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AbstracL The electronic and impurity states in the comer of well material surrounded by 
baniex material are investigated using the variational method. The results show that the binding 
energies of impurity ground stales tend to the value of the third impurity excited states in the 
b u k  when the impurity approaches the comer. The dependence of the ground-state electronic 
level and impurily binding energy on the dielectric mismatch between the well material and 
barrier h e r i a l  is also discussed. 

1. Introduction 

With the development of microfabrication, it is possible to confine the carriers moving in two 
directions and in one direction (quantum wells and quantum wires, respectively). Studies 
of shallow impurity states in these low-dimensional systems have attracted considerable 
attention. The interfaces in these structures play an important role in determining.their 
electronic and optical properties. Usually, step structures exist at the interfaces 11-71, which 
affect the optical transition spectra considerably. Tanaka and Sahaki [4] and Tsuchiya el a1 
[5] studied Gal_,Al,As/GaAs quantum wells with periodic stepped interfaces and observed 
a strong optical anisotropy associated with the interface step structures. Namba et nl [7] 
studied the Ni (7 9 11) snrfaces by anglsresolved photoelectron spectroscopy and found 
that a surface local state existed at step edges on Ni (7 9 11) surfaces. In fact, a stepped 
surface or V-shaped grooves in the interfaces can be viewed as a corner; this model has 
been used by Lee and Antoniewicz [8,9] in studying the surface bound states and surface 
polaron states. 

In this paper, we investigate the electronic and shallow impurity states in the corner 
of two orthogonal surfaces, where the well material is inside the corner and the barrier 
material is outside the corner. In OUT considerations, the dielectric mismatch between the 
well material and barrier material is included, and the electron-confining potential outside the 
corner is assumed to be infinite. Also, the effective-mass approximation and the variational 
method are adopted. 

The paper is organized as follows. In section ~ 2 ,  we study the electronic states. In 
section 3, we study the shallow impurity states. The numerical results and discussion are 
presented in section 4. 
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2. Electronic states 

Let us consider a comer of well material of dielectric constant €1 surrounded by the barrier 
material of dielectric constant €2, as shown in figure 1. In the effectivemass approximation, 
the Hamiltonian for electronic states considering the dielectric mismatch in the corner can 
be written 

IPI2 
H Y T )  = - 2m + V&) + V(T) 

where P and T are the electron momentum and coordinate, respectively, and m is the 
electron-band effective mass. The electron-confining potential well and the electron image 
potential in the comer are given by 

x > o ,  y s o  
00 elsewhere 

V(T)  = 

and 

where 

€ 1 - € 2  € - I  

E l f 4  € + I  
- p = - - - -  (4) 

is a representation of the dielectric mismatch between the well material and barrier material, 
with E = €1 /.sZ the ratio of the dielectric constant inside the corner to that outside the corner. 

4 

F i r e  1. The schematic representation of B comer, where the well material and banier material 
are inside and outside the comer, respectively. 
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2.1. p > 0 

In the case of when p 2 0, i.e. 61/62 > 1, the electron image potential is positive (this 
can be seen from equation (3)), and no localized electronic states exist in the comer. As 
the simplest approximation, the electronic wavefunction for the Hamiltonian H'O)(r) can be 
written 

@(T)  =NO sin(k,x) sin(kry) exp(ik,z) (5) 

where NO is the normalization constant and the electron energy is given by 

The ground-state wavefunction and energy level are 

@o(T) = 0 
Eo = 0. 

2.2. p < 0 

In the case when p e 0, i.e. q/cZ e 1, the electron image potential in the comer is 
negative, and localized electronic states exist in the comer. As in [8,9], the foIlowing trial 
wavefunction for the electronic ground state is adopted: 

MT) = NOXY exp[-(x + ~ ) / 4  (8) 

where 01' is the variational parameter. The electronic ground-state~level is obtained as 
follows: 

EO = fin(#&-) lH(o)(~) l~(~)) .  (9) 

3. Impurity states 

When the impurity is placed at the position ( X O ,  yo, 0) inside the comer, the Hamiltonian 
for impurity states can be written 

+ Korl(T) + + V ( T )  (10) 
lPlz H ( r )  = - 
2m 

where 

K.alI(r) = - e2 - Pe2 
EI[(X - xo)2 + ( y  - Y0)2 + z211/2 , E l K X  + XOY + ( y  - Y0)2 + z211/2 

p2eZ 
€1 [ (x  + xo)2 + cv + YO12 + z211/* 

- PeZ - 
61[(X - x0)Z + (Y + YOY + z211/2 

(11) for x > 0, y > 0 . .  
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is the sum of the impurity ion potential and its image potentials inside the comer. 
From equations (5) and (S), we can see that the first term of the expansion series of 

electronic wavefunctions is proportional to xy when x and y are small, and the image 
potentials are small compared with the impurity ion potential, so the hid wavefunction for 
the impurity ground state that we use is written 

where N is the normalization constant, and p and h are the variational parameters. 
Equation (12) satisfies the boundary conditions. 

As usual, the impurity binding energy is defined as the energy difference between the 
bottom of the electronic conduction band without the impurity and the ground-state level 
of impurity states in the comer: 

Ei = EO -~ ,~($( r ) l~ ( r ) l$ (~) ) .  (13) 

The above integral was calculated numerically. 

4. Results and discussion 

Figure 2 shows the dependence of the ground-state energy level for localized electronic 
states on the dielectric mismatch p between the well material and barrier material. For 
simplicity, the energy is in units of effective rydbergs, Ryd* = me4/Zh2ef, and length is 
normalized to the effective Bohr radius a; = EZq/me2 .  In figure 2, we can see‘that the 
ground-state energy level increases with increase in the dielectric mismatch p (absolute 
value). 

P 
F w e  2. Variations in the ground-state electronic Level with the dielectric mismatch p between 
the well material and barrier material. 
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Figure 3 shows the dependence of the impurity binding energy on the impurity position 
along the central line and one side of the corner for different dielectric constant ratios E .  In 
figure 3(a), it can he easily seen that, when the impurity position xg = yo is reduced, the 
impurity binding energy decreases and, when the impurity position is near the comer, the 
impurity binding energy for dielectric constant ratio E = 1 tends to the value iRyd' of the 
thud impurity~excited states in the bulk. From figure 3(a), we can also see $at the impurity 
binding energy increases with increase in the dielectric constant ratio E and, when the 
impurity position is far from the comer, the impurity binding energy approaches the binding 
energy in the bulk. Figure 3(b) also indicates that, when the impurity position is far from 
the comer and near one side of it, the impurity binding energy tends to the corresponding 
binding energy of the impurity near the interfaces of two semi-infinite materials [IO]. 

- 
e: €10.50 

- 
I I I I 1 I t  

_I c: €11.00 w- n ",, I I / / / /  d :  € = 0 . 1 5  

a :  € = 2 . 0 0  
b: ~=1.50 

Figure 3. Variations in the impudty binding energy with the impurity position along (a) the 
central line and (b) one side of the comer for different dielectric constant ratios E .  

Figure 4 shows the dependence of the impurity binding energy on the impurity position 
along the central line and one side of the corner for two different semikonductor structures. 
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Figure 4. Variations in the impurity binding energy with the impurity position along (a) the 
central line and  one side of the AIAs/GaAs and ZnTelCdSe comers. 

In our calculation, the following parameters are used: €1 = 13.1~0 and €2 = 10.1~0 are 
the static dielectric constants for a GaAsIAIAs corner [ll], €1 = 9.2960 and €1 = 1O.le0 
are the static dielectric constants for a CdSefiTe comer [12]; Ryd* = 5.83 meV and a,* 
= 98.7 A for shallow donors in GaAs [ll],  and Ryd' = 25.95 meV and a0 = 31.26 A for 
shallow donors in CdSe [12]. Because of the electron-confining potentials VB x 200 Ryd* 
for the conduction band in AlAs/GaAs [13,14] and V, F;: 40 Ryd' for the conduction band 
in ZnTdCdSe [ 151, which are much larger than the impurity binding energies in the corners, 
the infinite-barrier approximation in the calculation is reasonable. The variations in impurity 
binding energy with impurity position in figure 4 are similar to those in figure 3, and the 
corresponding binding energies (in units of effective rydbergs) for AlAdGaAs are larger 
than those for ZnTdCdSe. 

The results obtained above are interesting and their physical interpretation and discussion 
are as fallows. When the dielectric mismatch p between the well material and the barrier 
material is negative, the image potentials imposed on the electron are attractive, as shown 
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in equation (3), and localized electronic states exist in the comers [8,9]. On the other 
hand, the electron image potentials increase with increase in the dielectric mismatch p ,  and 
the ground-state energy level for localized electronic states increases when the dielectric 
mismatch becomes large (absolute value). Because of the confinement of the electron in the 
comer, the electronic wavefunctions near the corner for impurity states are very different 
from those in the bulk and, when the impurity approaches the comer, its wavefunctions are 
very similar to that of the 3dzy impurity excited state in the bulk which has been shown in 
equation (12); so the impurity binding energy in the comer tends to the value $Ryd* of the 
third impurity excited states in the bulk. From equation (11). we can see that the impurity 
ion image~potentials vary with the dielectric mismatch p .  When the dielectric constant ratio 
changes from E e 1 to E > 1, the dielectric mismatch varies from p e 0 to p =. 0 and 
the impurity ion image potentials change from positive to negative. This is the reason why 
the impurity binding energy increases with increase in the dielectric constant ratio E 1161. 
The same situation happens in figure 4 for AIAs/GaAs and ZnTeICdSe comers. Also, when 
the impurity is far from the comer, the confinement of electron by the potential barrier is 
very weak, the image potentials due to dielectric mismatch become small, and the eleceonic 
wavefunctions for impurity states in the comer tend to the wavefunction in the bulk; this 
means that the impurity binding energy tends to the bulk value. 

Summing up, we have investigated electronic and shallow impurity states in the comers, 
including the image potentials. The results show that localized electronic states exist when 
the dielectric mismatch p between the well materials and banier material is negative, and 
the ground-state level increases with increase in the dielectric mismatch p .  The results also 
show that the impurity binding energy tends to ,the value of the third impurity excited states 
in the bulk when the impurity is very near the comer. Because of the existence of localized 
electronic states when the dielectric mismatch p is negative and the variations in impurity 
binding energy with impurity position near the comer, the optical transition specha will be 
changed around an interface when stepped structures exist in the interface. This will be 
investigated in a forthcoming paper. 
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