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 A variable semiconductor optical buffer based on the 

electromagnetically induced transparency (EIT) in a three level conical 

quantum dot system (CQD) is theoretically investigated. The system is 

interacting with two (control and signal) laser beams. Signal light with 

subluminal velocity is possible in such system through the quantum 

interference effect induced by the control pump field. We investigate 

the refractive index and absorption spectra of the QD waveguide at 

different pump levels, which exhibit an optimal pump power for 

maximum slow-down factor (SDF). The group velocity SDF is 

theoretically analyzed as a function of the pump intensity at different 

broadened linewidths. The present study is based on the assumption that 

the medium is homogeneous. In this paper, a SDF as a function of CQD 

radius was studied. The simulation results indicate that the SDF 

increases with decreasing CQD radius. 
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استعمال الشفافية المحتثة كهرومغناطيسيا في نظام النقاط الكمية المخروطية شبه المىصلة  رات الثلاث مستىيات 

 لتحقيق المبطئ البصري المتغير

 نىر الهذي صالح يعقىب     د. صباح مهذي محمذأمين  

 قضى انفٛزٚاء، كهٛت انعهٕو، جايعت انبصشة، انبصشة، انعشاق

 ةـــلاصـــخ  ــــال  الكلمات المفتاحية:

 كٓشٔيغُاطٛضٛا انًحخزت انشفافٛت اصخعًال

 انًٕصهت شبّ انًخشٔطٛت انكًٛت انُقاط

 انًخغٛش انبصش٘ انًبطئ

 ظ  اْشة عه  ٗ انًض  خُذ انًخغٛ  ش انبص  ش٘ نهًبط  ئ َظشٚ  ت دساص  ت أجشٚ  ج انبح  ذ ْ  زا ٙف   

 راث CQD انش كم انًخشٔطٛ ت انكًٛ ت انُق اط اَظًت فٙ EIT كٓشٔيغُاطٛضٛا انًحخزت انشفافٛت

 ي ٍ. ٔانض ٛطشة الاش اسة ًْ ا نٛ زسٍٚٛ ش عاعٍٛ ي   انكً ٙ انُظ او ْزا ٚخفاعم. يضخٕٚاث انزلاد

 ي شٔسِ عُذ( ضخ نٛزس ٔجٕد عذو حانت فٙ) صشعخّ فٙ ابطا َٙٚعا الاشاسة نٛزس اٌ انًعشٔف

 حع شٚ  حان ت ف ٙ. انٕص ظ قب م ي ٍ الايخص ا  بض ب  ش ذحّ ح ُخف  ٔكزنك الأصاط ْزِ فٙ

 حح  ج. انض  خ ٚح  ذرٓا انخ  ٙ الاَخق  الاث ب  ٍٛ انكً  ٙ انخ  ذا م ظ  اْشة حح  ذد ض    نهٛ  زس انٕص  ظ
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1. INTRODUCTION 

An optical memory with controllable 

variable storage time is one of the most 

critically components in optical 

communications and signal processing [1-5]. 

Where, one of the crucial components is the 

realization of all-optical packet-switched 

networks based on variable optical buffers. In 

such a buffer, the optical signal would be 

remained in the optical field during the storage 

time without being transformed into an 

electronic field [6]. The buffer must be able to 

switch on to store/delay and off to release the 

optical data at a very rapid rate by an external 

optical controlling field. The buffer storage time 

can be adjusted to desired values via controlling 

the group velocity decreasing factor. Several 

methods are used for decreasing the light 

velocity, these includes Electromagnetically 

Induced Transparency (EIT), Coherent 

Population Oscillation (CPO), Stimulated 

Brillouin scattering (SBS) and Stimulated 

Raman scattering (SRS) [7-9]. EIT is a spectral 

region of transparency created in the resonant 

absorption line due to the destructive quantum 

interference between two transitions in a three-

level system. Using EIT in semiconductor 

quantum dots (QDs) is the way to engineering 

the material dispersion curve (i.e., refractive 

index as a function of frequency). Slowing 

down the group velocity is depended on 

creating quantum interference between a certain 

electronic states of the QDs via pumping the 

system by a strong controlling optical laser 

beam. By virtue of the Kramers-Krönig 

relations EIT absorption reduction is associated 

with a large positive slope of the refractive 

index. The resulting effect is a greatly reduced 

group velocity in the vicinity of resonances. 

Hence, the optical pump field can modify the 

real and imaginary parts of the refractive index 

of the medium seem by the signal beam. In 

“slow-light” techniques an external optical field 

(the “control field”) is used to change an opaque 

medium to become transparent near the 

resonance. Under these considerations, a weak 

optical field (the “signal field”) at a particular 

frequency and polarization can then propagate 

without loss but with a reduced group velocity. 

Associated with the slow light phenomena, the 

signal will be spatially compressed, which 

allows a signal pulse to be almost completely 

localized in the atomic medium [10]. 

   Semiconductor based devices have some 

characteristics which make it more significant 

compared with gas- or solid-state-based ones. 

There are some examples: semiconductor 

transistors versus vacuum tubes, and diode 

lasers versus gas lasers, etc. [11]. The most 

important advantages includes compactness, 

monolithic integration and low power 

consumption. Experimental results of a slow-

down factor of     have been reported using 

the EIT mechanism in a gas cell at 350 K [10] 

and cold cloud of sodium atoms [12], or solid-

state systems such as Pr doped       . 

However, the transmission bandwidths obtained 

in these systems are too narrow (about 50–150 

KHz) for optical buffers. Semiconductor 

structures such as quantum wells and QDs may 

offer more broadening transmission bandwidths 

(about a few GHz) at the cost of a smaller SDF 

 ٔلا ش  فاف انٕص ظ ٚك  ٌٕ ٔب زنك الاَخق الاث ْ  زِ ب ٍٛ احلاف  ٙ كً ٙ ح ذا م ٚح  ذد يعُٛ ت ظ شٔف

 الاَكض  اس يعاي  م طٛ    دسس. بش  ذة ص  شعخٓا ٔح  ُخف  الايخص  ا  ي  ٍ الاش  اسة نٛ  زس ٚع  اَٙ

 لاقص ٗ حؤد٘ ضخ قذسة افضم نًعشفت انُظاو نٓزا ٔالايخصا ( الاشاسة نضشعت يؤشش ْٕٔ)

 ع ش  ي ٍ يخخهف ت ٔنق ٛى انض خ نش ذة كذان ت َظشٚ ا الابط اء يعايم حض  .SDF ابطاء يعايم

 الابط اء يعاي م ك زنك دسس. الأصاط ْزِ حجاَش انذساصت افخشضج. الاَخقال طاقت يضخٕٖ  ظ

 قط ش َص  قم كهًا ٚزداد الابطاء يعايم اٌ انذساصت أظٓشث. انكًٛت انُقطت قطش نُص  كذانت

 .انكًٛت انُقطت
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and with EIT buffers operating at room 

temperature [11]. A slowdown group velocity 

devices with transport bandwidth of tens 

kiloHertz is not appropriate for optical buffer 

applications [12].  

   In this paper, the maximum obtainable 

SDF (compared with disk quantum dot 

Ref.[13]) , S , which it is a measure of the 

group-velocity reduction, was examined. The 

SDF is a figure of merit relevant for optical 

storage. We use proper parameters of strained 

QDs from our electronic band structure model 

using COMSOL Multiphysics software and 

homemade Matlab codes for estimating SDF. 

The present study is based on the assumption 

that the medium is homogeneous. 

2. Theoretical model 

2.1 Light-matter interaction 

     A graphical scheme of three level 

system and the related parameters for EIT 

process in a QD is shown in Fig. 1. In this 

ladder order, only   〉 ↔   〉 and   〉 ↔   〉 are 

dipole allowed with energy separation of      

and     , respectively.    and    are the 

optical angular frequencies of the signal and the 

control laser beams, respectively. From the 

density matrix  (
  

  
)
  

 theory, the optical 

dielectric constant experienced by the signal 

beam can be derived as follows: 

(
  

  
)
  

  (        )  
 

 
[ ̂  ̂]

  
      (1)                                                                                                    

      
 

 
    ( )                (2) 

where     is the dephasing linewidth, and 

     is energy separation between states   ⟩ 

and   ⟩ .     is the dipole moment. The 

electric field  ( ) includes the signal(  ) and 

pump (  ) is expressed as 

 ( )     
                (3) 

The first-order optical susceptibility seen 

by the signal,  (  ), is expressed as [13]: 
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where    is a background dielectric 

constant.  

 

Fig. 1 Schematic diagram of the potential 

profile of semiconductor QD system.   =the 

heavy-hole ground state,   = the conduction 

band ground state, and    = the first excited 

state of conduction band[13]. 

If both the signal and pump detuning 

vanishes, the SDF has an analytical form as 

follows, [13]: 

    

[
   √  
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[  
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where 

  (  
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             (6) 

and 
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√  
)     |  |

 
           (7) 

where    is the pump power density, and 

          
 (     )

   
            (8) 

  
       

   

        
            (9) 

    is the oscillator strength of the signal 

beam,    
  is the launched pump power 

density,          are Fermi–Dirac occupation 

factors and for a passive undoped QD,    ∼ 1 

and   ∼ 0, V is the volume of a single QD,     

and     are the interband and intersubband 

dipole moments, c the speed of the light in 

vacuum. 

2.2 Conical Quantum Dot System CQD 

    In this section, we tend to determine the 

bound electron and hole eigenstates through the 

numerical simulation of COMSOL software 

based on Finite Element Method (FEM). We 

consider an InAs conical QD with variable 

radius R and height zo=3.5nm established on a 

wetting layer of thickness d=1.3 nm and 

embedded in cylindrical matrix GaAs barrier 

with radius R=12.5 nm, height z=100 nm. Since 

the CQD with WL is rotationally symmetric, the 

problem has been reduced to a two dimensional 

one. Hence, the wave function is written as 

 ( )   (   )                  (10) 

where             is the orbital 

quantum number obtained by applying the 

periodic boundary condition. Then the 

Schrödinger equation in the cylindrical 

coordinates has the form: 

 
  

  
 (

 

 

 

  
(  

 

  
)  

  

    
  

  )  (   )  

 (   )   (   )       (   )          (11) 

where V is the potential energy, El is the 

energy eigenvalue, and    is the envelope 

quantum mechanical wave function. In order to 

solve Eq. (11), it must be transformed to a 

generalized form of a coefficient partial 

differential equation used by COMSOL as 

follows: 

  (         )               

              (12) 

where the nonzero coefficients are:     is a 

damping coefficient,     , c is the diffusion 

coefficient,   
  

(     )
, a is the conservative 

flux convection coefficient,   *
  

     
+

  

    , 

β is the convection coefficient,    (
   

     
)  

 

 
 ,   is the absorption coefficient , γ is the 

conservative flux source term,      , and λ 

= El. 

Indeed, the solutions of Eq. (12) is obtained 

for   = 0. The expression of the transition 

energy,    , is written as follows: 

                        (13) 

Where:    is the energy gap,     is the 

quantization energy of the electrons and      is 

the quantization energy of the holes. 

3. Results and Discussions 

 In this paper, we report the dependency of 

the SDF of conical InAs QDs embedded in 

GaAs matrix on its radius and pump radiation 

intensity. A more realistic finite height potential 

barrier appropriate for experimental situation is 

employed. For CQDs with its wetting layer, the 

Eigenenergies, envelop functions, electric 

dipole moment matrix elements, relative linear 

refractive index, linear absorption coefficient 

and SDF are calculated versus the conical radius 

and light pump intensity. The wetting layer 

which is usually ignored in the previous articles 

[14] is included in this work. The strain field 

effect is ignored in this model. To solve the 

differential Eq. (11) numerically, the FEM of 

COMSOL Multiphysics has been used. To carry 

out our simulations, we discretized the structure 

area by triangular finite elements network. The 

mesh was refined near the QD and WL 

boundaries. The effective electron mass was set 
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to0.023 me for InAs and 0.067 me for GaAs 

[14], where me is the free electron mass. Also, 

the height of potential barrier was set as 

V=0.697eV. 

3.1 Eigenfunctions and Eigenenergies 

calculations 

In this subsection, we investigate the effects 

of radius on the electronic states of 3D conical-

shaped QDs in details and wave functions 

associated with levels. The effect of radius on 

eigenvalue of CQD is studied in the range of 

(12-20) nm for 5.65 nm height and wetting layer 

thickness of 1.3 nm. The energy eigenvalues of 

electrons in the C.B are corresponding to the 

excited states of the three level ladder systems 

are shown in Fig. 2 for conduction band and 

Fig. 3 for valance band.  Fig. 2 shows the 

ground state (lower) and first excited state 

(upper) energy eigenvalues versus the CQD 

radius. The Eigenenergies are almost changed 

linearly with the radius since the corresponding 

envelope functions are almost confined inside 

the CQD. Also, the same conclusion is valid for 

holes in valance band as indicated in Fig. 3. 

 

Fig. 2 Energy eigenvalues of electrons in the 

C.B as a function of CQD radius. 

  

 

Fig. 3 Hole energy eigenvalues in the V.B as a 

function of CQD radius. 

 

Fig. (4) show the one dimensional plot of 

probability density of normalized envelop wave 

functions corresponding to the ground and first 

three excited states in CB at two values of cone 

radius. The results show localization of ground 

state envelope function in CQD, whereas the 

first excited state has some expansion in the 

wetting layer as viewed in two and three 

dimension plots of Figs. (5-7). This situation is 

remains unchanged with increasing the cone 

radius. This picture actually will effect on 

electric dipole moments and the related optical 

properties.  

The effects of changing radius on the 

energy transition ΔE between the hole and 

electron ground states can be understood with a 

simple analytical model. This transition has two 

contributions: strain and confinement. The 

strain is less at the band edges and affects the 

energy gap   , while the confinement increases 

the minimum allowed energy of electron     

and hole     with respect to the band edges 

[15]  .  We can observe from the results obtained 

that the energy decreases with the increase of 

radius and this is consistent with the results of 

previous research [14]. 

 

(a) 



JOURNAL OF KUFA–PHYSICS  |  Vol. 12, No. 1 (2020)  Nooralhuda S. Yaqoob, Sabah M.M. Ameen 

   55 

 

(b) 

Fig. 4 One dimensional plot of the probability 

density    in CQD, (a) 1
st
 and 2

nd
 eigen 

function, and (b) 3
rd

 and 4
th

 eign functions. 

 

 

Fig. 5 Two dimensional plot in    plane of the 

probability density    in CQD, (a) first (b) 

second (c) third (d) fourth eigen function. 

  

 

Fig. 6 Two dimensional plot in    plane of the 

probability density    in CQD, (a) first (b) 

second (c) third (d) fourth Eigenfunction. 

  

 

Fig. 7 Three dimensional plot of the probability 

density    in CQD, (a) first (b) second (c) third 

(d) fourth eigen function. 

 

3.2 Dipole moment calculations 

Assuming a linear z-polarized electric field 

propagating along r direction, the intersubband 

dipole moment between the ground state level 
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  〉 and the first excited state level    〉 of the 

conduction band is given by 

    ⟨  ( )      ( )⟩          (14) 

where e is the unit charge, and |z| is the 

distance. 

The controlling pump light should be 

chosen parallel to the QD plane in order to 

obtain maximum coupling between the pump 

beam and the          transition. The 

calculated intersubband dipole moment in the 

transverse direction is 24.2 eÅ when the radius 

and the height are 9 nm and 3.5 nm, 

respectively. Recall that the intersubband dipole 

moment is dependent on the radius of a QD, it 

calculates by using Comsol software.  

Furthermore, the inter-band dipole moment 

can be expressed in terms of the momentum 

matrix element and the superposition integral of 

the wave functions as follows 

    
 

    
  ⟨  ( )     ( )⟩ ⟨  ( )   ( )⟩

             (15) 

where   ( ) and   ( ) are periodic parts of 

the ground state for the electron and the hole, 

respectively; and ξ is an enhancement factor due 

to exciton effects. 

⟨  ( )     ( )⟩  (
 

    
)   (     )

(       )  ⁄
      (16) 

where:    is the spin-splitting, and mc is the 

electron effective mass. The parameters used in 

the study of inter-band dipole moment are 

indicated in the following table. 

Table 1 

parameter Value 

Enhancement factor (ξ) 4 

Bulk band gap energy (  (    ))  0.42 eV 

Bulk band gap energy (  (    )) 1.52 eV 

Spin-splitting (  (    )) 0.48 eV 

Spin-splitting (  (    )) 0.34 eV 

The overlap integral of Eq. (15) 

(⟨  ( )   ( )⟩) was computed using the 

Comsol software. In general, a large inter-band 

dipole moment increases the SDF. The value of 

      4.5 eÅ will be used below in the 

calculation of group velocity reduction factor. 

From Table 2, it is clearly shown that the 

intersubband dipole moment     grows with 

increasing the CQD radius, since both ground 

and first excited states are completely confined 

inside the QD which leads more overlapping 

between them. 

Table 2 Calculated inter-band (   ) and 

intersubband (   ) dipole moments for CDQ of 

5.65 nm height. 

Radius (nm)       (A)       (A) 

12.0 5.40 32.4 

12.5 5.61 36.5 

13.0 5.75 36.2 

13.5 5.94 38.6 

14.0 6.14 40.8 

14.5 6.36 43.7 

 

3.3 Effect of pump density 

    The damping rates γ21 and γ31 (inverse of 

the dephasing times) are connected with the 

linewidths of the QD states, which are governed 

by several physical processes including carrier–

phonon scattering, radiative recombination and 

exciton–phonon scatterings, among which the 

exciton–phonon scattering is dominated. The 

maximum achievable SDF is inversely 

proportional to the linewidth of a QD [13]. 

According to the experimental observations, a 

single QD has a dephasing time of several tens 

of picoseconds between 50 and 80 K [6, 13]. 

Fig. 8 show the normalized absorption 

spectra  and refractive index calculated from the 

first-order susceptibility   of the signal beam 

corresponding to imaginary and real parts of  , 

respectively, at four different values of pump 

intensity field         (blue),      (green), 

     (red), and      (cyan), which are 

calculated using Eq. (4). In this figure,    

and    are detuning frequencies for the signal 

and pump controlling beams, respectively, and 
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 is the Rabi frequency of the pump field. We 

have assumed    = 0 for maximum EIT effect 

which illustrate a typical EIT condition, and     

= 2     since the excited electron state 

experiences more dephasing rate than the 

ground electron state does. The splitting of the 

second level   〉, due to strong coupling field, 

the signal is clearly seen by two peaks in    . 

The magnitude of the level splitting is equal to 

   . 

 

(a) 

 

(b) 

Fig. 8 Absorption (   ) and Refractive index (  ) 

as a function of normalized signal detuning, (a) 

and (b), respectively, experienced by the signal 

for different values of  
 
when    = 0 and     = 

2    ;    and  
 
are normalized to     . 

The maximum SDF is found at the 

frequency for which the slope of the refractive 

index is largest. Notice that the SDF obtained 

away from resonance is given by the 

background refractive index. The slope of the 

refractive index at zero detuning of the signal 

beam becomes nearly zero, when the pump 

power density reaches the value of 2    , and, 

the SDF approaches unity. The slope of the 

refractive index spectrum becomes positive and 

the group velocity starts to decreases, when we 

raise the pump power density. At a specific 

pump power density, the slope of the refractive 

index or the SDF reaches a maximum value, as 

shown in Fig. 8 at  
 

      (red curve). If the 

pump power density further raised, the slope of 

the refractive index begin to reduce again due to 

increasing the transparency window 

experienced by the signal beam. Then, the 

group velocity reduction due to EIT are shown a 

maximum at a specific pump power density, 

which agrees with the experimental 

observations [16]. As is seen from Fig. 8 at 

 
 

       in which the maximum group 

velocity SDF is obtained, the bandwidth is 

comparable to the linewidth γ21. The 

transparency bandwidth can be raised further 

via rising the pump power density, but with the 

cost of lowering the group velocity SDF, as can 

be seen from Fig. 8 at  
 

      . 

Investigating the group velocity SDF as a 

function of pump coupling intensity based on 

Eq. (5) for three various linewidth values 

of       = 1.6, 6.6, and 26.5 μeV is depicted in 

Fig. 9 using the material parameters defined 

above with the assumption of         . Also, 

the signal wavelength is 1.36 μm,    = 13,     

/e = 4.5 Å, and     /e = 24.2 Å. Each CQD has 

a radius of 9 nm and a height of 3.5 nm. The 

optical confinement factor,           and a 

QD surface density of           is used. The 

selected three various linewidth values were 

agreed to 2.5, 10, and 40 Gbps bandwidth. The 

transportation window is determined through 

the ratio between the Rabi frequency and the 

linewidth. Fig. 9 shows that the studied group 

velocity decrease factor for      = 26.5 μeV is 

about 556.1. This decrease factor would be 

appropriate for optical buffers in all-optical 

packet-switched networks. 
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Fig. 9 The group velocity SDF as a function of 

the pump power density at three linewidth 

values:      , 1.6, 6.6, and 26.5 μeV at      = 

2    . 

3.4 SDF as a function of CQD radius 

By using Eqs. (14) and (15) we calculated 

the interband (   ) and intersubband (   ) 

dipole moment at different CQD radius to 

estimate the SDF as a function of radius. The 

results are appeared in table 2. Fig. 10 shows 

the graph of the SDF of a set of six different 

radius starts with 12 nm and ends at 14.5 nm. 

Based on the obtained results, it can be said 

when the radius of CQD is decreased, the slope 

of real part of refractive index curve increases 

and therefore, a bigger SDF is achieved. In this 

paper a maximum SDF equal to 9351 can be 

achieved for radius of 12 nm and height of 5.56 

nm. Of course, the radius decrease causes 

frequency shift too [8]. 

 

Fig. 10 The group velocity SDF as a function of 

CQD radius. 

4. Conclusion 

We have investigated of a semiconductor 

all-optical buffer based on EIT effect in three 

level ladder CQD systems. We describe the 

dynamics of the medium by Bloch equations 

with transition matrix elements calculated for 

CQD established on a wetting layer. We 

recognized the formulation and conditions 

necessary to obtain a large SDF. Since the light 

pulses can be slowed down significantly with a 

small dispersion, making it desirable for optical 

buffer devices with a variable storage time. The 

effects of the dephasing rate on the SDF of the 

signal light are investigated since the main 

factor of the dephasing is from exciton–phonon 

scattering which is limited by the radiative 

recombination [17]. We also expect that energy 

configuration and further optimization in device 

design can lead to significantly raised SDF. We 

believe an optical buffer would serve as a 

critical catalyst to move new design and 

applications in optical networks, 

communications, and signal processing. 
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