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In thisstudy, the total refractive index (RI) changes of GaN / AlxGa1-xN Core-Shell quantum dots are calculated with a 
hydrogenic impurity. Our results show that the RI changes are considerably sensitive to the geometrical parameters of 
systems. The peak position of the total refractive index changes is greatly affected by changing of the geometrical size and 
presence of the hydrogenic impurity. The possibility of tuning the resonant energies by using the geometric core shell effect 
of the spatial confinement can be useful in the optoelectronic devices applications.  
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1. Introduction 
 

Quantum confinement (QC) leads to formation of an 

ordered set of orbitals at discrete energy levels on the 

conductionand valance bands in semiconductor quantum 

dots (QDs) [1-4], which enables strongly size-dependent 

control of opticalproperties. Especially when the physical 

size of a QD is comparable to or smaller than the exciton 

in its bulk semiconductormaterial, QC modifies strongly 

the electronic structure. 

Recently, in order to aim of improving the electronic 

structures and optical properties of QDs structure 

singlephoton detector for application as an optical data 

storagemedium, different shapes and various confinement 

potentials have been widely studied. Core shell quantum 

dot (CSQD) [5-8] containing shells have been investigated 

to seek superior structural properties allowing for strain 

reduced band engineering. The linear and nonlinear optical 

properties of these structures are very attractive for 

scientists both experimentallyand theoretically [9-13].In 

this regard, we consider a GaN/AlxGa1-xN spherical core-

shell quantum dots (CSQD) with a finite confining 

potential height, and investigate the effects of the sizeof 

core-shell on refractive index (RI) changes with and 

without impurity. 

This paper is organized as follows: In the next section, 

details of the calculations are presented. Results and 

discussions are given in Sec. III. A brief conclusion is 

presented in Sec. IV. 

 
 
 

2. Model and theory 
 

The model used in calculation and analyses is an 

isolated GaN /AlxGa1-xN core-shell quantum dot with core 

radius R1 and shell radius R2, shown in Fig. 1. 

 

 

Fig. 1. Core-shell GaN-AlxGa1-X N quantum dot system  

showing (a) core and shell layers; and (b) layer potential 

profile. 

 

Suppose the core-shell quantum dot forms a shell well 

and a centric barrier for the two kinds of materials have 

different potentials. The potential of the core is chosen to 

be referent zero point of energy, and the band-gap of GaN 

is wider than that of AlxGa1-xN, thus VC.On the premise of 

the effective mass approximation, the steady Schrödinger 

equation for electron can be written as 

 

 
 
 
 
 
 

   

2
2

2

2

2 2

1
sin

sin2

1
, (1)

sin

i

i nlm

r
r rm r

V r E r


  

 



         
     

       

 
   

  

 



Size dependent of refractive index changes of GaN/AlxGa1-xN core-shell quantum dots with and without a donor impurity        375 

 

where, =h/2   , h is Planck’s constant; E the energy 

eigenvalue; and  nlm r  the responding eigenfunction. n 

is the principal quantum number, and l and m are the 

angular momentum quantum numbers.  im  is the effective 

mass of electron in the ith region,  r  constant of core 

/shell QDs materials  and  iV r  the potential. They are 

relative to the position in the model and expressed as 

follows 
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Due to the fact that the mass and the potential are 

symmetric spherically, the separation of radial and angular 

coordinates leads to      ,
nlmnlm nlmr R r Y    , where 

 nlmR r is the radial wave function, and  ,
nlm

Y   is the 

spherical harmonics. The radial eigenfunction, Rnl(r) 

consists of three parts according to the electron position. 

Two cases need to be considered for the solution of Rnl(r). 

In regions where electron eigenenergy cE V , the 

solution is a linear combination of spherical Bessel 

function jl and Neumann function nl, written as  
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1A , 2A ,
1B , and 2B are normalized constants . In regions 

where cE V , the radial wave function is  
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with 
1

'A ,
2

'A ,and
1

'B  are normalized constants. 

Let us consider that the system is excited by a 

monochromatic electromagnetic field,    . .,i tE t Ee c c   

which is polarized along the Z-direction. Therefore, the 

time evolution of the density operator of the system is 

given by [13] 
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where H is the Hamiltonian of the system in the absence of 

the electromagnetic field, ˆ ˆM ez is the dipole operator 

along the Z-axis, 0̂  is the unperturbed density operator 

and   is the damping operator due to the electron-phonon 

interaction and the other collision processes. The above 

equation can be solved using the perturbation method by 

expanding     as [13]  
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On the other hand, the electric polarization of the system 

can be written as 
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Where V is the volume of the system, 0  is the 

permittivity of free space, and trace means the summation 

over the diagonal elements of the matrix. Using the same 

density matrix formalism, the analytic expressions of the 

linear and the third order nonlinear susceptibilities for a 

two-level quantum system are given and '  is the real part 

of the permittivity [14]: 
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where v is the carrier density, fj f iE E E  is the energy 

interval of the two level system. Mfj is the dipole matrix 
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element, which is defined by fi f iM er   , 

 , 1,2f i   and Г shows the damping due to electron- 

phonon interaction. The refractive index is given by 
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The total refractive index changes can be written as 
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Let us consider a CSQD containing hydrogen like 

impurity. Moreover, it assumedthat the impurity is located 

in core. As the previous case, confining potential is chosen 

in the form (1). Taking intoaccount the Coulomb field the 

Hamiltonian of the systemhas the form In the case of a 

hydrogenic impurity in the center of symmetry of a 

coreshell quantum dot, the Hamiltonian of Eq.(1) is 

modified tobe 
2
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3. Numerical results and analysis 

 
 In the numerical calculations carried out for a core-

shell quantum dot, the following parameter values have 

been used [15]: characterize the electrical and optical 

properties of the physical parameters used in our 

numerical work for GaN  and 1x xAl Ga N are taken from 

ref [8]. The effective mass is 0.19GaN em m 
 

  
1 00.19 1 0.33

x xAl Ga Nm x m


    . The band-gap is 

   6.13 1 3.42 1 1.0cE x eV x eV x x eV      . 

The conduction band offset is chosen 

as     0.75 0c g gV E x E  . The dephasing constant 

corresponding to elastic scattering is 13 0.14ps   and the 

incident optical intensity is 31 /cmI MW . 

In Fig. 2, the total optical RI as a function of the 

incident photon energy have been plotted for a spherical 

CSQD with three different core radii R1,  

R2=62 A, and x=0.15. As we can see from Fig. 2, that 

as the dot radius R1 increases, the RI change peak 

positions will move to the left side, which show a dot-

radius-induced red shift of the resonance in a spherical 

CSQD. The peak value of the RI is a monotonic function 

of the dot radius R1. 

 

 
 

Fig. 2. The total RI of CSQD without donor impurity, as 

a function of incident photon energy with the fixed shell 

radii R2 = 62  A° for different values of core radii R1. 

 

 

The physical origin is that when the dot radius 

decreases, on the one hand, the CSQD size will decrease 

so that the overlapping of the wave functions of the ground 

and the first excited states increases, on the other hand, the 

wave functions will overflow because of the finite barrier 

height. 

In Fig. 3, the total optical RI as a function of the 

incident photon energy have been plotted for a spherical 

QD with three different dot radii R2, R1=48A
°
, and x=0.15. 

 

 
 

Fig. 3. The total RI of CSQD without donor impurity, as 

a function of  incident photon energy with the fixed shell   

  radii R1 = 48  A° for different values of core radii R2. 

 
As we can see from Fig. 3, that when the dot radius R2 

increases, the RI change peak positions will move to the 

left side, which show a dot-radius-induced red shift of the 

resonance in a CSQD. The peak value of the RI is a 

monotonic function of the dot radius R2. The physical 

origin is that when the dot radius decreases, on the one 

hand, the CSQD sizes will decreases so that the 
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overlapping of the wave functions of the ground and the 

first excited states increases, on the other hand, the wave 

functions will overflow because of the finite barrier height. 

In Fig. 4, and Fig. 5, the Al concentration is set to 

0.15, and the position of the impurity is the center of 

CSQD. In Fig. 4, we have shown the total refractive index 

changes as a function of the photon energy for three 

different shell radius R1values, with the fixed shell radii 

R2 = 62 A°.  

 

 
 

Fig. 4. The total RI of CSQD with donor impurity in 

center, as a function of incident photon energy with the 

fixed shell  radii  R2 = 62  A° for different values of core  

                                  radii R1. 

 

As it can be seen from the curves, the total RI peak 

has significant shift and the height of total RI peak 

enhanced when core radius increases. The physical origin 

of these results is that the CSQD radius has obvious effects 

on the transition matrix element and also the electron 

density in CSQDs which is related to the total AC.  

 

 
 

Fig. 5. The total RI of CSQD with donor impurity in 

center, as a function of incident photon energy with the 

fixed shell radii  R2 = 48  A° for different values of core  

                                   radii R2. 

 

Finally, in Fig. 5, we display the total RI as a function 

of the incident photon energy for three different shell 

radius R2 values. It is clear that as R2 increases, the RI 

increase and also shift toward higher energies until it 

reaches a maximum value. 

 

4. Conclusions 
 

We have investigated the refractive index changes in a 

GaN / AlxGa1-x N core shell quantum dot. We have found 

that the geometrical parameters (size) core shell quantum 

dot have a significantly influence on the total optical RI, 

and the peaks shift toward the highest energies as R1 (R2) 

decreases with donor impurity in center. 

We expect that this work will be of great help for 

describing the correct behavior of optical properties in 

CSQD with different size, which may be useful in 

technological applications as water purification, high 

density optical storage. 
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