = 0 (simple QD) and a = 0.5aX (CSQD), we find that the peak
threshold moves from h̄ω ' 15.53 meV to ' 8.54 meV for b = 1aX , from h̄ω ' 8.9 meV to
' 5.2 meV for b = 2aX and from h̄ω ' 6.3 meV to ' 4.1 meV for b = 3aX , respectively. The
peak shifts between QD and CSQD are more important for the smaller radii than the larger
ones. These behaviors are related to the difference in Eb and IOP values between the SQD
and CSQD (Figures 1 and 2). The ILF and EF effects on the PICS of an exciton confined
in a CSQD are plotted in Figure 5b,c for shell thickness b− a = 1.5aX . The application of
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these two external perturbations significantly affects the PICS threshold values, where the
peaks are shifted to the low-energy regions of the incident photons. It is known that the
application of an ILF and EF on a QD provokes a change in the system geometry, which
reduces the confinement and, therefore, induces a spacing between the electron and hole
(augmentation of the distance 〈reh〉 (Figure 3b)), which leads to a decrease in exciton Eb.
Consequently, a redshift of the PICS peaks is remarked when the ILF and EF are applied.
In Figure 5d, the IOP variations are presented in relation to the ratio a/b. We find that
the applied ILF and EF reduce the optical integral, particularly for the small values of
a/b. This IOP behavior explains the reduction in PICS peak intensities under ILF and EF
effects, obtained in Figure 5b,c. Finally, we should note that the peak resonance positions
are within the 3.76− 0.99 terahertz range, corresponding to the low THz frequencies. These
outcomes give another level of opportunity for different device applications of low THz
frequencies, such as terahertz detectors, by adjusting the applied external fields and sizes
of the CSQD structure.

Figure 4. Photo-ionization cross-section of the exciton confined in the QD as a function of h̄ω. (a) For
b = 1, 2 and 3aX . (b) For b = 2aX and for α = 0, 5 and 10 nm). (c) For b = 2aX and for (F = 0, 5
and 10 kV/cm. (d) Optical integral variation versus QD radius b for α = F = 0, α = 10 nm and
F = 10 kV/cm.
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Figure 5. Photo-ionization cross-section of the exciton confined in CSQD versus h̄ω for a = 0.5aX .
(a) For b = 1, 2 and 3aX . (b) For b = 2aX and for α = 0, 5 and 10 nm). (c) For b = 2aX and for (F = 0, 5
and 10 kV/cm. (d) Optical integral variation versus the ratio a/b for a = 0.5aX and b = 2aX and for
α = F = 0, α = 10 nm and F =10 kV/cm.

4. Conclusions

This study investigated the influences of the ILF and EF on an exciton’s electronic and
optical properties confined in a spherical AlAs/GaAs/AlAs CSQD. The exciton binding
energy, the mean exciton distance, and the PICS related to the exciton are computed. We
have shown that the variation of sizes, laser intensity, and EF induce important changes in
the localization of PICS peaks and binding energy, where the PICS peaks are red-shifted,
and the excitonic Eb is decreased under these external perturbations. We have also extended
our study to cover the simple quantum dot to show the core radius contribution in the
exciton optical and electric properties. To our knowledge, this is the first study that has
treated the effects of an ILF in the presence of an EF on the optical and electronic properties
of an exciton confined in core/shell QDs. Our findings provide valuable knowledge of the
behaviors of excitons within CSQD structure that can be leveraged in the development of
novel coating materials with tailored optical and electronic functionalities, such as terahertz
detectors by adjusting the sizes of the InAs (core) or GaAs coating (shell) materials as well
as the applied external fields values.
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