
Journal of Mathematical Chemistry 16 (1994) 309-313 309 

Effect ofnonparabolicity of the GaAs conduction band 
on the binding energy of a hydrogenic donor in a 

GaAs/Gal_xAlxAs quantum dot 

A.M. Elabsy 1 

Department of Physics, Faculty of Science, United Arab Emirates University, 
P. O. Box 17551, A1-Ain, UAE 

P. Csavinszky 

Department of Physics and Astronomy, University of Maine, Orono, Maine 04469, USA 

Received 14 January 1994 

The conduction band of GaAs in known to be nonparabolic. The effect of this nonparaboli- 
city on the binding energy of a donor in a Ga1_xAlxAs/GaAs/Gal-xAlxAs quantum well has 
been found to be significant. Motivated by this fact, we have carried out variational calcula- 
tions for the assessment of the effect of nonparabolicity on the binding energy of a donor in a 
GaAs/Gal_~AlxAs quantum dot. We have considered a finite confining potential and carried 
out calculations for A1 concentrations ofx = 0.30 and x = 0.45. We find that the effect of non- 
parabolicity consists in increasing the magnitude of the binding energy of the donor. This 
result is similar to that found for a donor in a quantum well. 

Reduced dimensionality structures, such as a quantum well (QW), a quantum- 
well wire (QWW), or a quantum dot (QD), can be fabricated by chemical vapor 
deposition (CVD) [1,2], and molecular-beam epitaxy (MBE) [3-5]. Impur i ty  atoms 
in these structures are expected to have different binding energies than the same 
impuri ty atoms in the bulk semiconductor.  

The much studied structures are the following: the quasi two-dimensional 
QW, such as a GaAs slab sandwiched between two semi-infinite Gal_xAlxAs 
blocks, the quasi one-dimensional QWW, such as a GaAs wire placed in an infinite 
Gal-xAlxAs matrix,  and the quasi zero-dimensional QD, such as a GaAs sphere 
placed in a Gal-xAlxAs bulk. 

The binding energy of  a hydrogenic donor  in a Gas-xAlxAs QW was calculated 
by Bastard [6] by a variational approach. The binding energy o f a  hydrogenic donor  
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in a GaAs/Gal_xAlxAs QWW of circular cross section was calculated by Brown 
and Spector [7] via a variational approach. The effect of changing the shape of the 
cross-section of the QWW was studied by Bryant [8]. Recently Porras-Montenegro 
and P6rez-Merchancano [9] investigated the binding energy of hydrogenic impuri- 
ties in a GaAs/Gal_xAlxAs QD of radius R, also by a variational approach. 

The screening of a donor ion by the valence electrons of GaAs in a QW was con- 
sidered by Csavinszky and Elabsy [10], who used an analytical screening function 
obtained by Resta [11]. The screening of the donor ion by the valence electrons of 
GaAs in a QWW of circular cross-section was studied by Csavinszky and Oyoko 
[12]. Recently, Elabsy and Csavinszky [13] have considered the effect of screening 
of a donor by the valence electrons of GaAs in a QD. All three of the last references 
made use of variational formulations of the problems. 

In all of the above calculations the donor electron was described by a constant 
scalar effective mass. It is, however, known that the conduction band of GaAs devi- 
ates from the parabolic form. The effect of nonparabolicity on the binding energy 
of a donor in a Gal_xAlx/GaAs/Gal_xAlxAs QW was studied by Chaudhuri and 
Bajaj [14] who considered a finite confining potential. A similar calculation was 
performed by Csavinszky and Elabsy [15]. Both of these calculations made use of 
an energy-dependent effective mass for the calculation of the binding energies of 
hydrogenic donors placed in on-center [14] and off-center [15] positions in the 
GaAs QW. 

In this paper we study the effect of nonparabolicity on the binding energy of a 
donor in a GaAs/Gal_xAlxAs QD. We restrict ourselves to the case of a donor 
located at the center of a QD of radius R. Our approach is a variational approach, 
and our units are atomic unites (unit of energy is the hartree, unit of length is the 
bohr). 

The Hamiltonian for a donor in the center of a spherical QD of radius R is given 
by 

H -  . . . .  1 V2 1 ~- Vb(r), (1) 
2m* e0r 

where m* is an energy dependent effective mass, e0 = 12.58 is the static dielectric 
constant of GaAs, and Vb (r) is the confining potential which is given by 

0, r ~ R  , 

Vb(r) = V0, r>>.R. (2) 

By assuming that 60% of the energy band gap discontinuity is related to the conduc- 
tion band [16], Batey et al. obtained with this assumption 

V0 = 0.60 AEg r , (3a) 

where AEg r is the difference in the band gaps of Gal_xAlxAs and GaAs at the 
F-point 
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A E r ( e v )  = 1.247x; x~<0.45. (3b) 

For the effective mass m*, Hrivnak [17] obtained the expression 

m* m *r E 
7 (4) 

In eq. (4), m *r is the electronic effective mass at the F-point, m *r = 0.0665, E is 
the energy expressed in eV units, and 7 = 9.41 eV. 

Our variational trial function for the case of a finite confining potential is of 
the form 

N sin(~10r) e_,Xr, r ~< R , 
r 

k~(r) = N l s i n ( ( l o R ) e X l O ( R _ r ) e _ ~ r  ' r > ~ R ,  
r 

(5) 

where N is a normalization constant given in ref. [10], and A is a variational 
parameter. Finally, X10 = [2m*(Vb -- El0)] 1/2 and ~10 = 7r /R.  

The binding energy, Eb(r), of a donor is defined as the ground-state energy, 
ElO, minus the impurity ground state energy, (min (R) ,  which is given by 

e b ( R )  = e l 0  - -   min(R) • (6) 

In eq. (6), El0 is given by solving the transcendental equation [18] 

-[(Vb/E10 -- 1]-1/2 _--_ tan((~0R). (7) 

By extremalizing ((R), the expectation value of H in eq. (1), with respect to the var- 
iational parameter ,~, we obtain (min (R). 

The results of our variational calculations for x = 0.30 and x = 0.45 are given 
in figs. 1 and 2. Note that the figures are drawn in meV and A. units. 

It is seen from both fig. 1 and fig. 2 that the conduction band nonparabolicity 
of GaAs has a significant effect on the binding energy of a donor placed at the cen- 
ter of a spherical QD. It is also seen from these figures that the effect increases as 
the radius of the QD decreases. It is also evident from the figures that the binding 
energy, both for the parabolic and for the non-parabolic cases, increases at first as 
the QD radius decreases, reaches a maximum, and then starts decreasing as the 
QD radius decreases further. The figures permit yet another observation, namely 
they show that the maxima in the binding energy do not occur at the same value of 
R for the parabolic and for the non-parabolic cases. A similar conclusion has been 
reached earlier, when comparing the binding energy of a donor in the parabolic 
and non-parabolic cases [15]. 

To conclude, we point out that ~ 100 nm structures can now be grown and, for 
these, the effect of the nonparabolicity of the GaAs conduction band on the binding 
energy of a donor becomes important. 
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