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Abstract:-  In this present work, first I simplified and calculated the binding energy of a donor in 

spherical quantum dots (QDs)  by using a variational approach within the effective mass 

approximation and computed for GaAs QD as a function of the dot size for different impurity 

positions. Next I found out the expectation value of the Hamiltonion and also the binding energies 

were computed for different values of the electric fields. I found that the value of the polarizability 

obtained is several orders higher than the hydrogen atom value. My results are in good agreement with 

previous theoretical findings. 
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I.      INTRODUCTION 
 Recently, the evolution of the growth techniques such as molecular beam epitaxy and metal-organic 

chemical vapor deposition combined with the use of the modulation-doped technique made it possible the 

fabrication of low-dimensional heterostructures such as single and multiple quantum wells, quantum wires, and 

quantum dots. In these systems, the restriction on the motion of the charge carriers allows us to control the 

physical properties of the structures. The studies on these systems offer a wide range of potential applications in 

the development of semiconductor optoelectronic devices [19-23]. 

GaInNAs/GaAs quantum well (QW) lasers have been attracting significant scientific interest mainly 

due to their applications in 1.3- or 1.55-μm optical fiber communication [24-30]. These lasers are predominantly 

based on GaInAsP alloys on the InP substrates, which have a higher temperature sensitivity compared to shorter 

wavelength lasers that are grown on GaAs substrates. The high-temperature sensitivity is primarily due to Auger 

recombination and the weak electron confinement resulting from the small conduction band offset in the 

GaInAsP/InP material system.  

GaInNAs alloys grown on GaAs substrates have been proposed as a possible alternative to the 

GaInAsP/InP system for achieving lasers with high-temperature performance [31]. The deeper conduction band 

well and the larger electron effective mass will provide better confinement for electrons and better match of the 

valence and conduction band densities of state, which leads to a higher characteristic temperature and higher 

operating temperature, higher efficiency, and higher output power [24-30]. 

The purpose of this work is to investigate the effect of an applied electric field on the binding energies 

of shallow donor impurities GaAs QDs. The dimensions and the geometry of the system that we have used in 

our work can be considered quite realistic due to the continuous development of the nm-structuring processes 

(see,for example, Schweizer et al. [14]).  

The results for the binding energy and polarizability in the effective-mass approximation,using a 

variational scheme given and also given the values of the polarizability with an effect of an electric field for a 

shallow hydrogenic donor in spherical GaAs QDs.  

My results are in good agreement with previous theoretical findings. 

The paper is organized as follows: in the ‘Theoretical overview’ section, the essential theoretical 

background is described.  

The next important section is the ‘Introduction about Polarizability’ section, and finally, my 

calculations are given and ‘Conclusions’ section. 

This work gives very important information about the binding energy and polarizability that can be 

taken into account in experimental work related to absorption processes,and carrier dynamics, associated with 

impurities in these heterostructures.  
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The Hamiltonian of a single hydrogenic impurity in a spherical QD with parabolic confinement in the 

effective mass approximation [2] can be written as 

 

 H= [P
2
/2m*] +1/2 [m*

2
r

2
] – e

2
 / |(r-ri)| 

 

 Where e and m
*
 are, respectively, the electronic charge and effective mass, P is a momentum,  is a 

characteristic frequency,  is the dielectric constant of the dot material, and ri gives the location of the impurity 

with respect to the center of the dot. 

 In order to calculate the ground state of the impurity binding energy, the variational technique is 

used[3], and for this the trial wave function is taken as 

 

 (r) = N() exp(-r
2
 /2 ) exp(-|(r-ri)|) , 

 

Where =m* /h /2. Here h being the Planck’s constant.  is the variational parameter and N() is the 

normalization constant. The ground state energy of the hydrogenic impurity is worked out from the above 

equations by using the below relation. 

 

E(,,ri) = <* /H/ >  / <* /> 

 

Here * means the conjugate of the eigen function . 

 

II.     THEORY 

We first derived the binding energy for two cases: 

 

ri = 0 ., ie., the location of the impurity is zero. 

ri = a .r., ie., impurity at the inner surface of the dot. 

 

 In case I, at ri = 0, the location of the impurity is zero. 

 

Therefore the Hamiltonian of a single hydrogenic impurity in a spherical QD with parabolic confinement can be 

written as 

 

H= [P
2
/2m] +1/2 [m*

2
r

2
] – e

2
 / |(r-ri)| 

 

The trial wave function is taken as  

 

 (r) = N() exp(-r
2
 /2 ) exp(-|(r-ri)|) , 

 

Where =m* /h /2. Here h being the Planck’s constant.  is the variational parameter and N() is the 

normalization constant. 

 

Normalization condition:  <* /> = 1 

 

By equating everything, we get 

 

(r) [1/2 m*
2
r

2
] (r) d = 2N

2 
e

2 
e
/

  / m* [(sqrt()) / 
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This is the final solution for case (i).    Then the binding energy will be, 

 

<E> = 2N
2
h

2
 e

/ 
/m* {-5 (sqrt()) /2 

½
} - …… 

 

By using this the binding energy was computed for GaAs QD as a function of the dot size.  

 When 
-1/2 

(nm) = 2, then <E> in Ryd* = 13.1. When 
-1/2 

(nm) = 10, then <E> in Ryd* 

= 3.0.  

*1 Ryd = 5.3 meV for GaAs 

   

In this the present works are compared with the values of the references . Finally a graph is drawn 

between the impurity binding energy versus the dot size. As the size -  , the energy should 1 Ryd. 
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In Case II, at ri = a, the location of the impurity is at the inner surface of the dot. 

 

 Therefore the Hamiltonian of a single hydrogenic impurity in a spherical QD with parabolic 

confinement can be written as 

 

H= [P
2
/2m*] +1/2 [m*

2
r

2
] – e

2
 / |(r-a)| 

 

The trial wave function is taken as  

 

 (r) = N() exp(-r
2
 /2 ) exp(-|(r-a)|) , 

 

Where =m* /h /2. Here h being the Planck’s constant.  is the variational parameter and N() is the 

normalization constant. 

 

Normalization condition:  <* /> = 1 

 

By equating everything, we get 

 

       (r) [1/2 m*
2
r

2
] (r) d = 2N

2 
e

2 
e
/

  / m* [(sqrt()) / 
3/2 – 

(2 / ) +(1/2) - …..] 

 

This is the final solution for case (i).  Then the binding energy will be, 

 

<E> = 2N
2
h

2
 e

/ 
/m* {25 (sqrt()) /8 

½
} - …… 

  

By using this the binding energy was computed for GaAs QD as a function of the dot size.  

 

When 
-1/2 

(nm) = 2, then <E> in Ryd* = 12.0. When 
-1/2 

(nm) = 10, then <E> in Ryd* = 3.8. 

 

*1 Ryd = 5.3 meV for Ga As 

  

 In this the present works are compared with the values of the references . 

 

 Finally a graph is drawn between the impurity binding energy versus the dot size. For the case r i = a.  

 

 Comparisons of the <E> values, it reveals that the binding energy is larger in the case where the 

impurity is at the centre of the dot.  

 

III.      POLARIZABILITY WITH AN EFFECT OF AN ELECTRIC FIELD 

Introduction 

Neutral nonpolar species have spherically symmetric arrangements of electrons in their electron clouds.  

When in the presence of an electric field, their electron clouds can be distorted (Figure).  The ease of this 

distortion is defined as the polarizability of the atom or molecule. The created distortion of the electron cloud 

causes the originally nonpolar molecule or atom to acquire a dipole moment.  This induced dipole moment is 

related to the polarizability of the molecule or atom and the strength of the electric field by the following 

equation: 

μind = α’ E 

Where E denotes the strength of the electric field and α’ is the polarizability constant with units of C  m
2
  V

-1
. 

 

 
Figure: A neutral nonpolar species's electron cloud is distorted by A.) an Ion and B.) a polar molecule to induce 

a dipole moment. 
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With the electrons held tightly in place in these smaller atoms, these atoms are typically not easily 

polarized by external electric fields.   

In contrast, large atoms with many electrons, such as negative ions with excess electrons, are easily 

polarized.  These atoms typically have very diffuse electron clouds and large atomic radii that limit the 

interaction of their external electrons and the nucleus. 

  

Factors that Influence Polarizability 

The relationship between polarizability and the factors of electron density, atomic radii, and molecular    

orientation is as follows: 

 The greater the amount of electrons, the less control the nuclear charge has on charge distribution, and       

thus the increased polarizability of the atom. 

 The greater the distance of electrons from nuclear charge, the less control the nuclear charge has on the 

charge distribution, and thus the increased polarizability of the atom. 

 Molecular orientation with respect to an electric field can affect polarizibility (labeled Orientation-

dependent), except for molecules that are: tetrahedral, octahedral or icosahedral (labeled Orientation-

independent).    

This factor is more important for unsaturated molecules that contain areas of electron dense regions, such as 

2,4-hexadiene. Greatest polarizability in these molecules is achieved when the electric field is applied parallel to 

the molecule rather than perpendicular to the molecule. 

 

Polarizability with an effect of an Electric field for a shallow hydrogenic donor in spherical GaAs QDs 

with parabolic confinement 

The effect of an applied electric field on the binding energies of shallow donor impurities in 

rectangular cross section GaAs quantum-well wires (QWW) was presented by Montes et al. [3], 

considering an infinite confinement potential and using a variational scheme. Quantum-mechanical 

calculations of the carrier densities,elect ron and hole quasi-Fermi-levels,and various radiative decay times in 

rectangular transversal-section GaAs QWWs have been performed under steady-state cw-laser excitation 

conditions [13].  

They considered the effects of the cw-laser intensity,the temperature,the physical dimensions of the structure,an 

d a homogeneous distribution of electron-traps in the system.  

The theoretical results for the laser-intensity-dependent quasi- Fermi-levels were found to be in 

qualitative agreement with available experimental data [14]. However,the numerical data show that further 

experimental and theoretical work is necessary. 

In addition,there have been several reports on the polarizabilities of shallow-donor impurities in QWs and in 

surface QWWs [15-18].  

The presence of an external electric field in rectangular cross section QWWs modifies the impurity 

band due to the fact that the field breaks the energy degeneracy for symmetrical impurity positions along the 

transversal section of the wires. This is reflected by additional peaks in the impurity DOIS and in the absorption 

and photoluminescence spectra. 

I studied above theories and done the calculation for the polarizability with an effect of an electric field 

for a shallow hydrogenic donor in spherical GaAs QDs with parabolic confinement, following variational 

procedure within the effective mass approximations.  

The computed result shows that the binding energy increases as the dot size decreases. 

In the present work I investigate the effect of an applied electric field on the binding energies of 

shallow donor impurities GaAs QDs. The dimensions and the geometry of the system that we have used in our 

work can be considered quite realistic due to the continuous development of the nm-structuring processes 

(see,for example, Schweizer et al. [14]).  

I present the results for the binding energy and polarizability in the effective-mass approximation,using 

a variational scheme for the infinite-confinement potential model and yield the values of the polarizability with 

an effect of an electric field for a shallow hydrogenic donor in spherical GaAs QDs. 

The donor atom in our system in an external electric field is given by, 

 

H= [P
2
/2m] +1/2 [m*

2
r

2
] – e

2
 / |(r-ri)| + ez 

 

We use the trial wave function,  (r) = N() exp(-r
2
 /2 ) exp(-|(r-a)|) (1+ez) 

 

where z = rcos. And  is treated as a variational parameter. 

 

 In the case of ‘On- Centre ’ impurity (ri = 0), the normalization condition yields, 
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N
2 
 = 1 / 4  e

/
   [[sqrt()/

3/2
(…)

    – 
 / [1+(

2


2
)/3] +( 

2
/ 

5/2
) (…) - …..] 

 

If we put  =0 , then we get the N
2 
 value for case 1. (i.e., ri

 
= 0) 

 

I simplified this for second case also and I found out the expectation value of the Hamiltonion and also the 

binding energies were computed for different values of the electric fields. 

 

The results are presented in the below Table. 

Graph 

 
Using these datas, a graph was drawn for binding energy Vs 

2
, (see in figure).  

 

The curve is linear. However for small values of , it is linear and gives the value of p as 0.7 * 10
2
 * 

(10
-24

 cm
3
) for polarizability which is defined as 

 

Table  

 


-1/2 

(nm) 

<E> in Ryd* 

 

 =0  =10  =20  =40  =60 

2 13.18 13.48 13.47 13.46 13.44 

4 12.10 12.42 12.39 12.35 12.27 

6 7.93 8.16 8.12 8.10 8.02 

8 4.99 5.42 5.39 5.37 5.26 

10 3.18 3.57 3.49 3.46 3.38 

 

*1 Ryd = 5.3 meV for Ga As 

p  = [<E>  /  
2
] | =>0= 0.7 * 10

2
 * (10

-24
 cm

3
) 

 

IV.       CONCLUSION 
 We have presented a calculation for the polarizability with an effect of an Electric field for a shallow 

hydrogenic donor in spherical GaAs QDs with parabolic confinement, following variational procedure within 

the effective mass approximations. The computed result shows that the binding energy increases as the dot size 

decreases. In spherical quantum dots, with an isotropic parabolic potential, the impurity binding energy is found 

to decrease as the impurity moves away from the center, the effect being more pronounced for dots of smaller 

sizes. 
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