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Abstract. We calculate the optical absorption spectra associated with an impurity in a comer 
of well material surrounded by barrier material The results show that there are new p&s 
and a large extension f o r t h  optical uansirions in the comer compared with those in the bulk. 
The dependence of the optical absorption spectra on the dielectric mismatch between the well 
material and the barrier material is also discussed. 

1. Introduction 

Low-dimensional structures having quantum confinement in one, two or all three dimensions 
(quantum wells, quantum well wires and quantum dots) have attracted both theoretical 
and experimental attention in the past few years, due to their potential applications in 
microelectronics and optical modulation technology. The presence of impurities in these 
structures contributes to additional responses when extemal probes are applied to these 
systems. The variational approach is an effective method for the study of impurity states in 
low-dimensional systems. The impurity binding energies obtained by the variational theory 
have been successfully compared with a variety of experimental results by many researchers 
[1-5]. Usually, the step structures exist at the interfaces of low-dimensional structures [6], 
which affect their electronic and optical properties considerably. When the sizes of the step 
structures are large enough, we can model them as the corners [6]. In fact, comer structnres 
exist in any sample, such as a semiconductor comer surrounded by the vacuum. The comer 
model can also be used in the V-shaped grooves in the surfaces [7]. 

In our previous paper [6], we have studied the electronic and shallow impurity states in 
the comers of two orthogonal surfaces using the variational approach. The results showed 
that the impurity binding energy in the comers approaches that of the third impurity excited 
 states^ in the bulk. In this paper, we study the optical transitions from the first valence 
miniband to donors in the same comer structures further. In section 2, we calculate the 
density of impurity states in the comers. In section 3, we calculate the optical transition 
probability. The numerical results and discussion are presented in section 4. 
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2. Density of impurity states 

In the effective-mass approximation, the electronic Hamiltonians excluding and including 
an impurity in the comer can be written 

and 

(2) 

where P and T are the electron momentum and coordinate, respectively, and m is the 
electron-band effective mass: V,(r) is the electron image potential and V;.,,(T) is the sum of 
impurity ion and its image potentials inside the comer [6]. The electron-confining potential 
well is given by 

IPI2 H ( r )  = - + Vinn(T) + V d r )  + V ( r )  2m 

x > 0, y > 0 
CO elsewhere. 

v(T) = 

The trial wavefunctions and energy levels for ground electronic states are [6] 

and 

(3) 

where NO is the normalization constant, k,, k, + 0 and 01 is the variational parameter; 
c = e l / ~ 2  is the ratio of the dielectric constant E ,  inside to the dielectric constant €2 outside 
the corner. 

The trial wavefunction for the ground impurity state that we take is written [6] 

where N is the normalization constant, and 8 and A are the variational parameters; 
TO = (XO, yo, 0) is the position of the impurity inside the corner. The impurity binding 
energy in the corner is obtained as follows: 

Eb = Et -q:(@(r)IH(r)I'k(r)). (7) 

Assuming that the comer is not too small, we could treat the impurity position as a 
continuous random variable. Provided that the impurities exist only inside the corner and 
there is no intentional doping, the density of impurity states per unit binding energy can be 
defined as 

where S is the area of the comer, L(Eh) is the portion of the line Eh = E lying within the 
corner and Vv,, means the gradient with respect to the impurity position. The density of 
impurity states is then obtained by a histogram method [SI for a mesh of points uniformly 
dishibuted in the corner. The number of points used in the mesh is increased systematically 
until fluctuations in the density of states are smoothed out. 
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3. Optical absorption spectra 

For optical transitions from the firit valence miniband to a donor level, we have for the 
initial state 

li) = @(')(r)uj(r)  exp(ik,z) (9) 

and for the final state 

where u j ( ~ )  and U,(?-) are the periodic parts of the Bloch state for the initial and final 
states, respectively. 

Taking the energy origin at the bottom of the first conduction miniband, we have for 
the energy of  the initial state 

where m,  is the effective mass of the valence band and eg is given by 

<g = Es + E: + EY~ (12) 

with Eg being the bulk band gap of well material and Ef (E:) being the ground-state energy 
of the first conduction (valence) miniband. The energy of the final state is 

Er = -Eh(ro) (13) 

where Eh(r0) is the binding energy of the donor impurity. 
The transition probability per unit time for transitions from the first valence miniband 

to donor impurity associated with the impurity located at the position ro is proportional 
to the square of the matrix element of the electron-photon interaction Hi,, between the 
wavefunctions of the initial state (valence) and final (impurity) state [9-131: 

with Hint = Ce . p ,  where e is the polarization vector in the direction of the electric field 
of the radiation, p is the momentum operator and C is a pre-factor that describes the effects 
of the photon vector potential [14]. Following the effective-mass approximation, the above 
matrix element may be written [9-131 

( f lH; .n t l i )  = Ce.P/;&i (15) 

with 

and 
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Distance From Corner la.,.) 

Figure 1. The contours of the impurity binding energy in the comer, where the dielectric 
constant ratio B = 1 

where 
final (initial) state. Then equition (14) can be simplified further: 

is the volume of the unit cell and F f ( r )  (E(?-))  is the envelope function for the 

where LO is the length in the z direction and Y(A) is the step function with 

A = fiw + &(TO) - Cg. (19) 

The total transition probability per unit time is given by 

The above integrals were calculated numerically. 

4. Results and discussion 

Figure 1 shows the contours of the impurity binding energy in the comer, where the ratio 
E of the dielectric constant inside to that outside the comer equals unity. In figure 1, the 
energy is in units of effective Rydbergs Ryd’ = m , e 4 / 2 f 2 6 ~  and the length is normalized 
to the effective Bohr radius a: = h2E1 f m,e2, with m, the effective mass of the conduction 
band. In OUT practical calculation, the following parameters are used m, = 0.067mo, 
m, = 0.30m0 and €1 = 13 .1~0  for G A S ,  and € 2  = 10.160 for AlAs 16.91, where mo 
and €0 are the free-electron mass and the vacuum static dielectric constant, respectively; 
mE = O.llmo, m, = 0.45mo and E ,  = 9.2960 for CdSe, and €2 = 10.1~0 for ZnTe [15]; 
for the general case, we set m, = 5.Omc. Here, we assumed an averaged parabolic valence 
hole band with the mixing of the light- and heavy-hole bands neglected [9]. In addition, 
the integral region that we adopted in the comer is S = loa; x loa:. 
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Flgvre 2. The densities of impurity smes (a) in the corner wiul three different dielectric 
mismatches and (b) in the AlAsGaAs and ZnTe-CdSe comers. 

Figure 2~ shows the densities of impurity states in the comers with different dielectric 
mismatches. In figure 2, it is apparent that new peaks appear in the density of impurity 
states in the comer compared with those in the bulk, and the density of impurity states 
extends towards the low-binding-energy region considerably. From figure 2(a), we can see 
that, the smaller the dielectric constant ratio E ,  the larger is the extension in the density of 
impurity states in the comer (in units of effective rydbergs). When the ratio E = 2, the 
density of impurity states extends slightly to the high-binding-energy region. The widths of 
the extension in the density of impurity states in the comer are 0.80 Ryd', 0.89 Ryd* and 
0.94 Ryd' for the ratios E = 2.0, 1.0 and 0.5, respectively. From figure 2(b), we can also 
see that the extension in density of impurity states in the ZnTsCdSe comer (23.45 meV) 
is much larger than that in AlAGaAs corner (4.70 meV). 

Figure 3 shows the possible optical transitions from the first valence miniband to donor 
band, where R o t  and Awz represent the transition energies from the top edge of the first 
valence miniband to the bottom edge and the top edge, respectively, of the donor band. 
The optical absorption spectra associated with donors in the comers with different dielechic 
mismatches are shown in figure 4, where Ej = fio, - E8 ( j  = 1,2). 

Features in the density of impurity states in figure 2, new peaks and a large extension 
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Figure 4. Optical absorption probability per unit time for the Vnnsitions from the first valence 
miniband to donor band (a) in the comer with three diffwnt dielectric mismatches and (b) in 
the AlAsGaAs and Z n T d d S e  comers. 

donor band in the corners, compared with those in the bulk. The results also indicate that 
the extensions in the density of impurity states and optical absorption spectra in the comer 
are large when the dielechc constant ratio E is small. Our corner m,odel can be used only 
for the interface step structures with large sizes and for the practical comer of well material 
surrounded by the banier material, but not for the interface structllres with monolayer steps. 
In any sample there are comers of semiconductor well material surrounded by vacuum, and 
in many samples comers surrounded by barrier material can also be found. We hope that 
our theoretica1.result.s stimulate further experimental investigations. 
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