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Abstract 
 

We calculate electronic levels of spherical segment 

quantum dot on top of wetting layer with and without 

hydrogenic impurity interacted with external electric field 

numerically. Results show that as the electric field 

increases, the three lowest level energies decrease. The 

binding energy of the ground (first excited) state of the 

system decreases (increases) as the electric field 

increases. Then we consider the system influenced by 

two laser fields and investigate the optical properties of 

the system at the electric field. As results show, the linear 

and nonlinear absorptions and dispersions of the probe 

pulse shift to higher frequencies as the electric field 

increases. For the certain electric field, the optical 

properties reduce and shift toward higher frequencies 

when impurity is added. Finally, the group velocity of the 

probe pulse in the system is calculated. As the electric 

field increases, the slow light frequency range transfers to 

the higher probe frequencies. 
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Electric Field and Impurity Effects on the Electronic Levels and Optical … 

1. INTRODUCTION 

 Quantum dots (QDs), with three-dimensional confinement of carriers, are one 

of interesting scientific topics. Some of important applications of QDs are: 

quantum dot lasers [1-2], quantum dot solar cells [3-4], quantum dot 

photodetectors [5-6] and biomedical applications [7]. Electronic levels and 

optical properties of QDs have been investigated for different geometries [8-12]. 

Leonard et al have observed QDs with shape of spherical segment QD (SSQD) 

in their experiments [13]. Properties of SSQD with wetting layer (WL) were 

studied [14]. Electronic structure and optical properties of two vertically coupled 

SSQDs/WLs were investiated [15]. Furthermore, effects of temperature and 

hydrostatic pressure on the properties of SSQDs/WL were studied [16]. Electric 

field is one of parameters that affect the electronic and optical properties of QD 

systems. Some papers are: the effects of electric field on properties of spherical 

QD at the center of a nanowire [17], the electric field effect on impurity binding 

energy in wedge-shaped cylindrical QDs [18], effect of an electric field on 

recombination radiation in QDs [19], effect  of electric field on nonlinear optical 

properties of QDs with multitype-tunable shape [20], the optical properties of 

the Mathieu QD with the external electric, magnetic and laser field [21]. In this 

paper, we consider a SSQDs/WL with and without impurity, apply an external 

electric field and calculate the electronic structure (2A) and optical parameters 

(2B) of the system interacted with two fields. Furthermore, group velocity of 

light in QD systems has studied [22-23], so we calculate the group velocity of 

probe pulse (GVPP) in SSQD/WL with and without impurity (2C). 

 

2. INFLUENCE OF ELECTRIC FIELD ON SSQD/WL 

A. Electronic levels 

 We consider an InAs SSQD with a WL in a GaAs barrier. Corresponding to 

reference [13], we use R =10 nm and h =5 nm. Figure 1 shows the SSQD with 

WL. 
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Fig. 1. schematic view of SSQD/WL in a GaAs barrier. 

 

 We want to investigate electric field effect on the electronic structure of 

SSQD/WL, without and with (at the origin of the cylindrical coordinates) 

hydrogenic donor impurity. An external electric field was applied to the system 

( k̂ extext EE 


). For an electron confined to the system shown in figure 1, the 

Schrödinger equation in the effective mass approximation can be written as: 

),()()]()([)( )())( )(1.(2 ,
2 rEurzueErurVrurVrurm extimpeconfeff


   

                                                                                                                            (1) 

where  , )(rmeff


, )(rVconf


, E  and )(ru


 show Planck’s constant divided by 

2 , the electron effective mass, the confining potential, the energy and 

eigenfunction of the electron levels. The term )()(, rurV impe


 is hold only when 

we add impurity.

 

rerV impe


0

2
, 4)( 

 

is the Coulomb interaction between e 

and impurity, where e  is the electronic charge, 0  is the permittivity of free 

space and   is the relative dielectric constant. The parameters used to solve the 

equation (1) were: 0,  023.0 mm InAseff   , 0,  067.0 mm GaAseff   , 0, InAsconfV  and 

eVV GaAsconf 697.0,   [24-25], 0m  is the electron mass. We used 

55.14InAs and 18.13GaAs  [26]. Finite element method has been used to 

solve the equation (1) numerically (The azimuthal symmetry is seen in this 

system, so the eigenfunction can be written as 
 ilezrgAzru  ),( ),,(   : 

... ,2 ,1 ,0l  and A  is the normalization constant). The boundary conditions 

were the same as conditions in reference [14]. The energy eigenvalues and 

eigenfunctions of the system levels have been calculated. 
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 The ground (level 1: L1), first excited state (level 2: L2) and second excited 

state (level 3: L3) energies as a function of the applied electric field extE  are 

shown in figure 2. As seen, energies of L1, L2 and L3 decrease as the electric 

field increases because the term related to the interaction of electron and electric 

field ( )(rzueEext


 ) in the Schrödinger equation (Eq. 1) is negative. The larger 

the electric field, the lower the level energy. Our results are in good agreement 

with Turki-Ben Ali et al’s. work [25]. It is clear that the energies of the three 

lowest levels decrease by adding the hydrogenic impurity. Because the Coulomb 

interaction ( rerV impe


0

2
, 4)(  ) is negative. This negative term in the 

Schrödinger equation (Eq. 1) results in a decrease of energies of the three lowest 

levels. 
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Fig. 2. Energies of L1 (a), L2 (b) and L3 (c) for the system with and without impurity as 

a function of the applied electric field extE . 

 Figure 3 shows the binding energy (difference between energies with and 

without the impurity) of the ground and the first excited states for different 

values of electric field. The binding energy of the ground state decreases as the 
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electric field increases (figure 3a). The binding energy of L2 increases as the 

electric field increases (figure 3b). 

 

Fig. 3. Binding energy as a function of electric field for SSQD/WL. 

B. Optical properties 

 To investigate the optical properties, the system is interacted by an 

electromagnetic field with x-polarization. The dipole moment matrix elements 

jiij uxeu ˆ  have been obtained for transitions between two conduction 

subbands numerically.
 iu  is the eigenfunction of the ith subband. According to 

 ilezrgAzru  ),( ),,(  , only transitions between levels with l=0 and l=1 are the 

electric dipole-allowed transitions. For the lowest levels, transitions between 1 

and 2 levels and between 2 and 3 levels are the electric dipole-allowed. 

Transition between 1 and 3 levels is electric dipole-forbidden (figure 4).  

Therefore, the three levels present a cascade type system. 
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 Fig. 4. The cascade configuration of SSQD/WL. 

 SSQD/WL interacts with two laser fields that propagate along z- direction. The 

polarizations of fields are along x- direction. 

 

., .  ˆ  ˆ
).().(

cceExeExE
rkiti

c

rkiti

p
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  (2) 

pE  and cE  are the slowly varying envelopes and pk


 and ck


 are the wave 

vectors of the fields. The weak pulsed probe (strong cw control) field induces 

transition 21  ( 32  ) (Figure 4). 

 As mentioned in references [27-28], the Hamiltonian of SSQD/WL in the 

interaction picture is: 

.),.1223(33)(22 cHH pccpp 
                      

  (3) 

21  pp  is detuning of the probe field and 32  cc  is detuning of 

the control field. 


p

p

E21
2


  and 


c

c

E322


  are the Rabi frequencies [27-

28], 21  and 32  are the dipole moment elements. By using time-dependent 

Schrödinger equation, linear absorption (LA) and linear dispersion (LD) of the 

probe pulse can be written as [14]: 
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2
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the third-order nonlinear absorption (TNA) and third-order nonlinear dispersion 

(TND) can be written as: 
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                                                                                                                            (7) 

)()( 23

2

pcpc iiB   , i  is the decay rate of level i , N 

presents the electron density. 

 Next, the optical properties of the SSQD/WL system at the electric field extE


 

have been investigated. Figure 5 shows the LA, LD, TNA and TND of the probe 

pulse via p  for different values of extE  (for the system without impurity). 

322103  mN [29], 112109  sc , 112
32 10  s  and 22c  were 

used in calculations. 
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Fig. 5. a) LA, b) LD, c) the TNA and d) the TND of the probe pulse as a function of p  

for the system without impurity: mVEext /103  (the solid line), mVEext /106  (dot-

dashed line) and mVEext /107  (dotted line). 

 

 Figure 5 shows that as the electric field increases, the LA, LD, TNA and TND 

shift toward higher frequencies because the transition energy ( 21  ) 

increases. When the electric field is applied, the energy shifts of levels 1 and 2 

are different. This difference increases for larger electric fields. This result is in 

line with reference [17]. 

Figure 6 shows the LA, LD, TNA and TND of the probe pulse via p  for 

different values of extE  (for the system with impurity). 
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Fig. 6. a) LA, b) LD, c) the TNA and d) the TND of the probe pulse via p  for the 

system with impurity: mVEext /103  (the solid line), mVEext /106  (dot-dashed 

line) and mVEext /107  (dotted line). 

 Figure 6 shows that as the electric field increases, the LA, LD, TNA and TND 

shift toward higher frequencies because the transition energy ( 21  ) 

increases (similar to the system without impurity). The same results had 

obtained in reference [17]. 

 Figure 7 shows the LA, LD, TNA and TND of the probe pulse via p  for the 

system with and without impurity ( mVEext /106 ). 
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Fig. 7. a) LA, b) LD, c) the TNA and d) the TND of the probe pulse via p  for the 

system without impurity (the solid line) and with impurity (dot-dashed line), 

mVEext /106 . 

 

Figure 7 shows that for the certain electric field, the LA, LD, TNA and TND 

shift toward higher frequencies by inserting hydrogenic impurity. Furthermore, 

the LA, LD, TNA and TND reduce. This reduction is due to a decrease in the 

matrix element of the dipole moment 21 in equations (4)-(7). When the 

hydrogenic impurity is located at the system, the Coulomb interaction between 

electron and hydrogenic impurity arises. Consequently, the localization of the 

electron increases and 1221
ˆ uxeu  becomes smaller. 

C. Group velocity of light 

 As we know, when two laser fields apply to the system, electromagnetically 

induced transparency occurs and the GVPP decreases (slow light) [22,30]. The 

GVPP in the system is [30]: 

,
)(

)( 

)(

p

p

pp

pg

d

dn
n

c
V










                                                                           (8) 

n is the linear refractive index of the system. 
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 Finally, the GVPP in SSQD/WL has been investigated. The GVPP in the 

system with and without impurity as a function of the probe frequency p  for 

different electric fields mVEext /10 ,10 ,10 763  is plotted in Figure 8. The used 

parameters are: 111
32 10  s [31],

 
113101.5  sc  and 0c . As the 

electric field increases, the slow light frequency range transfers to the higher 

probe frequencies because the transition frequency increases. 

 

Fig. 8. GVPP in the system without (a) and with (b) impurity via the probe frequency 

p  for different electric fields 

   /103 mVEext  ,line) (Solid  /10 6 mVEext  ),line dashed(  /10 7 mVEext 

)line dashed-dot( .
 

3. CONCLUSION 

In summary, an InAs SSQD/WL in GaAs barrier with and without hydrogenic 

impurity has been considered. An external electric field has been applied to the 

quantum dot system. First, the electronic levels of the system have been 

calculated numerically. Results show that as the electric field increases, the 

energies of L1, L2, L3 decrease because the term shown the interaction of 

electron and electric field is negative. L1, L2, L3 energies of the system 

interacted with electric field decrease when the hydrogenic impurity is added. 

The binding energy of L1 of the system decreases as the electric field increases 

but, the binding energy of L2 increases as the electric field increases. Then the 

system has been considered to interact with two laser fields and the optical 

properties of the system have been investigated at the electric field. Results 

show that the LA, LD, TNA and TND for the probe pulse shift toward higher 

frequencies as the electric field increases because the transition energy 

increases. The similar results obtain for the system with impurity. For the certain 
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electric field, the LA, LD, TNA and TND of the probe pulse transfer toward 

higher frequencies when hydrogenic impurity is added. Furthermore, the LA, 

LD, TNA and TND of the probe pulse reduce. Finally, the GVPP in the system 

has been calculated for both systems with and without impurity. As the electric 

field increases, the slow light frequency range shows blue shift because the 

transition frequency increases. 
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