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ABSTRACT 

The effect of barrier height on the photoabsorption process and refractive index changes are studied for the intraband transitions 

in spherical single electron Si quantum dots embedded in dielectric matrix. We use the effective mass approximation and 

consider (i) the finite, and (ii) infinite barrier height at the interface of the dot and matrix material. The results obtained for the 

dipole allowed S-P transition show that the increase in barrier height leads to blue shift in peak positions of absorption 

coefficient   and refractive index change. We also investigate the effect of intensity and dot radius on the above parameters. 
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Introduction  

Quantum dots behave like artificial atoms and their 

electronic and optical properties are significantly different 

as compared to bulk [1]. In the interaction of radiation with 

matter at low radiation intensity the induced polarization 

depends linearly on the electric field and linear response is 

obtained in absorption of radiation. However, when the 

intensity is increased nonlinear terms in induced 

polarization become important which lead to nonlinear 

optical properties. The linear and nonlinear optical 

absorption in dots is significantly different from that of 

bulk because the dipole matrix elements of the optical 

transitions in the sub bands of the dot have large values [2]. 

The linear absorption depends on the square of the dipole 

matrix and the nonlinear response on the 4
th

 power of the 

transition matrix. Hence the linear and nonlinear properties 

are enhanced in nanostructures. This has also been found 

experimentally [3-6].   

The intraband transitions in quantum dots are 

important being mostly in the infrared region. The 

nonlinear optical properties of semiconductor quantum dots 

have attracted considerable interest due to their relevance 

to several technological applications in optoelectronics and 

nano photonics e.g. in far-infrared laser amplifiers, photo 

detectors [7], high speed electro – optical modulators [8] 

and optical switches [3]. The optical properties of a 

quantum dot can be tailored by changing the shape and size 

of the dot, the confining potential at the interface of the dot 

and its surrounding matrix, and the energy and intensity of 

incident radiation.  
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The silicon quantum dot embedded in SiO2 dielectric 

matrix is of particular interest due to significant 

technological applications such as in single electron 

memory devices, complementary metal oxide 

semiconductor (CMOS), and silicon photonics [4]. Several 

theoretical and experimental studies [2-6, 9–18] are 

reported in the literature for linear and nonlinear optical 

properties of quantum dots. In most of experimental studies 

photo induced interband transitions are reported [3–6]. 

Studies on the nonlinear optical properties of Si quantum 

dots are not yet fully explored; however, such studies 

would be useful for several photonic devices based on the 

nonlinearity. Since the crystalline Si is centrosymmetric, 

the second order susceptibility vanishes and the third order 

is the lowest nonlinearity [19].   

Yildirim and Bulutay [9] used an atomistic 

pseudopotential approach to study nonlinear optical 

properties of Si and Ge nanocrystals embedded in SiO2 

matrix. Chaojin et al. [12] studied the nonlinear optical 

absorption coefficient and refractive index changes in a 

GaAs /AlGaAs two- dimensional system. Recently, Yilmaz 

et al. [13] reported the third – order nonlinear absorption 

spectra of an impurity in a spherical quantum dot of GaAs 

with different confining potential.  

In this paper we study the effect of change of barrier 

height on the linear and nonlinear optical properties of the 

Si quantum dot for different incident optical intensities and 

dot radii. We use the effective mass approximation and 

consider finite and infinite barrier height at the interface of 

the dot and the matrix material. Results are obtained for 

linear and nonlinear absorption coefficients, the refractive 

index change with the variation of dot size, incident photon 

energy and intensities. We include the effect of the local 

field and the dot size dependence
 
of the dielectric constant 

[20]. The effect of the self-energy [21] associated with the 

charging of the dot is also considered. 

 

Wave functions and energy levels 

The wave functions and energy levels of the bound states 

are calculated by solving the Schrödinger wave equation 

for an electron in spherical quantum dot of barrier height 

)(rVeff  as, 
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where m is the effective mass tensor. We replace the 

effective mass tensor m by a scalar effective mass which is 

taken as a harmonic mean of the transverse and 

longitudinal masses as [22], 
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where, Lm and Tm  is the longidudnal and transverse mass, 

with eL mm 92.0  and eT mm 19.0 . em  is the mass 

of free electron. 

The eigen functions and eigen values of the confined 

states are obtained by solving the Schrödinger equation (1) 

for infinite and the finite barrier height. 

 

Infinite barrier 

For the infinite barrier height at the interface of the dot and 

matrix, we take 

 

0)( rVeff  for Rr  and )(rVeff  for Rr        (2) 

 

 The wave functions and the energy levels of the confined 

states are given by, 
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where, A is the normalization constant and n  is the n
th

 

zero of the spherical Bessel function )z(j  

 

Finite Barrier 

Considering the case of finite barrier height at the interface 

of the dot and matrix material we take,    

 

0)( rVeff  for Rr   

 and  0)( VrVeff  for Rr                                    (6) 

 

where 0V is the confinement potential at the interface of Si 

dot and surrounding matrix.   is the self energy
 
associated 

with the charging of the quantum dot with an electron. 

Using equation (6) the solution of the Schrödinger wave 

equation (1) can be written as, )ˆ()()( rYrRr mn 


  

with the radial part of the wave function nR  given by, 

 

)()( rAjrRn    for Rr   

and )()( rBkrRn    for Rr                                  (7) 

 

where A and B are the normalization constants and j  and 

k  are the spherical Bessel and the modified spherical 
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Bessel functions respectively.  and   are obtained by 

using appropriate boundary conditions [15] at Rr  . 

We consider the surrounding matrix of SiO2 with 

different confinement potential 0V  of heights 0.5 eV, 3.1 

eV and infinite. The effective electron mass in the Si dot 

and SiO2 matrix is taken as esi mm 27.0*   and 

eSiO mm 5.0*

2
 respectively. The dielectric constants are 

taken as 7.11in  and 8.3out  . Where in  and out  

are dielectric constants for the dot material and the matrix 

material respectively. The size dependence of the dielectric 

constant in of the dot of radius R is taken as [20], 
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where the dielectric constant of the 

bulk 4.11b

in , nm92.0 , and .18.1  The 

inclusion of the self energy   slightly increases the barrier 

height. 

 

Linear and nonlinear optical properties 

 The linear photoabsorption coefficient )()1(   and 

nonlinear )()3(   photoabsorption coefficient between 

two intersubband levels is given by
 
[10, 15],  
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with the delta function defined as 
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v  is the carrier density in the quantum dot, 0  is the 

permittivity of free space. Ei and Ef are the energies of the 

initial and the final states of the dot and   is the linewidth, 

we take  =6meV. The dipole transition matrix is 

iffi rFM  ˆ.


 . F is the local field factor, which 

relates the electric field inside the dot inE to the electric 

field outside the dot outE by outin FEE   It is given by 

[21], )2/(3 outinoutF   . nr is the refractive index 

of the dot material, c is the velocity of light. ̂  is the unit 

polarization vector of the incident linearly polarized 

photon, I is the incident optical intensity, and   is the 

incident photon energy. 

The total photoabsorption coefficient is, 
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The linear and the nonlinear refractive index is given by
 

[10], 
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and the total refractive index change is 
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Fig. 1. The variation of linear, nonlinear, and total photoabsorption 
coefficient as a function of the incident photon energy with I=20 MW/cm2 

and dot radius R=16Å.  

 

         The third order nonlinear (
)3( ) optical susceptibility 

is given by,   
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Results and discussion 

Fig. 1 shows the effect of the increase of the barrier height 

on the linear )()1(  , the third order 

nonlinear ),()3( I  and the total photoabsorption 

coefficient ),( I at fixed dot radius and fixed incident 

optical intensity. The absorption coefficients are plotted as 

a function of the incident photon energy for three barrier 

heights (0.5 eV, 3.1 eV and infinite) at dot radius R=16Å 

and intensity I=20 MW/cm
2
. It is observed that the 
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magnitude of the linear photoabsorption coefficient 

increases with increase in the barrier height. The increase 

of the linear photoabsorption coefficient with the barrier 

height is attributed to the increase in overlap of wave 

functions of the ground and excited states. The nonlinear 

photoabsorption coefficient which is negative decreases in 

magnitude with increase of barrier height. This is due to the 

decrease of the transition matrix with increase in the barrier 

height. The total photoabsorption coefficient, which is the 

sum of the linear and the third order nonlinear parts 

increases with the increase of barrier height. It is observed 

that the peak position of the total absorption coefficient 

),( I  is blue shifted with the increase in barrier height. 

The nature of the shift in the peak position can be explained 

by considering the variation of the transition energy with 

the dot size (which for a given size increases with increase 

in barrier height [15]). 
 

 

 
 

Fig. 2.  The variation of the total photoabsorption coefficient as a function 
of photon energy at different values of the dot radii R at I=20 MW/cm2 

 

Fig. 2 shows the effect of the increase of barrier height 

on the total photoabsorption coefficient ),( I  at 

different dot radii (R=16Å, 20Å, and 24 Å) at a fixed 

intensity of incident radiation I=20 MW/cm
2
. It is observed 

that for all quantum dot radii the peak value of total 

photoabsorption coefficient increases with the increase of 

barrier height. At large dot size and smaller value of barrier 

height the bleaching effect is observed where a single peak 

splits into two peaks. The bleaching at large dot size occurs 

due to increase of the nonlinear photoabsorption coefficient 

(which is negative). This is because the nonlinear 

photoabsorption coefficient is proportional to fourth power 

of transition matrix, (which increases with the decrease in 

barrier height and increases with the increase of dot size). 

The peak value of the total photoabsorption coefficient 

increases with the decrease of the dot radius. This is 

because the optical absorption coefficient depends 

inversely on the volume of the quantum dot. The peak 

position of total photoabsorption coefficient shows red shift 

with the increase of the dot radius. This is because the 

transition energy decreases with the increase in the dot 

radius.  

Fig. 3 shows the effect of increase of the barrier height 

on the total photoabsorption coefficient ),( I with the 

increase in intensity of incident radiation at fixed dot 

radius. For three barrier heights (0.5 eV, 3.1 eV and 

infinite) we take three different intensities (I=20, 30, and 40 

MW/cm
2
) and fixed dot radius R=16Å. It is observed that 

at sufficiently high intensity 30 MW/cm
2
 bleaching is 

noticed at smaller value of barrier height. Also the total 

photoabsorption coefficient decreases with the increase in 

intensity of the incident radiation. This is due to the 

increase of negative contribution of nonlinear 

photoabsorption coefficient at higher intensity.  

 

 
 

Fig. 3.The variation of the total photoabsorption coefficient as a function 

of photon energy at different values of intensities and the dot radius R=16 
Å. 

 

 
 

Fig. 4.The variation of linear, nonlinear, and total change in refractive 
index as a function of the incident photon energy with I=20 MW/cm2 and 

R=16Å. 

 

Fig. 4 shows the effect of the increase of barrier height 

on the refractive index change of the Si quantum dot at a 

fixed dot radius and intensity of incident radiation. Results 

are plotted for the variation of the linear 

rn

n )()1(  , third 
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order nonlinear 

rn

n )()3(  , and total  refractive index change 

rn

n )(  as a function of photon energy at the dot radius 

R=16Å and at incident intensity  I=20 MW/cm
2
. It is 

noticed that the maximum value of linear refractive index 

change decreases with the increase in the barrier height. 

This is due to decrease in the value of the transition matrix 

at larger value of barrier height. The resonance position 

which is the position of zero crossing of the total refractive 

index change is blue shifted with increase of the barrier 

height. This is due to the increase in energy difference 

between the energy levels with the increase in barrier 

height. The total refractive index change (which is the sum 

of linear and nonlinear parts) reduces due to the negative 

contribution of the nonlinear term. 

Fig. 5 shows the effect of the increase of barrier height 

on the total refractive index change for different dot radius 

(R=16 Å, 20Å, and 24 Å) at fixed intensity I=20 MW/cm
2
. 

It is observed that at each dot radii the magnitude of total 

refractive index change decreases with the increase in 

barrier height. Also the resonance position of total 

refractive index change shifts towards lower energy with 

the increase in dot radius. This is because the threshold 

energy decreases with the increase in dot radius. 

 

 
 

Fig. 5. The variation of total change in refractive index as a function of the 
incident photon energy at different values of the dot radii R at I=20 

MW/cm2. 

 

Fig. 6 shows the effect of the increase of barrier height 

on the total refractive index change at intensities I=20 

MW/cm
2
, 30 MW/cm

2
, and 40 MW/cm

2
 at a fixed dot 

radius R=16Å. It is observed that the magnitude of total 

refractive index change decreases with the increase in 

barrier height at all three intensities. For all three barrier 

heights the total refractive index change decreases with the 

increase in the intensity of incident radiation. This is due to 

the increase of the negative contribution of the nonlinear 

term which increases with the increase in intensity.  

Fig 7 shows the effect of the increase of barrier height 

on the third order nonlinear susceptibility )()3(   at a 

fixed dot radius R=16Å and at a fixed intensity of incident 

radiation I=20 MW/cm
2
. It is observed that the absolute 

value of third order nonlinear optical susceptibility 

decreases with the increase of barrier height. This is due to 

the decrease of transition matrix with the increase in barrier 

height. 

 

 
 

Fig. 6. The variation of total change in refractive index as a function of the 

incident photon energy at different values of intensities at dot radius R=16 
Å. 

 

 
 

Fig. 7. The variation of third order optical susceptibility as a function of 
the incident photon energy with I=20 MW/cm2 at R=16 Å. 

 

Conclusion 

We have investigated the effect of barrier height on the 

linear, nonlinear, and total photoabsorption coefficient and 

the refractive index change of a single electron charged 

spherical Si quantum dot embedded in the amorphous SiO2 

matrix. From this study we conclude that the peak position 

of photoabsorption coefficient is blue shifted with the 

increase of the barrier height and red shifted with the 

increase in dot radius. The peak value of the total 

photoabsorption coefficient increases with the increase of 

the barrier height. However, the total refractive index 

change, and absolute value of third order nonlinear optical 

susceptibility decrease with the increase of the barrier 

height. Also the total photoabsorption coefficient and the 

refractive index change decrease in magnitude with the 
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increase of optical intensity. The present study about the 

effect of the barrier height on the nonlinear optical 

properties would be useful in optoelectronic devices based 

on Si quantum dots. 
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