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We report the impact of an external electric field on the energy spectrum of an exciton inside a spherical shaped GaN/AlN core/shell nanodot. The modulation of the confined exciton lowest state energy by the nanodot size is also treated. Our theoretical approach, based on a variational calculation, predicts a remarkable decrease in the exciton's energy when the electric field is switched on. Furthermore, our investigation shows that for a fixed nanodot size, the energy redshift is a unique function of the external electric field strength. On the other hand, it was observed that as the nanodot size increases the lowest exciton energy decreases and vice versa.

INTRODUCTION

The ever-growing need to manufacture smaller and more efficient devices makes nanomaterials the subject of various theoretical and experimental studies. Indeed, the difference in properties between bulk and nanoscale materials has paved the way for researchers to provide potential solutions to many problems using the emerging nanotechniques. Nowadays, there are many fields that involve nanomaterials, and one can talk about nanosensors based on quantum size effects, single molecule devices, and quantum dots for use in diagnostic and therapeutic application [START_REF] Pradeep | Nano: The Essentials: Understanding Nanoscience and Nanotechnology[END_REF].

Quantum dots, zero-dimensional semiconductors or again artificial atoms, are one of the most documented class of nanomaterials. Such systems exhibit a discrete resulting energy level structure because of the carrier localization in all three dimensions [START_REF] Bimberg | Quantum Dot Heterostructures[END_REF]. The formation of excitons or electron-hole pairs inside nanodots is among the important topics extensively studied by the past. For instance, Takagahara [START_REF] Takagahara | [END_REF] has investigated the impact of the quantum dot size on the excitonic energy spectra. Considering the dielectric confinement, he has shown that the shirt range exchange contribution increases as the quantum dot size is reduced. By contrast, the long-range exchange term vanishes for the optically allowed excitonic states in a spherical nanodot. The change of the relative correlation energy and recombination probability with respect to the nanodot size is presented in Ref. [4]. It was found that, at large dot sizes, both exciton binding energy and electron-hole recombination probability becomes virtually not depending on the nanodot radius. The spatial parameters dependence of the electronic and optical behavior of an exciton inside a spherical shaped nanodot has studied by Khordad [5]. Deploying the diagonalization method, he has established a similar qualitative behavior of the binding energy for the ground and first excited state. Further, he has shown that the total absorption coefficient increases and the resonance peak is blue-shifted as the nanodot dimensionality decreases. On the other hand, by the mean of the low-temperature micro-photoluminescence spectroscopy, Heller et al. [6] have studied the influence of a lateral electric field on neutral excitons inside a heteronanodot. It was observed that ground state and several excited states redshift when a lateral field is turned-on. Moreover, this Stark shift is found to be a function of the number of excitons confined inside the nanodot. The modulation of the binding energy of an exciton in an asymmetrical cylindrical-shaped dot by the height of the nanostructure and the external electric field was the scoop of Ref. [7]. The same study was reported by Mora-Ramos and Duque [8] for a single exciton in a symmetrical cylindrical heteronanodot. Besides, Saito et al. [9], by the mean of the k.p. formalism, have examined the role of a lateral electric field on the transition energies of neutral and charged excitons confined in a pyramidal In 0.5 Ga 0.5 As/GaAs heteronanodot. As expected, the presence of an external electric field redshifted the energy spectrum of the neutral and negatively charged exciton. By contrast, in the case of the positively charged exciton, they have observed a blueshift when the electric field strength does not exceed 28 kV/cm, otherwise the energy is redshifted.

By the way, the development of materials growth techniques [10,11,12] makes possible the fabrication of core/shell nanomaterials [13]. This design of nanoscale materials leads to unique and enhanced optical and electronic properties [16,17]. That makes them very attractive from the point of view of applications [14,15]. In recent past, various theoretical investigations aimed at demystifying the properties of core/shell semiconduc-tors. That includes our previous study [18], emphasizing the impact of the nanosystem dimensionality on the ground state correlation energy of a spatially separated exciton. Likewise, deploying a variational approach, Zouitine et al. [19] have analyzed the correlation energy behavior of excitons in type-I core/shell semiconductors. The change of the nanostructure optical band gap against the spatial parameters was also discussed. However, by the mean of the finite difference approach, Zhang and co-workers [20] have treated the variation of the third harmonic generation (THG) and of the energy spectrum of excitons, inside a GaAs/AlGaAs core/shell spherical QD, with respect to the nanodot radius. Their study reveals the possibility to modulate the resonant peaks of the THG coefficient χ

(3) 3ω by tuning the nanodot size. On the other hand, The recombination energy size dependence of confined neutral excitons in core/shell semiconductors was detailed in Ref. [21]. Furthermore, Arfaoui et al. [22] have analyzed the control of the exciton radiative lifetime by changing the thickness of the shell materials. As expected, their results show that, due to charge separation, the radiative lifetime increases by increasing the nanodot size. Considering a cylindrical shaped core/shell nanodot, El-Yadri et al. [23] have performed a variational approach in order to investigate the influence of the nanostructure size on the optical transition energy and the absorption coefficient, while the radiative and nonradiative recombination of photoexcited excitons in core/multi-shell heteronanodots is the subject of Ref. [24]. Similarly, Benhaddou et al. [25] have reported the change of excitons binding energy with respect to the core/multi-shell nanodot size. Their results reveal that, contrary to the low confinement regime, in strong confinement, the use of variational or perturbation calculation virtually gives the same quantitative behavior of the binding energy. Nevertheless, Piryatinski et al. [26] have treated the interaction between two excitons in a type-II core/shell nanodot. The exciton properties modulation by external electric field was studied in Ref. [27]. Based on a perturbational approach, the authors have explained the observed energy redshift by the breakdown of the spherical symmetry in the presence of an external electric field. Likewise, Cristea [28] has shown the possibility to control the confined exciton properties not only by the spatial parameter or the electric field strength, but also by a suitable orientation between the permanent electric dipole moment and the applied electric field.

In the present work, we have examined the change of the ground state energy of an exciton confined in a GaN/AlN spherical quantum dot with respect to the external electric field strength and the spatial parameters. Our used theoretical background is detailed in the next section, while section 3 is a discussion of our obtained numerical results.

THE USED THEORY

Let us examine the energy spectrum behavior of an exciton inside a GaN spherical shaped nanodot embedded in a spherical layer made of AlN. Bear in mind, as well, that the whole system is submerged in a silica matrix and feels the impact of an external electric field directed along to the Oz axis. In Figure 1, we present a schematic display of the understudied nanoheterostructure. R C and t k = R S -R C denote, respectively, the core radius and the thickness of the shell material, while R S stands for the shell radius. ∆E c = U e = 1.75 eV (∆E v = U h = 1.01 eV ) is the confinement potential of electrons (holes).

Our theoretical model is based on the effective-mass approach within the isotropic and non-degenerate parabolic approximation. The dependence of the dielectric constant and charge carrier effective mass on radius was also taken into account. In this calculations, the interaction between charge carriers and their own image charge was considered through the image charge approach.

Against this background, the Schrödinger equation of an exciton in a core/shell spherical quantum dot in the presence of an external electric field reads:

  i=e,h -(∇ i ) 2 2m * i (r i ) (∇ i ) + U wi (r i ) + Σ i (R s ) + U coul. + e F.(r e -r h )   Ψ nl X (r e , r h ) = EX Ψ nl X (r e , r h ) , (1) 
The radial dependence of charge carriers mass, taking the free electron mass as unit, is given by:

m * i (r i ) = m * i1 , r i ≤ R c m * i2 , R c < r i ≤ R s (i = e, h), (2) 
while the charge carriers confinement potential is formulated as:

U wi (r i ) =    0, r ≤ R c U i , R c < r ≤ R s ∞, otherwise, (3) 
and the Coulomb interaction between electron and hole is written as:

U coul. = - e 2 εr |r e -r e | - e 2 ( εr -ε out ) εr ε out R s . (4) 
The impact of the dielectric constant discontinuity between the core/shell nanodot and the surrounding medium is considered through the self-energy written as [29]:

Σ i (R s ) = e 2 2R s 1 ε out - 1 εr + 0.47 e 2 εr R s εr -ε out εr + ε out (i = e, h), (5) 
where εr = ε r (GaN ) ε r (AlN ) stands for the dielectric constant inside the nanodot, while ε out = 3.9 [30] is the dielectric constant outside the heteronanodot. The last term of Eq. ( 1) denotes the electrostatic energy included in order to consider the influence of the static external electric field.

With the aim of solving the Schrödinger equation already presented, we have used

Hylleraas coordinates [31,32]. That brings us to the following equation:

        -μ m * e (re)         ∂ 2 ∂r 2 e + 2 re ∂ ∂re + r 2 e -r 2 h +r 2 eh re r eh ∂ 2 ∂re ∂r eh + ∂ 2 ∂r 2 eh + 2 r eh ∂ ∂r eh -L 2 e r 2 e + 2 r h rer eh cos(θ h ) sin(θe) + cot(θ e ) r 2 eh -r 2 e -r 2 h r 2 e r eh ∂ 2 ∂θe∂r eh + 2 r h rer eh sin(θ h ) sin(θe) sin(ϕ e -ϕ h ) ∂ 2 ∂ϕe∂r eh         - μ m * h (r h )         ∂ 2 ∂r 2 h + 2 r h ∂ ∂r h + r 2 h -r 2 e +r 2 eh r h r eh ∂ 2 ∂r h ∂r eh + ∂ 2 ∂r 2
eh

+ 2 r eh ∂ ∂r eh - L 2 h r 2 h + 2 re r h r eh cos(θe) sin(θ h ) + cot(θ h ) r 2 eh -r 2 e -r 2 h r 2 h r eh ∂ 2 ∂θ h ∂r eh + 2 re r h r eh sin(θe) sin(θ h ) sin(ϕ h -ϕ e ) ∂ 2 ∂ϕ h ∂r eh         + i=e,h ( U wi (r i ) + Σ i (R s )) -2 r eh - ( εr-εout) εout Rs + f (r e cos(θ e ) -r h cos(θ h ))    Ψ nl X (ζ eh ) = EX Ψ nl X (ζ eh ) (6) 
where ζ eh denotes the set of variables on which the wave function depends: r e ,r h ,r eh ,θ e ,θ h ,ϕ e ,ϕ h .

We remind that the previous equation is written in reduced units by defining āX = εr 2 e 2 μ as unit of length, RX = RX . From the fact that our study is based on a variational approach and focuses only on the behavior of the exciton ground state energy (n = 1, l = 0), we can write the trial wave function as: Ψ 10 X (r e , r h , r eh , θ e , θ h ) = Θ 10 e (r e ) Θ 10 h (r e ) e -λ eh r eh e -λere cos(θe) e λ h r h cos(θ h ) .

λ e , λ h and λ eh are positive variational parameters, while Θ 10 i (r i ) is the wave function of a single charge carrier i (i = e, h) inside the understudied nanodot, without electric field, defined by:

Θ 10 i (r i ) =              N i1 sin(k i1 r i ) r i , r i ≤ R c N i2 sinh(k i2 (r i -Rs)) r i , R c < r i ≤ R s 0 , otherwise, (8) 
where

k i1 = 2 m * i1 2 E 10 i , k i2 = 2 m * i2 2 (U i -E 10 i )
, are the wave vectors, and N ij (i = e, h; j = 1, 2) are normalization constants.

In view of this, the lower exciton total energy is variationally formulated as:

E X = min λe,λ h ,λ eh Ψ 10
X (r e , r h , r eh , θ e , θ h ) H X Ψ 10 X (r e , r h , r eh , θ e , θ h ) Ψ 10 X (r e , r h , r eh , θ e , θ h ) Ψ 10 X (r e , r h , r eh , θ e , θ h ) ,

and therefore, the exciton correlation energy E c is expressed as follows:

E c = -E b = E X -(E 10 e + E 10 h ). ( 10 
)
E b stands for the neutral exciton ground state binding energy, while E 10 e and E 10 h are respectively the electron and hole ground state energies in the presence of an external electric field, given by:

E 10 i = min λ i Θ 10 i (r i ) e ν (λ i r i cos(θ i )) H i Θ 10 i (r i ) e ν (λ i r i cos(θ i )) Θ 10 i (r i ) e ν (λ i r i cos(θ i )) | Θ 10 i (r i ) e ν (λ i r i cos(θ i ))
, (i = e, h)

H i (i = e, h) is the single particle Hamiltonian, while ν is -1 for electron and +1 for hole.

NUMERICAL RESULTS

In this section, we present our obtained numerical results concerning the change of single particles and of the correlated electron-hole lower state energy with respect to the variation of the nanoheterodot size. The modulation of the energy spectrum by an external electric field is also examined. [START_REF] Jackson | Handbook of Semiconductor Technology: Electronic Structure and Properties of Semiconductors[END_REF].

In Fig. 2, we have drawn the electron ground state energy versus the thickness of the shell material for various core radius values: R c = 2.00 nm, 2.20 nm, and 2.40 nm. The external electric field strength is taken to be zero (F = 0). Obviously, due to the quantum confinement effect, one can remark the drop of the electron energy when the shell thickness increases from 0.1 nm to 3 nm, reminding that the same behavior occurs when the core material size is increased. Further, one can apparently observe that the electron energy is enhanced by virtually about 30% when the shell thickness value is reduced from 1 nm to 0.1 nm. On the other hand, when the shell thickness is reduced from 3 nm to 1 nm the improvement of the energy does not exceed 5%. Based on this observation one can affirm that for shell thickness values exceeding 1 nm the electron energy spectrum is less sensitive to the change of the shell thickness. In Fig. 3, we have reported, the change of the confined hole lowest state energy, with zero electric field, against the thickness of the Aluminum Nitride shell for various core material size: R c = 2.00 nm, 2.20 nm, and 2.40 nm. It was found that reducing the core and/or shell material size leads to a remarkable rise in the hole lowest state energy. However, the hole energy gain can up to 102.62 meV if the shell thickness is reduced from 1 nm to 0.1 nm contrary to the case when the thickness moves from 3 nm to 1 nm for which the energy gain does not exceed 17.84 meV . That is to say that a great impact of the shell thickness on the hole energy is observed when the shell thickness values are ranged between 0.1 nm and 1 nm. In Fig. 4, we have exposed the variation of the ground state confined exciton binding energy with respect to the shell thickness for various size of the Gallium Nitride core: R c = 2.00 nm, 2.20 nm, and 2.40 nm. The external electric field intensity is assumed to be nil (F = 0). Our numerical approach shows a strong dependence of the lowest exciton binding energy on the change in shell thickness, which obviously results from the quantum size effect felt by the correlated electron-hole pair. However, it can be observed that reducing the thickness of the shell from 1.4 nm to 0.1 nm results in an increase in binding energy of about 19%. By contrast, the lowest state binding energy is enhanced practically by 3% when the shell thickness moves from 3 nm to 1.4 nm. Otherwise stated, the impact of the shell thickness change has a significant effect only for thickness values ranged between 0.1 nm and 1.4 nm. Otherwise, it can be practically marginalized. The following is an analysis of the impact of an external electric field directed along to the Oz axis on the single and correlated understudied particles. To this purpose, we have displayed in Fig. 5, the variation of the lowest state electron energy against the thickness of the shell material for various electric field strength: F = 0 kV /cm, 600 kV /cm, and 800 kV /cm and keeping fixed the value of the core radius (A) R c = 2.00 nm, (B) 2.20 nm, and (C) 2.40 nm. From this figure, one can notice the fact that, when the electron is less confined, the impact of the electric field seems to be more pronounced and consequently the electron energy redshift is very important. This competition between spatial and electric field effects ensues from the fact that the size effect leads to a spherical distribution of the electron probability density around the nanodot center, by contrast, the external electric field tends to break this symmetry which consequently allows to diminish the electron energy. On the other hand, the ground state hole energy versus the shell thickness for various electric field intensity: F = 0 kV /cm, 600 kV /cm, and 800 kV /cm and fixed core radius value (A) R c = 2.00 nm, (B) 2.20 nm, and (C) 2.40 nm is depicted in Fig. 6. It is worth noting that the impact of the core and shell radii variation, as well as the electric field strength change, on the hole energy behavior is qualitatively similar to that of the electron energy. In Fig. 7, we have plotted the exciton ground state binding energy with respect to the shell thickness for various electric field intensity: F = 0 kV /cm, 600 kV /cm, and 800 kV /cm and fixed core radius value (A) R c = 2.00 nm, (B) 2.20 nm, and (C) 2.40 nm. When the electric field is turned-on, a remarkable reduction of energy is observed, especially for large shell thickness values. This effect is more observed once the electric field strength and the core radius values are raised-up. Hence, one can confirm that the electric field and the quantum size effects act with opposite manner on the electron-hole wave functions penetration, which affects the behavior of the lowest state binding energy. Simply put, the confinement effect fortifies the electron-hole wave functions penetration leading to a considerable increase in the exciton binding energy. On the other hand, the application of an external electric field tends to weaken the wave functions penetration by moving away the electron from the hole, which automatically redshifts the binding energy.

Conclusion

To sum up, our investigation concerns the change of single particles and electron-hole correlated quasiparticle energy with respect to the variation of the nanodot dimensionality and the external electric field intensity. The impact of the surrounding dielectric matrix was also considered via the image charge approach. Deploying a variational calculation we have solved the Schrödinger equation of confined single particles in the presence of an external static electric field. The same analysis is used to obtain the exciton binding energy. It was acquired that the combined effects of the quantum confinement and the external electric field seem to be a great way to modulate single and correlated particles. On the other hand, our model reveals that a very enhanced confined energy values are obtained once we encapsulating the GaN nanodot by an AlN layer with thickness values not exceeding 1 nm. That is very important from the point of view of miniaturization of electronic and optoelectronic devices.
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 1 Figure 1: Schematic plot of an exciton in a GaN/AlN core/shell spherical heteronanodot under an external static electric field.
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 2 Figure 2: Electron ground state energy change with respect to the shell thickness for F = 0 and R c = 2.00 nm, 2.20 nm, and 2.40 nm.
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 3 Figure 3: Hole ground state energy as a function of the shell thickness for F = 0 and R c = 2.00 nm, 2.20 nm, and 2.40 nm.
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 4 Figure 4: Exciton lowest state binding energy versus the shell thickness for F = 0 and R c = 2.00 nm, 2.20 nm, and 2.40 nm.
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 5 Figure 5: Electron ground state energy change with respect to the shell thickness for F = 0 kV /cm, 600 kV /cm, and 800 kV /cm and three values of core radius: (A) R c = 2.00 nm, (B) R c = 2.20 nm, and (C) R c = 2.40 nm.
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 6 Figure 6: Hole ground state energy as a function of the shell thickness for F = 0 kV /cm, 600 kV /cm, and 800 kV /cm and various core material size: (A) R c = 2.00 nm, (B) R c = 2.20 nm, and (C) R c = 2.40 nm.
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 723 Figure 7: Exciton lowest state binding energy versus the shell thickness for F = 0 kV /cm, 600 kV /cm, and 800 kV /cm and various core radius size: (A) R c = 2.00 nm, (B) R c = 2.20 nm, and (C) R c = 2.40 nm.
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Table 1

 1 The electron affinity E ea = 4.1 eV E ea = 2.35 V

	gathers the various physical parameters used in

h = m * h (GaN ) m * h (AlN )

Table 1 :

 1 Physical parameters used in this investigation