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Abstract. We study shallow-donor impurity states and the optical absorption spectra associated
with transitions from then = 1 valence subband to the donor impurities in a corner under an
applied electric field. It is found that the energy contours for the impurity binding(Eb = E)
in the corner become closed when a suitable electric field is applied; this is similar to the
impurity-state behaviour in quantum wires. When the electric field strength increases, the centre
of the contours moves towards the corner and the centre impurity binding energy increases.
The optical absorption spectra associated with donors in the corner are also similar to those
of quantum wires when the electric field is applied, and the width of the absorption spectra
increases with the increase in the electric field strength.

1. Introduction

The progress in material growth techniques, such as molecular-beam epitaxy and
organometallic chemical vapour deposition, has made it possible to fabricate semiconductor
microstructures down to nanometre size. In the past few years, many investigations, both
theoretical and experimental, have been devoted to the study of the nature of hydrogenic
impurity states in such semiconductor nanostructures (quantum wells and quantum wires).
Because of the confinement of electrons in these low-dimensional systems, the electronic
energy levels become discrete and the impurity binding energies are enhanced, compared
with those in the bulk.

The interfaces in low-dimensional semiconductor systems play a significant role in
determining their electronic and optical properties, and step structures usually exist at the
interfaces [1–6], which affect their optical transition spectra considerably. In fact, a stepped
surface or V-shaped groove of large size in an interface can be viewed as a corner. This
model has been adopted by Lee and Antoniewicz [7, 8] in studying surface bound states and
surface polaron states. In our previous papers [9–12], we have investigated the electronic,
excitonic and hydrogenic impurity states in a corner with and without an electric field, and
many interesting results have been obtained. It was found that the ground-state impurity
binding energy in a right-angled corner tends to the value of the third impurity excited state
in the bulk when the impurity approaches the corner [9], and the optical absorption spectra
associated with impurities in the right-angled corner extend compared with those for the
bulk [10]. Moreover, the impurity binding energy decreases, but the exciton binding energy
appears to undergo no change, as the value of the corner angle becomes small [11]. It was
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also found that the electronic and impurity states in the corner under an applied electric
field are similar to those in quantum wires, and the impurity binding energy in the corner
increases with the increase in the electric field strength [12].

In this paper, we study the energy contours for the impurity binding and optical
absorption spectra associated with transitions from then = 1 valence subband to the donor
levels in a right-angled corner under an applied electric field. In section 2, the theoretical
framework is outlined. The results and a discussion are presented in section 3.

2. Theory

When an electric fieldF = (1, 1, 0)(F/
√

2) is applied along the diagonal line of a
right-angled corner, in the effective-mass approximation, the electronic and impurity-state
Hamiltonians in the corner can be written as

H0(r) = P 2/(2m)+ V (r)+ eFx/
√

2+ eFy/
√

2 (1)

and

H(r) = H0(r)− e2/(ε|r − r0|) (2)

wherem is the electron-band effective mass;r and P are the electron coordinate and
momentum, respectively;ε is the dielectric constant of the well material andr0 = (x0, y0, 0)
is the impurity position; and

V (r) =
{

0 x > 0 andy > 0

∞ otherwise
(3)

is the electron-confining potential well in the corner. The electronic wavefunction80(r)
and ground-state energy levelE0 for the electronic HamiltonianH0(r) can be obtained as
follows [12]:

80(r) = N0 Ai(ξ)Ai(ζ )

ξ = (x/ l)− λ1

ζ = (y/ l)− λ1

l = [h̄2/(
√

2meF)]1/3

(4)

and

E0 = λ1h̄
2/(2ml2) (5)

whereN0 is the normalization constant,l is the electron characteristic length under the
electric field andλ1 is the first zero point of the Airy function Ai(ξ). The ground-state
donor binding energyEb is defined as the energy difference between the bottom of the
electronic conduction band without the impurity and the ground-state energy level of donor
states in the corner:

Eb = E0−min
β
〈ψ(r)|H(r)|ψ(r)〉. (6)

Here

ψ(r) = N(β)80(r) exp(−β|r − r0|) (7)

is the trial wavefunction for the ground donor state, andN(β) is the normalization constant
andβ is the variational parameter.
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For an optical transition from the first valence subband to a donor level, we have for
the initial state

|i〉 = 80(r)L
−1/2
z exp(ikzz)ui(r) (8)

whereLz is the length of the corner structure in thez-direction. For the final state, the
wave function is

|f 〉 = ψ(r)uf (r). (9)

In equations (8) and (9),ui(r) anduf (r) 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 subband, we have for the
energy of the initial state

Ei = −εg − h̄2

2mh
k2
z (10)

wheremh is the hole effective mass of the valence band and

εg = Eg + Ec0 + Ev0 (11)

with Eg being the bulk band gap andEc0 (E
v
0) the ground energy level of the first conduction

(valence) subband in the corner. The energy of the final state is

Ef = −Eb(r0, F ) (12)

whereEb(r0, F ) is the binding energy of the donor impurity.
The transition probability per unit time for transition from the first valence subband

to the donor level associated with the impurity located at the positionr0 is proportional
to the square of the matrix element of the electron–photon interactionHint connecting the
wavefunctions of the initial (valence) state and final (donor) state [13, 14]:

W(ω,F, r0) = 2π

h̄

∑
i

|〈f |Hint|i〉|2δ(Ef − Ei − h̄ω) (13)

with Hint = Ce · P , wheree is the polarization vector in the direction of the electric field
of the radiation,P is the electric dipole moment andC is a prefactor that describes the
effect of the photon vector potential. The above matrix element may be written as

〈f |Hint|i〉 ∼= Ce · Pf iSf i (14)

with

Pf i = 1

�

∫
�

u∗f (r)Pui(r) dr (15)

and

Sf i =
∫
F ∗f (r)Fi(r) dr (16)

where� is the volume of a unit cell andFf (r) (Fi(r)) is the envelope function for the
final (initial) state. Then equation (13) can be simplified further:

W(ω,F, r0) = [Lzm
1/2/(
√

2h̄2)]|C|2|e · Pf i |2|Sf i(r0, kz(1))|2Y (1)/11/2 (17)

whereY (1) is the step function and

1 = h̄ω + Eb(r0, F )− εg (18)

kz(1) = (2mh1/h̄2)1/2. (19)
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In practice, implanted impurities exist everywhere in the corner. If a uniform distribution
of donor impurities is considered, the total transition probability per unit time for transitions
from the first valence subband to the donor impurities in the corner can be obtained:

W(ω,F ) = (LxLy)−1
∫ Lx

0
dx0

∫ Ly

0
dy0 W(ω,F, r0)

= W0(LxLy)
−1
∫ Lx

0
dx0

∫ Ly

0
dy0 |Sf i(r0, kz(1))|2Y (1)/11/2 (20)

where

W0 = [Lzm
1/2/(
√

2h̄2)]|C|2|e · Pf i |2 (21)

andLx×Ly is the integral zone selected in the corner. The above integrals were calculated
numerically.

3. Results and discussion

As an example, we chose a GaAs/AlAs corner for the numerical calculation, with GaAs
being the well material. For simplicity, the energy is in units of effective rydbergs, Ryd∗ =
mee

4/2h̄2ε2, and the length is normalized to the effective Bohr radius,a∗0 = h̄2ε/mee
2,

with me being the electron effective mass of the conduction band. In our calculation, we
have usedε = 12.58, me = 0.0665m0 andmh = 0.30m0 for the GaAs well material with
m0 being the free-electron mass [13], and a 10a∗0 × 10a∗0 integral zone was adopted for the
calculation of the total optical transition probability.

The results of our previous paper [12] showed that the impurity-state behaviour in the
corner under an electric field is similar to that in quantum wires; this means that a maximum
impurity binding energy exists somewhere in the corner, as the binding energy at the cross
section centre of the quantum wires is a maximum. Figure 1 shows the maximum impurity
binding energy and its corresponding impurity position in the corner versus the applied
electric field strength. From figure 1, it can be seen that the maximum impurity binding
energy increases and its corresponding impurity position tends towards the corner as the
electric field strength increases; this is similar to the situation in quantum wires in which

Figure 1. Variations in the maximum impurity binding energy and its corresponding impurity
position in the corner with the electric field strength.
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Figure 2. The contours of the impurity binding energy in the corner for different electric fields:
(a) F = 1× 10−4 kV cm−1, (b) F = 100 kV cm−1, and (c)F = 500 kV cm−1.

the impurity binding energy at the centre of the quantum wire increases with the decrease
in the size of the quantum wire [15, 16]. Figure 2 shows the contours of impurity binding
energy in the corner for different applied electric fields; it indicates that the contours of the
impurity binding energy become closed when a suitable electric field is applied. When the
electric field strength increases, the impurity binding energy in the corner increases and the
centre of the contours of the impurity binding energy moves towards the corner, which is
in agreement with the results of figure 1. As we know, the contours of impurity binding
energy for quantum wires are closed [17], and the results of figure 2 intuitively indicate
that the impurity-state behaviour in the corner under the applied electric field is similar to
that in quantum wires, and the equivalent size of quantum wire decreases with increase in
the electric field strength [12].

Figure 3 shows the possible optical transitions from the first valence subband to the
donor impurities in the corner, where ¯hω1 andh̄ω2 represent the energies of the transitions



3982 Zhen-Yan Deng et al

Figure 3. A schematic representation of the possible optical transitions from the first valence
subband to the donor impurities in a corner under an applied electric field, where the parabolae
represent the energy dispersions of the first conduction and valence subbands in the direction
normal to corner cross section.

from the top of the first valence subband to the bottom and top of the donor impurity levels,
respectively. Figure 4 shows the optical absorption spectra associated with donors in the
GaAs/AlAs corner for different electric field strengths. Figure 4 indicates that there are
two apparent absorption peaks on the high- and low-energy sides when the electric field
strength is almost zero(F = 1× 10−4 kV cm−1), and these two peaks correspond to the
impurity binding energies in the bulk and that along one side of the corner, respectively.
However, when a suitable electric field is applied, the absorption peak on the low-energy
side disappears and the width of the absorption spectra increases. Figure 4 also indicates
that the height of the absorption peak on the high-energy side decreases and the width of
the absorption spectra increases as the electric field strength increases.

The results obtained by us are interesting, and their physical interpretation and a
discussion of their features follows. Because of the existence of the applied electric field,
the electrons are pushed towards the corner, and the electronic and impurity-state behaviour
in the corner is similar to that of quantum wires [12]; so the contours of the impurity binding
energy in the corner are closed when a suitable electric field is applied. When the electric
field strength increases, the confinement of electrons in the corner is enhanced and the
equivalent size of the quantum wire decreases [12], and therefore the centre of the contours
of the impurity binding energy in the corner tends towards the corner and the maximum
binding energy at the centre of the contours increases. The dependence of the shape of the
optical absorption spectra in the corner on the electric field strength is similar to that of
optical absorption spectra of a quantum wire on the size of its cross section. For example,
Porras-Montenegro and Oliveira [13] studied the optical absorption spectra associated with
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Figure 4. The optical absorption probability per
unit time for the transitions from the first valence
subband to the donor impurities in the corner as
a function ofh̄ω−Eg for different electric fields.

transitions between then = 1 valence subband and the donor impurities in a cylindrical
quantum wire with an infinitely confining potential, and found that there are two apparent
absorption peaks on the low- and high-energy sides when the radius of the quantum wire
is 1000Å, and the peak on the low-energy side disappears when the radius of the quantum
wire is reduced to 50̊A. At the same time, the width of the absorption spectra increases
monotonically with the decrease in the radius of the quantum wire. The optical absorption
spectra associated with the donor impurities in the corner are closely related to the density
of the impurity states [17]. When the applied electric field is almost the zero, most of the
impurities in the corner have the same impurity binding energy as in the bulk(1 Ryd∗)
and some of the impurities along two sides of the corner have impurity binding energies of
about 1/4 Ryd∗ [12] in the integral zone that we considered, as shown in figure 2(a), and
there are two apparent absorption peaks on the high- and low-energy sides of the optical
absorption spectra in the corner. When a suitable electric field is applied, the situation is
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changed; that is, the contours of the impurity binding energy are closed, and most of the
impurity states in the integral zone that we considered lie at the area with lower impurity
binding energy, as shown in figures 2(b) and 2(c); so only one absorption peak exists on
the high-energy side of the absorption spectra in the corner when a suitable electric field is
applied, as shown in figure 4. The width of the optical absorption spectra in the corner is
also related to the width of the donor impurity levels, as shown in figure 3. In a sense, the
width of the absorption spectra is equal to the width of the donor impurity levels. When
the applied electric field increases, the maximum binding energy in the corner increases,
but the lowest binding energy in the corner changes little [12], and therefore the width of
the donor levels in the corner increases. This is why the width of the absorption spectra in
the corner increases with the increase in the electric field strength.

In summary, we have studied the shallow-donor impurity states and the optical
absorption spectra associated with transitions from the first valence subband to the donor
impurities in a corner under an applied electric field. The results showed that the contours
of the impurity binding energy in the corner become closed when a suitable electric field is
applied, and the centre of the contours moves towards the corner as the electric field strength
increases, which intuitively indicates that the impurity-state behaviour in the corner under
an applied electric field is similar to that for quantum wires. The optical absorption spectra
in the corner under the applied electric field are also similar to those of quantum wires,
and there is only one absorption peak on the high-energy side of the absorption spectra and
the width of the absorption spectra increases with the increase in the electric field strength.
As we know, it is easier to fabricate a corner structure than to fabricate a quantum wire in
experiments, and our theoretical results may provide a new way to detect quantum confining
effects in quantum wires.
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