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A B S T R A CT  

In this paper, we study the hydrogen-like donor-impurity binding energy of the ground-state change as 

a function of the well width under the effect of temperature, size, and impurity position. Within the 

framework of the effective mass approximation, the Schrodinger-Poisson equation has been solved 

taken account an on-center hydrogen-like impurity in double QWs with rectangular finite confinement 

potential profile for 10% of indium concentration in the (well region). The eigenvalues and their 

correspondent eigenvectors have been obtained by the fined element method (FEM). The obtained 

results are in good agreement with the literature and show that the temperature, size, and the impurity 

position have a significant impact on the binding energy of a hydrogen-like impurity in symmetric 

double coupled quantum wells based on non-polar wurtzite (In,Ga) N/GaN core/Shell. 
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1 Introduction 

For many years ago, the understanding of semiconductors was one of the most interested goals of 

researchers in the field of materials science particularly, the presence of impurity either donor or acceptor 

of electrons. Therefore, we need to understand the behavior of an electron in materials under various 

external and internal physical parameters such as temperature, pressure, magnetic and electric fields. Many 

studies show that both electrical and optical proprieties of inorganic semiconductor's nanostructures change 

under the presence of impurity. Furthermore, the carriers (electron, and hole) confinement in 

nanostructures such as quantum wells (QWs) [1], quantum dots (QDs) [2], and other geometrical-shapes 

with finite confinement potential has demonstrated fantastic proprieties for modern and future 

optoelectronics technology [3]- [4]- [5]. The binding energy of hydrogen-like impurity in nanostructured 

semiconductors made out with different band-gaps materials under various effects concerning different 

electronic-states has been reported in many works. H. El Ghazi, and coworkers have investigated the stark 

effect and pressure-dependent on ground-state donor binding energy in InGaN/GaN square and parabolic 

QWWs [6] - [7]. The effect of a spatially dependent effective mass on the hydrogenic impurity binding 

energy in a finite parabolic quantum well has been reported by XH.Qi et al [8]. Sali. A and coworkers have 

investigated the combined effect of pressure and temperature on the impurity binding energy in a cubic 

quantum dot using the FEM simulation [9]. Başer, P, and coworkers have studied the hydrostatic pressure 

and temperature effects on hydrogenic impurity binding energies in GaAs/InxGa1-xAs/GaAs square 

quantum well [10]. The simultaneous effects of hydrostatic pressure and temperature on the binding energy 

of hydrogenic impurity in cylindrical quantum well wires have been reported by Karki and coworkers [11]. 

Recent works have reported the temperature-dependent of impurity binding energy. In 2018 El-Yadri et al. 

have investigated the temperature and hydrostatic pressure effects on single dopant states in hollow 
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cylindrical core-shell quantum dot [12]. Dong and coworkers have investigated the binding energy and 

dynamics of charge-transfer states in organic photovoltaics with the low driving force for charge separation 

[13]. 

To the best of our knowledge, the lowest-state donor-impurity binding energy in double quantum wells 

(DQWs) with rectangular finite confinement potential considering 10% (𝜈 =0.1) of indium in (well region) 

has not been reported previously. In this paper, we examined the effect of temperature, size, and impurity 

position in the structure on the ground-state binding energy of a hydrogen-like impurity in GaN/InGaN 

double QWs using the fined element method. 

2 Theory and Calculation 

Using the fined element method (FEM) within the framework of the approximation effective-mass, the 

quasi-one-dimensional Schrödinger equation describing the behavior of a particle free to move along z-axe 

in a Nano-semiconductor taking account the presence of a hydrogen-like impurity located in 𝜆0, with 

considering a rectangular confinement potential profile is given as: 

−ℏ2

2

𝑑

𝑑𝑧
[

1

𝑚𝑒
∗(𝜈, 𝑇)

𝑑𝜓𝑛(𝑧)

𝑑𝑧
] + (𝑉0(z, 𝜈, T) −

𝑒2

𝜀𝑟
∗(𝜈, 𝑇)|𝑟 − 𝑟0⃗⃗⃗⃗ |

)  𝜓𝑛(𝑧) = 𝐸𝑛 𝜓𝑛(𝑧)     (1),       

Where 𝑉0, 𝑒 and 𝑚𝑒
∗  are the confinement potential, the electron mass and the electron charge respectively. 

ℏ is the Planck constant and 𝜀𝑟
∗ is the relative dielectric constant of the considered semiconductor, and 

|𝑟 − 𝑟0⃗⃗⃗⃗ |is the impurity electron distance. 

The confinement potential profile along the growth (z-axe) is modulated as following, 

𝑉0(z, 𝜈, T) =

{
 

 0  ,         {
𝐿 ≤ 𝑧 ≤ 𝐿 + 𝑙

𝐿 + 𝑙 +𝑊 ≤ 𝑧 ≤ 𝐿 +𝑊 + 2𝑙
             

                                                                             
                                                      

𝑄. ∆𝐸𝑔(𝜈)               ,                        𝑒𝑙𝑠𝑒𝑤ℎ𝑒𝑟𝑒   

 (2), 

L, W, and l defines the outer-barriers, the intermediate-barrier, and the wells widths respectively. 

Where Q(= 0.7), ΔE𝑔
𝐼𝑛𝐺𝑎𝑁(𝜈, 𝑇)  is the indium concentration-dependent, and the temperature difference 

energy between GaN and InN band-gaps is given as fellows,  

𝛥𝐸𝑔
𝐼𝑛𝐺𝑎𝑁(𝜈, 𝑇) = 𝜈𝐸𝑔

𝐼𝑛𝑁(𝑇) + (1 − 𝜈)𝐸𝑔
𝐺𝑎𝑁(𝑇) − 𝑏(1 − 𝜈)           (3), 

The confinement potential energy 𝑉0 (𝑧, 𝜈, 𝑇), is related to the conduction-band offset energy of the 

GaN/InGaN hetero-structure by the following expression, 

 V0(𝜈, 𝑇) = 𝑄[𝐸𝑔
𝐺𝑎𝑁(𝜈, 𝑇) − 𝐸𝑔

𝐼𝑛𝐺𝑎𝑁(𝜈, 𝑇)]                                      (4), 

The band-gaps energy temperature-dependent of the binaries InN and GaN are given as follows [14], 

𝐸𝑔
𝑖 (𝑇) = 𝐸𝑔

𝑖 (𝑇 = 0𝐾) −
𝛼 × 10−3 × 𝑇2

𝑇 + 𝛽
                                           (5), 

The dielectric constants versus the temperature for both GaN and InN are given by the following 

approximated [14], 

𝜀𝐺𝑎𝑁
∗ (𝜈, 𝑇) = 𝜀𝐺𝑎𝑁

∗ (𝑇 = 300𝐾) exp((𝑇 − 300) × 𝑇−4)                  (6), 

𝜀𝐼𝑛𝐺𝑎𝑁
∗ (𝜈, 𝑇) = 𝜀𝐺𝑎𝑁

∗ (𝜈, 𝑇) + 0.6𝜈                                                          (7), 

According to the �⃗⃗⃗�. �⃗⃗� theory, the effective-mass temperature-dependent is given by the expression below 

[14]: 

𝑚0

𝑚𝑖
∗(𝜈, 𝑇) 

= 1 +
𝐶𝑖

𝐸𝑔
𝑖 (𝜈, 𝑇)

         𝑖 ≡ 𝐼𝑛𝑁, 𝐺𝑎𝑁                                       (8)  

Ci is the energy related to the momentum matrix element. 
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The binding energy is defined as the difference of the energy between the energy without and with impurity 

respectively. It is given as: 

𝐸𝑏 = 𝐸0 − 𝐸𝐼                                                                            (9) 

Where E0 and EI are respectively, the energy without, and with impurity. 

3 Results and Discussion 

In this paper, we have used the effective units, i.e, the effective Bhor radius 𝑎∗(= 2.69 nm)as the unit of 

the width, and the effective Rydberg energy 𝑅∗(= 27.71 eV) as the unit of energy. Table.1 shows different 

physical parameters of GaN and InN [14] 

Table.1: Different physical parameters of GaN and InN [14]. 

 

 

 

 

Fig.1. Shows the schematic description of the unstrained GaN/(In,Ga)N/GaN core/shell double QWs. 

Also, shows the corresponding confinement potential profile in which we considered the active region 

(well) which is made out of InGaN alloy enveloped by GaN as the barrier semiconductor material, and we 

take account the continuity of the electronic wave function in the interfaces between InGaN, and GaN 

semiconductors materials. l , W, and L represent the well, the coupling barrier, and the outer-barriers widths, 

respectively. 

 

Parameters GaN InN 

𝑬𝒈
𝒊 (T=0) 3.51 0.70 

𝒎𝒊
∗(T=0)( 𝒎𝟎) 0.19 0.04 

𝜺𝒊
∗(𝜺𝟎) 9.6 10.5 

𝑪𝒊
∗ 14.7 15.5 

𝜶 0.909 624 

𝜷 0.245 830 

Figure 1: The schematic description of the unstrained GaN/(In,Ga)N/GaN 

 Double QWs, and the corresponding confinement potential profile. 
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In Fig.2. The variation of the electron-energy in the case without (𝐸0), and with an impurity (𝐸𝐼) as a 

function of the well width is presented. Now considering the Fig.2. (a), we clearly see that the energy of 

both contributions without and with impurity decrease when the well width increase. This is due to the fact 

that the more the well width increases the more the confinement potential inside the well gets weaker and 

weaker, the electron starts to feel like a free-electron in a bulk semiconductor then the energy diminishes 

as well. Also, in the same figure, we noticed that the electron-energy in the case without is more important 

than the electron-energy with impurity particularly for a well width less than the effective Bhor radius (𝑎∗). 

This is can be explained by the fact that when the impurity term is added to the Hamiltonian as a 

perturbation, the electron-energy decreases because of the Colombian interaction between the electron and 

impurity. Furthermore, H. Bahramiyan, and coworker, have demonstrated that the binding energy is larger 

when the impurity locates at the position of maximum probability due to the reason that the stronger 

Columbic coupling provided that the electronic density of probability has its maximum located exactly at 

the impurity-position [15]. In the same context, W.Belaid and coworkers have proved that the impact of 

the impurity's position is more significant in DQW in particularly for the moderate confinement regime [6]. 

The binding energy variation versus the well with three values of the impurity-position is presented in Fig.2. 

(b). Firstly, we noticed that the binding energy decrease as well as the well width increase to reach a constant 

value for a well width more than (1.5𝑎∗). This behavior is expected because when the well width increase, 

the confinement inside the well becomes weak, consequently the impurity binding energy decrease. Also, 

we observed that the closer the impurity to the center on the structure passing from(𝜆0: 0 → 3) the more 

the binding energy decreases. Owning to the fact that the more the impurity goes towards the center the 

more the distance between the electron and the impurity decreases, consequently the binding energy 

increases in parallel. 

Figure 2: The variation of the energy (a), and the binding energy for three value of 

impurity-position (b) as a function the well width. 
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In Figure.3. Shows the variation of the impurity binding energy as a function of the well width, the effect 

of temperature (a), and the outer-barrier-width (b) are presented. From fig.3.(a), we can see clearly that the 

impurity binding energy decrease as discussed before in Fig.2. to reach a stable value for all well widths 

above (1.5𝑎∗) as well as it decreases when the temperature passes from 100K to 500K. This behavior can 

physically be explained by the thermal energy concept. According to the thermal energy, the hydrogenic-

impurity gains more kinetic energy, and the wave function is delocalized to a larger extent. Therefore, it 

becomes less bound with the donor-impurity atom. The same thing has been approved by Khordad and 

coworkers for the ground, and the lowest excited-state [16]. Additionally, A.Sali and H.Satori have reported 

that the increase of temperature leads to a reduction of the ground-state binding energy of a donor impurity 

and its effect is quite significant in small QDs only [9]. The effect of the outer-barrier width on the impurity 

binding energy has been examined in Fig.3 (b). We see clearly that the outer-barrier width is more significant 

in the strong confinement regime (𝑙 < 0.7𝑎∗). The binding energy decrease with the augmentation of the 

outer-barrier width(𝐿: 1𝑎∗ → 3𝑎∗).  The physical reason that when the outer-barrier width increase the 

well width decreases for a fixed value of the intermediate-barrier width (W=𝑎∗) and then the wave function 

starts to feel the barrier potential of the outer-barrier and then starts to penetrate into the barriers mage of 

GaN which lead an increase in the electron-impurity distance. Consequently, the binding energy decrease 

to reach a stable value in the regime of weak confinement (𝑙 > 𝑎∗). The same thing has been reported by 

W.Blaid and coworkers in previous Ref. [6]. 

4 Conclusion 

To sum up, we have investigated the binding energy of a hydrogen-like donor-impurity in non-polar 

Wurtzite symmetric double InGaN/GaN QWs using the fined element method.  Our results are in good 

agreement with the works of literature. The obtained results showed that the temperature, size, and 

impurity-position have a remarkable impact on the impurity binding energy.  Our results reveal that: The 

electron-energy in case without-impurity ( 𝐸0) is more significant of that in case with-impurity ( 𝐸𝐼) in the 

strong confinement regime (𝑙 < 𝑎∗). The 𝐸𝑏 increase when the impurity goes toward the center of the 

nanostructure. The 𝐸𝑏 decrease when the temperature increase and pass from 100K to 500K. Also, the 𝐸𝑏 

decrease when the outer-barrier width increase and pass from 𝑎∗ to 3𝑎∗. 

Figure 3: The variation of the binding as a function the well width, taken account the effect 

of temperature (a), and the outer-barrier size (b). 
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