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Introduction 

III-V semiconductors especially single InGaAs quantum 

dots are considered to be the best material for showing the 

quantum confinement effects in the solid state. Quantum-

confined Stark effect and the built-in dipole moment in self-

assembled InAs/GaAs quantum dots have been discussed by the 

dc-biased electroreflectance [1]. Linear and nonlinear optical 

materials are found to be good candidates for fabricating 

potential devices optical integrated circuits. Optical amplifiers 

and modulators in signal processing and telecommunication 

applications require smaller sizes and the external electrical field 

can improve its performance because the electric field can be 

linked with the telecommunications with ease. The modulators 

can be produced using low dimensional semiconductors, 

specifically, quantum wells and quantum dots can be realized to 

produce efficient modulators [2].  Further, the quantum 

confinement effects still demonstrate the enhanced opto-

electrical effects [3]. Highly polarized independent 

characteristics are required for fabricating efficient optical 

amplifiers and modulators which are meant for high speed 

communications. Optical amplifiers and modulators based on 

Stark effect show high speed performance in order to get 

optimizing design of  optical devices [4]. 

Electric field induced excitonic interband optical transitions 

have been investigated in As self-assembled quantum dots in a 

transmission experiment at 4.2 K and the  excitonic energy 

levels of a single quantum dot have been tuned into resonance 

with a narrow-band laser line using the energy shift due to the 

applied electric field [5]. Optical properties of InAs quantum dot 

wave guides have been studied in the presence of electric field ,  

observed the enhancement of  linear electro-optic efficiency  at 

1.515 μm on InAs/GaAs quantum dot structures and the red shift 

in absorption measurements have been detected with the 

application of electric field [6]. The electro-optic coefficients of 

InGaAs quantum dots have been shown much larger than those 

obtained for quantum wells and further, the  spatial separation of 

the electron and hole wave functions in the dots have been 

brought out with the asymmetric Stark shift with the 

applications of electric field [7,8]. The effect of the built-in 

dipole moment on lasing properties of InAs quantum dot laser 

diodes has been reported with the experimental evidence [9]. 

Electro-optical and lasing properties of hybrid InGaAs quantum 

dot/quantum well material system for  photonic devices in the 

presence of electric field has been performed recently [10]. 

Nonlinear optical properties in III-V semiconductors are 

given due attention because of the potentially viable opto-

electronic device fabrications. Simple harmonic generation has 

been reported experimentally earlier [11]. Khaledi-Nasab et al., 

performed a theoretical study on nonlinear optical rectification  

and second harmonic generation in InAs/GaAs quantum dots 

using  compact density matrix framework and effective mass 

approximation [12]. Intraband absorption spectra in InAs 

semiconductor have been computed theoretically [13,14]. 

In the present work, electric field induced heavy hole 

excitons in a strained GaxIn1-xAs/GaAs quantum dot are studied 

by considering geometrical confinement. The exciton binding 

energy and some nonlinear optical properties in the presence of 

electric field are discussed. Calculations include the anisotropy, 

non-parabolicity of the conduction band, strain effects  and the 

spatial  confinement. A cylindrical dot of GaxIn1-xAs surrounded 

by a GaAs barrier material with the constant Ga alloy content, x 

=0.2  is taken as the model. The exciton binding energy is found 

within the framework of the variational technique and the 

nonlinear optical properties are performed using  matrix 

formulism. It is shown that the electronic and optical properties 

are strongly dependent on the application of electric field. In 

Section 2, the theoretical model used in our calculations of 

obtained eigen functions and eigen energies of exciton states,  

some non linear optical properties  are narrated . The results and 

discussion are presented in Section 3.  A brief summary and 

results are presented in the last Section. 

Model and calculations 

  A Mott-Wannier exciton is considered in a GaxIn1-xAs 

quantum dot surrounded by a cylindrical potential barrier with 

GaAs material. The potential inside a dot is assumed to be zero 

Stark effects on the nonlinear optical properties of exciton in a strained GaxIn1-

xAs/GaAs quantum dot 
N.R.Senthil Kumar

1
 and A.John Peter

2,
* 

1
Department of Physics, SBM College of Engineering and Technology, Dindigul-624 005, India. 

2
Department of Physics, Govt.Arts College, Melur-625 106. Madurai, India. 

 

ABSTRACT 

Electric field induced heavy hole excitons in a strained GaxIn1-xAs/GaAs quantum dot are 

studied by considering geometrical confinement. The exciton binding energy and some 

nonlinear optical properties in the presence of electric field are discussed. Calculations 

include the anisotropy, non-parabolicity of the conduction band, strain effects  and the 

spatial  confinement. A cylindrical dot of GaxIn1-xAs surrounded by a GaAs barrier 

material with the constant Ga alloy content, x =0.2  is taken as the model. The exciton 

binding energy is found within the framework of the variational technique and the 

nonlinear optical properties are performed using  matrix formulism. It is shown that the 

electronic and optical properties are strongly dependent on the application of electric field. 

                                                                                                         © 2014 Elixir All rights reserved                                     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                     

 

ARTICLE INFO    

Article  history:  

Received: 27 February 2014; 

Received in revised form: 

25 May 2014; 

Accepted: 9 June 2014;

 
Keywords  

Oscillator strength,  

Exciton,  

Quantum dot. 

 

Elixir Condensed Matter Phys. 71 (2014) 24838-24844 

 
 

Condensed Matter Physics 
 

Available online at www.elixirpublishers.com (Elixir International Journal) 

 

Tele:  

E-mail addresses: a.john.peter@gmail.com 

         © 2014 Elixir All rights reserved 



N.R.Senthil Kumar and A.John Peter/ Elixir Condensed Matter Phys. 71 (2014) 24838-24844 

 
24839 

and V0 outside. The Hamiltonian of the exciton in the presence 

of electric field is given by 
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where j = e, h refer electron and hole respectively, *

jm  is 

the effective mass of electron (hole),   is the dielectric constant 

of  the material inside the quantum dot and  e is the absolute 

value of electron charge. 2

Zp  denotes the momentum due to 

exciton centre of mass, 2

zp  is the momentum due to the position 

and the relative motion along the z-direction and  2

p  is the 

momentum of the particle in the x-y plane. E is the applied 

electric field strength field. The total mass of exciton is defined 

as **

he mmM  and the reduced mass is given by 

**** / hehe mmmm  .   + sign indicates for electrons and – 

sign refers hole.     

The extra potential induced by the strain is included with 

the values of barrier height which is the addition of energy band 

offsets and the strain induced potential.   The electron (hole) 

confinement potential ( j

confV ) due to the band offset in the 

GaxIn1-xAs/GaAs quantum dot structure is given by  
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where L is the height of the cylindrical quantum dot, R is the dot 

radius and V0 is expressed as                     

                       
gc EQV 0

                                       (4)   

where Qc is the conduction band offset parameter. The barrier 

height of conduction band is taken to be 288 meV and for 

valence band is 192 meV, for x = 0.2. The conduction band 

offset parameter is taken as 60:40 between conduction band and 

valence band [15].   

The band gap difference between the quantum dot and the 

barrier at  -point given by  
258.0491.0359.0)( xxxEg                      (5)   

For any low dimensional semiconductor system, the 

conduction and the valence edge energies are mainly affected by 

the strain contribution which has been introduced in the 

Hamiltonian by means of band offset values.  Hydrostatic strains 

will influence the lattice volume resulting the energy level 

change of materials whereas uniaxial strain is the cause for the 

lattice constant mismatch of two materials. 

The strain-induced shift of the conduction band is given by  

[16] 

  )( zzyyxxcstriane aV  
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where ac is the deformation potential for the conduction band,  

the strain tensor components defined as 
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where a0 and a are the lattice parameters of bulk InAs and GaAs 

respectively  and 
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 where Cij are the elastic 

stiffness constants and their values  are given in Table 1. 

The strain-induced shift of the  valence band is expressed as 

[17] 
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where av  and b are the equibiaxial deformation potential for the 

valence band  and the uniaxial deformation deformation 

potential constants for the valence band respectively . 

The heavy hole mass is taken into consideration for this 

problem  The heavy-hole mass corresponding to the curvature of 

the heavy hole band around   is taken as           

            
21*
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where m0 is the free electron mass, 
1
 and 

2
is the 

Luttinger parameters. The effect of band non-parabolicity is 

used in our calculations with energy dependent electron mass 

given as 
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where m0 is the free electron mass,   is the material dependent 

non-parabolicity parameter, 0.0025 meV
-1

, [18], Eg is the band 

gap and   is the spin orbit splitting energy. The lowest energy 

of the electron (hole), E obtained by solving the single particle 

Schrödinger equation using the electron (hole) bulk mass. 

In order to calculate the binding energy of 1S state of an 

exciton as a function of dot radius, a variational approach is 

followed. Considering the correlation of the electron-hole 

relative motion, the trial wave function can be chosen as, 
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where 
ef
 and 

hf
are ground state solution of the Schrödinger 

equation  for the electrons and holes in the absence of the 

Coulomb interaction, given by   
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where  
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c
. The Eq.(11) describes the 

correlation of the electron-hole relative motion.   and   are 

variational parameters responsible for the in-plane correlation 

and the correlation of the relative motion in the z-direction 
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respectively [19].   is the variational parameter pertaining to 

the applied electric field. By matching the wave functions and 

the effective mass and their derivatives at boundaries of the 

quantum dot and along with the normalization, we fix all the 

constants in the above equations except the variational 

parameters. These constants are obtained by the interface 

conditions between the dot and the barrier. So the wave function 

Eq.(11) completely describes the correlation of the electron-hole 

relative motion. 

Eventually, the exciton binding energy and the optical 

transition energy are given as  

  .)(
minexcheexc HEExE                             (17) 

where Ee,h is the sum of the lowest binding energy of electron 

and the hole obtained by self-consistent calculation.  )(xEg

  

the  band gap of the inner dot material.  The envelope wave 

functions and the exciton binding energy are considered to be 

significant factors  for computing the oscillator strength which is 

important for comprehending absorption spectra experimentally     

The stark shifts on the exciton is obtained as  

   )0()(  FEFEE excexcexc
                     (18) 

The expression for the oscillator strength is given by  
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where the Eexc is the exciton binding energy, Ep is the Kane 

energy of InAs and 
exc is the exciton wave function. The 

oscillator strength is increased with the dot radius. The radiative 

life time can be calculated as [20] 
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where f is the oscillator strength as given in Eq.(19) and all the 

other parameters are universal physical constants. 

The oscillator strength and the radiative life time are two 

important optical parameters for computing the different linear 

and non-linear optical properties. However, the dipole transition 

occurring between two energy levels must obey the selection 

rules, governing 1l  where l  is the angular momentum 

quantum number. The oscillator strength pertaining to the dipole 

transition is expressed as 
2

2

*2
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where 
fiE  is obtained by knowing the difference of energy 

between the lower (Ei) and upper states (Ef). The matrix 

element, ierfM fi 2  is computed from the electric dipole 

moment of the transition from i  state to f  state in any low 

dimensional semiconductor system. Using the compact matrix 

approach and the Fermi Golden rule, the total optical absorption 

is expressed as  [21]  
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where 
0

, I  and 
r

 are the permeability of the material, the 

incident light intensity of electromagnetic field and the real part 

of the permittivity respectively. The absorption coefficients are 

related to the transition matrix elements and the density of the 

exciton. The linear and third-order nonlinear optical absorption 

coefficients of a quantum dot can be obtained by a density 

matrix approach and the corresponding expressions are given by  
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and the non-linear optical absorption coefficient is given as  
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where
rn  is the refractive index of the material that we have 

taken,  
s is electron density of the quantum dot,   the angular 

frequency of the incident photon energy, 
f  is the fine 

structure constant and   
iE  and 

fE  denote the confinement 

energy levels for the ground and the first excited state, 

respectively. The calculations of excited state energies are 

followed from the Ref.22. 

From Eq.(23) and Eq.(24), the energy-conserving delta 

function by the Lorentzian is given by 
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where   is the  line width of the exciton for which the value, 

 =0.1 meV, is taken into consideration.  Further, the 

homogeneous spectral width due to the finite coherence time 

between the two energy levels is also taken into account for the 

calculations. 

The second order nonlinear optical rectification coefficient, 

due to the intersubband transitions by assuming the interaction 

of a polarized monochromatic electromagnetic field with the 

ensemble of quantum dots, is given by [23] 
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where 
iffi MM  ,   is the carrier density, 

0
 is 

the permittivity in the free space,   is the  frequency of the 

incident electromagnetic field,  and  E21 = E2 -E1 is the energy 

difference between the final and initial states. /112   is the 

relaxation rate for states 1 and 2 here    is the relaxation time.  

We have taken the relaxation rate as 1ps and the electron density 

is taken as 1×10
24

 m
-3

. The observation of oscillator strength is 

imperative especially in the study of optical properties and they 

are related to the electronic dipole allowed absorptions. These 

results are considered to be important for the observation of fine 

structure of the optical absorption. The expression for the 

second harmonic generations is given by  

  021021

112222
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The third-order nonlinear optical susceptibility )3(  which 

is related to the optical mixing between two incident light beams 

with different frequencies 
1
 and 

2  is expressed as [24,25] 
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where 
s  is the density of electrons in the quantum well wire, 

0
 is the vacuum permittivity, /1  is the relaxation rate 

for states 1 and 2 and  is the photon energy. We have taken 

the relaxation rate as 1ps and the electron density is taken as 

1×10
24

 m
-3

.The above equation gives the expression for  the 

third-order susceptibility of third order harmonic generation 

which has been done by the compact-density–matrix approach. 

Results and discussion 

Electric field induced binding energy of the heavy hole 

exciton and some nonlinear optical properties in a 

Ga0.2In0.8As/GaAs strained quantum dot are dealt. The effects of 

geometrical confinement and the electric field are taken into 

account. We have taken the constant Ga alloy content so that the 

barrier height of the quantum dot is fixed.  The values of  strain 

contribution are  added with the barrier height.  The values of 

material parameters in the present work are given in Table.1. 

The atomic units have been followed in the determination of 

electronic charges and wave functions in which the electronic 

charge and the Planck’s constant have been assumed as unity.     

In Fig.1, we present the variation of exciton binding energy 

as a function of dot radius in a Ga0.2In0.8As/GaAs quantum dot 

with and without the electric field and the insert figure shows 

the exciton binding energy with the electric field for three 

different geometrical confinement. In all the cases, it is observed 

that the binding energy increases with decreasing dot radius and 

it reaches the maximum value for a critical dot radius and then 

rapidly decreases. Enhancement of binding energy with the 

reduction in dot radius is observed for the all the cases of 

external electric field whereas the reduction in binding energy 

with the electric field is observed for all the dot radii. The reason 

for the earlier effect is the dominant behaviour of geometrical 

confinement when the dot is reduced, however, for the smaller 

dot radii, again the exciton binding energy is found to decrease 

due to the tunneling of wave functions through the barrier. 

Moreover, the enhancement of Coulomb interaction between the 

electron and hole eventually causes the decrease in binding 

energy [26].  

 

Fig 1. Exciton binding energy as a function of dot radius in a 

Ga0.2In0.8As/GaAs quantum dot with and without the electric 

field and the insert figure shows the exciton binding energy 

with the electric field for three different dot radii. 

The reason for the latter effect is as follows;  as the electric 

field is increased the electron is pulled towards one side of the 

quantum dot resulting the overall decrease of the binding 

energies. We notice from the insert figure that the binding 

energy is more for smaller dot radii than the larger dot radii due 

to the confinement. The effect of attractive Coulomb potential 

on the total energy is brought out in the figure. The 

enhancement of exciton binding energy with the reduction of dot 

radius is due to the spatial confinement.  

Fig.2 shows the variation of exciton binding energy shifts as 

a function of electric field for three different dot radii in a 

Ga0.2In0.8As/GaAs quantum dot. Stark effect on electron-hole 

pair interaction with the geometrical confinement is brought out 

here. The reduction of Stark shift with the application of electric 

field is observed for all the dot radii.  The Stark effect with the 

strong confinement has more influence than the dots in the weak 

confinement. It is because the effects of exciton binding energy 

have more influence for narrow dots in the stronger confinement 

region than the wider dots.  It is clearly seen that the effect of 

electric field has more influence on the smaller dot radius than 

the bigger ones.  The results indicate that any quantum device 

depends on the external electric field and the spatial 

confinement of geometrical size [27]. 
 

Fig 2. Variation of exciton binding energy shifts as a 

function of electric field for three different dot radii in a 

Ga0.2In0.8As/GaAs quantum dot 

 

Fig 3. Variation of total absorption coefficient of an exciton 

in a Ga0.2In0.8As/GaAs quantum dot,  for a constant radius 

50 Å,  as a function of photon energy in the presence of 

electric field 

In Fig.3, we display the variation of total absorption 

coefficient of an exciton in  a  Ga0.2In0.8As/GaAs quantum dot 

with the constant dot radius, 50 Å as a function of photon energy 

in the presence of electric field is  shown in Fig.3. We have 

taken I  =10 MW/m
2
. It is noticed that the resonant peak value 

of the nonlinear absorption coefficient shifts towards the lower 

photon energies as the electric field strength increases. 
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It is due to the reduction of exciton binding with the 

application of electric field. Further, the dominant behaviour of 

geometrical confinement in the low dimensional semiconductor 

systems is brought out.  In our calculations, the absorption 

coefficient values include both the real and imaginary parts. The 

nonlinear optical properties are strongly affected by the exciton 

binding energies and the transition energies, the oscillator 

strength and the absorption profile. It is observed from the 

expression of absorption coefficients, the linear absorption 

coefficient is larger due to the positive linear susceptibility term 

whereas 
3  governed by the third order nonlinear susceptibility 

term is negative. Hence the total absorption coefficient is 

reduced significantly as given by the Eq.(24) while combining 

these two effects. However, the contribution from the nonlinear 

optical absorption coefficient should be considered provided the 

optical intensity is very strong. Also one notices that the 

observed optical nonlinearity becomes stronger and stronger as 

the dot size becomes larger and larger.  Further, it is observed 

that the absorption coefficient peak moves to the lower photon 

energy as the electric field is increased with the increase in the 

value of absorption coefficients. It implies that the resonant 

values of electric field shift towards the red region in quantum 

dots. It is because that the spacing between the energy levels 

decreases with additional confinement due to the electric field 

[28].  

 

Fig 4. Variation of changes of refractive index in a 

Ga0.2In0.8As/GaAs quantum dot, for a constant radius 50 Å,  

as a function of photon energy in the presence of electric 

field 

 

Fig 5. Variation of second order nonlinear rectification 

coefficient as a function of incident energy for a confined 

exciton in a Ga0.2In0.8As/GaAs quantum dot, for a constant 

radius 50 Å, in the presence of electric field 

We present the variation of total refractive index changes of 

the exciton confined in a  Ga0.2In0.8As/GaAs quantum dot as a 

function of photon energy in the presence of electric field  in 

Fig.4.  The dot radius is taken as 50Å.  It is observed that the 

external application of electric field has an important effect. The 

changes of refractive index related to the intersubband transition 

energy are  investigated here. It brings out  the two components 

of refractive index, namely, 

rn

n )()1(   and  

rn

n )()3(  .  The 

combination of these terms is calculated as a function of 

incident energy with the constant confining potential in the 

presence of application of electric field. It is  noticed that the 

changes of refractive index decreases with the application of 

external electric field.  It is also observed from the equations 

related to changes of refractive index  that the linear relative 

change in refractive index does not depend on photon intensity 

whereas the third order relative change in refractive index 

changes with photon intensity. Further, it changes  quadratically 

with the matrix element of the electric dipole moment of the 

transition. Thus, the nonlinear term must be considered when 

calculating the refractive index change of quantum dot systems 

in the presence of external perturbations [29].

Table 1. Material parameters* used in the calculations  (all the other parameters are linearly interpolated) 

 



N.R.Senthil Kumar and A.John Peter/ Elixir Condensed Matter Phys. 71 (2014) 24838-24844 

 
24843 

 

Fig 6. Variation of third-order susceptibility of third 

harmonic generation as a function of photon energy with 

and without  the polaron effects in a Ga0.2In0.8As/GaAs 

quantum dot, for a  constant radius 50 Å, in the presence of 

electric field 

In Fig.5, we  show the variation of second order nonlinear 

rectification coefficient as a function of incident energy for a 

confined exciton in a Ga0.2In0.8As/GaAs quantum dot, for a 

constant radius 50 Å, in the presence of electric field. It is 

observed that the resonant peak value not only shifts towards the 

red region but also becomes lesser when the application of 

electric field is included. Generally, the resonant frequencies are 

considered to be important for the study of non-linear optical 

properties in the low dimensional nanostructures. Further, it is 

noticed that the resonant absorption peak value is found to be 

linearly decreasing with the increase of electric field and the 

energy levels are separated largely the reduction of overlap 

integral due to the increase in dipole matrix.  It is because there 

occurs a competition between the energy interval and the dipole 

matrix element which determine these features. Thus, the 

electric field has more influence on the second order nonlinear 

optical rectification coefficient [30].  

Fig.6 shows the variation of third-order susceptibility of 

third harmonic generation as a function of photon energy in the 

presence of electric field in a Ga0.2In0.8As/GaAs quantum dot, 

for a constant radius 50 Å.  It is noticed that the susceptibility 

has two peaks and the contribution of electric field makes the 

resonant peak lower region of energies. Further, it is noted that 

the magnitude of the resonant peak moves towards the higher 

energies with the increase of the application electric field. The 

coefficient of third-order susceptibility of third harmonic 

generation has been enhanced with the application of electric 

field. The relaxation time has more influence on the third-order 

susceptibility. It is due to the enhancement of matrix element. 

And hence, it is concluded that the contribution of electric field  

has more influence on the resonant peak of third order 

susceptibility of third harmonic generation [31].  

In conclusion, heavy hole excitons in a strained 

Ga0.2In0.8As/GaAs quantum dot, in the presence of external 

electric field, have been investigated. The interface strain effect 

has been included with the barrier height of the quantum dot. 

The effects of spatial confinement have been taken into 

consideration. The exciton binding energy and some nonlinear 

optical properties in the presence of electric field have been 

discussed. Some important parameters such as the anisotropy, 

non-parabolicity of the conduction band, strain effects and the 

quantum confinement have been considered. A cylindrical dot of 

Ga0.2In0.8As semiconductor has been taken as inner material and 

the GaAs has been taken as outer material.  The results show 

that the exciton binding energies and the nonlinear optical 

properties are strongly dependent on the application of external 

electric field. 
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