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Abstract. The optical absorption spectra associated with transitions from the first valence subband
to donor impurities are calculated in a three-dimensional corner under an applied electric field. It is
found that there are two peaks for the absorption spectra in the corner, and the width of the absorption
spectra increases with the increase in the electric field strength. The comparison between the optical
absorption spectra in the corner and in a cubic quantum box shows that there is one absorption peak
in the cubic quantum box, and the width of the absorption spectra in the equivalent quantum box
is larger than that in the corner.

1. Introduction

The development of experimental growth techniques, such as molecular beam epitaxy (MBE)
and metal–organic chemical vapour deposition (MOCVD), makes it possible to confine the
electrons in one, two and all three directions (quantum wells, wires and dots). The electronic
band structure and the optical properties of these low-dimensional structures and semiconductor
superlattices have been attracting considerable interest recently, due to their possible wide
applications in microelectronics and future laser technology [1]. The impurity states are an
important factor to affect the electric-transportation and optical properties in low-dimensional
semiconductor structures, which have been studied by several researchers [2–6].

A corner is a simple model for a stepped surface or V-shaped grooves in a surface. This
model has been used by Lee and Antoniewicz [7, 8] to study the surface bound states and
surface polaron states. In fact, step structures usually exist at the interfaces of low-dimensional
semiconductor structures [9–12], which affect their optical transition spectra considerably. As
we know, an electric field is a traditional tool to detect the electronic behaviour under external
disturbance, and it is necessary to study the electronic structures and their related optical spectra
in the corner under external fields, which is helpful to understand the related experimental
spectra in low-dimensional structures. In our previous papers [13–16], the electronic and
impurity states in two- and three-dimensional corner structures with and without an external
electric field were investigated. It was found that the electronic and impurity state behaviour in
the two- (three-) dimensional corner under external electric field is similar to that in quantum
wires (dots), due to the electric field pushing the electrons towards the corner. In this paper,
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we calculate the optical absorption spectra associated with transitions from the first valence
subband to donor impurities in a three-dimensional corner under an applied electric field. In
section 2, a theoretical framework is outlined. Numerical results and discussion are presented
in section 3.

2. Theory

The three-dimensional corner structure is the same as that in [16], an infinite barrier outside the
corner is considered and an electric fieldEF = (1, 1, 1)(F/√3) is applied along the diagonal
line of the corner. The electronic wavefunctions and levels are [16]

8(Er) = N0Ai(ξ)Ai(η)Ai(ζ )

ξ = (x/d)− λl
η = (y/d)− λm
ζ = (z/d)− λn
d = [

√
3h̄2/(2mbeF)]

1/3 (1)

and

Elmn = h̄2

2mbd2
(λl + λm + λn) (2)

whereN0 is a normalization constant,mb is the electron-band effective mass inside the corner,
d is the electron characteristic length under the electric field andλl , λm andλn are the zero
points of the Airy functionAi(−λ) [16, 17]. The ground impurity wavefunction and binding
energy are

ψ(Er) = N(β)Ai(ξ)Ai(η)Ai(ζ ) exp(−β|Er − Er0|)
ξ = (x/d)− λ1

η = (y/d)− λ1

ζ = (z/d)− λ1 (3)

and

Eb = E0 −min
β
〈ψ(Er)|H(Er)|ψ(Er)〉 (4)

whereN(β) is the normalization constant,β is the variational parameter,Er0 is the impurity
position,E0 is the ground electronic level andH(Er) is the impurity state Hamiltonian [16].

Figure 1 shows the possible optical transitions from the first valence subband to the donor
impurities in the corner, where ¯hω1 andh̄ω2 represent the transition energies from the first
valence subband to the bottom and top of the donor impurity levels, respectively. For an optical
transition from the first valence subband to a donor level, we have for the initial and final states

|i〉 = 80(Er)ui(Er) (5a)

|f 〉 = ψ(Er)uf (Er) (5b)

where80(Er) is the wavefunction for the first valence subband,ui(Er) anduf (Er) are the periodic
parts of the Bloch state for the initial and final states, respectively.

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

Ei = −εg (6)
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Figure 1. A schematic representation of the possible optical transitions from the first valence
subband to the donor impurities in a three-dimensional corner under an applied electric field.

where

εg = Eg +Ec0 +Ev0 (7)

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(Er0, F ). (8)

The transition probability per unit time for the transition from the first valence subband
to the donor level associated with the impurity located at the positionEr0 is proportional to the
square of the matrix element of the electron–photon interactionHint between the wavefunctions
of the initial (valence) and final (donor) state [18, 19]

W(ω,F, Er0) = 2π

h̄

∑
i

|〈f |Hint |i〉|2δ(Ef − Ei − h̄ω) (9)

with Hint = CEe · EP , whereEe is the polarization vector in the direction of the electric field of
the radiation,EP 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

〈f |Hint |i〉 ∼= CEe · EPf iSf i (10)

with

EPf i = 1

�

∫
�

u∗f (Er) EPui(Er) dEr (11)
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and

Sf i =
∫
F ∗f (Er)Fi(Er) dEr (12)

where� is the volume of a unit cell andFf (Er)(Fi(Er)) is the envelope function for the final
(initial) state. Then equation (9) can be simplified further:

W(ω,F, Er0) = (2π/h̄)|C|2|Ee · EPf i |2|Sf i(Er0)|2Y (1) (13)

whereY (1) is the step function and

1 = h̄ω +Eb(Er0, F )− εg. (14)

In the practical case, the 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 ) = (LxLyLz)−1
∫ Lx

0
dx0

∫ Ly

0
dy0

∫ Lz

0
dz0W(ω,F, Er0)

= W0(LxLyLz)
−1
∫ Lx

0
dx0

∫ Ly

0
dy0

∫ Lz

0
dz0 |Sf i(Er0)|2Y (1) (15)

where

W0 = (2π/h̄)|C|2|Ee · EPf i |2 (16)

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

In order to compare the impurity state behaviour in the corner with that in quantum dots,
a similar method [4, 5, 20] is adopted to calculate the impurity binding energy and optical
absorption spectra in quantum dots.

3. Results and discussion

In the practical numerical calculation, a three-dimensional AlAs/GaAs corner is selected
with GaAs being the well material. For simplicity, the energy is in units of effective
Rydbergs,Ryd∗ = mee4/(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 withm0 being the free-electron mass and the mixing of the light- and heavy-hole
bands neglected [18].

Figure 2 shows the impurity binding energy versus the impurity position along the diagonal
line of the three-dimensional corner and the equivalent quantum boxes [16] for different electric
fields. The equivalent side width of the cubic quantum box isLeq = πd/

√
λ1 and the equivalent

diameter of the spherical quantum dot isDeq = 2πd/
√

3λ1. The results of figure 2(a) indicate
that there is a peak impurity binding energy when the impurity moves along the diagonal line
of the corner, and the peak impurity position becomes closer to the corner point as the electric
field strength increases, which is similar to the impurity state behaviour in the quantum boxes,
as shown in figure 2(b). Figure 2 also shows that the impurity binding energy in the equivalent
quantum box is larger than that in the corner under the applied electric field, and the curves in
figure 2(a) are asymmetrical, due to the asymmetrical confining potential of electrons in the
corner.

Figure 3 shows the peak binding energy and the peak impurity position versus the electric
field strength in the corner. In order to compare the difference between the corner and quantum
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Figure 2. The dependence of impurity binding energy on the impurity position along the diagonal
line of (a) the three-dimensional corner for four different electric fields, and (b) the cubic quantum
box for three equivalent side widths, where the number in parentheses is the corresponding electric
field strength.

dots, figure 3 also shows the maximum binding energy and its corresponding impurity position
versus the dimensions (which have been changed to the equivalent electric field strength) of the
cubic quantum box and the spherical dot. In fact, the peak impurity position in quantum dots
is at the centre of the cubic quantum box and the spherical quantum dot, and for the spherical
quantum dot,x0 = y0 = z0 is equal to its radius. From figure 3, it can be found that the peak
binding energy in the corner increases and the peak impurity position moves towards the corner
point as the electric field strength increases, which are similar to the variations in peak binding
energy and peak impurity position in quantum dots with their dimensions. In general, the peak
binding energy in quantum dots is larger and its corresponding impurity position is smaller than
those in the corner under the electric field, due to their different confining potentials. Moreover,
for the same equivalent electric field strength, the maximum binding energies in the cubic
quantum box and in the spherical quantum dot are almost the same, as shown in figure 3(a).

Figure 4(a) shows the optical absorption spectra associated with donors in the corner for
different electric field strength. In our practical calculation, anLeq × Leq × Leq integral
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Figure 3. The dependence of (a) the maximum binding energy and (b) its corresponding impurity
position in the corner and quantum dots, on the applied electric field and the dimension of quantum
dots, where the diameter of the spherical quantum dot and the side width of the cubic quantum box
have been transferred to the equivalent electric field strength.

zone in the corner is adopted to calculate the optical absorption spectra, which means that
the donor impurities are assumed to exist only in this zone in the corner. From figure 4(a), it
can be seen that there are two apparent absorption peaks on the low- and high-energy sides
for the absorption spectra in the corner, and the height of the absorption peak on the low-
energy side decreases as the electric field strength increases. At the same time, the width of
the absorption spectra in the corner increases apparently with the increase in the electric field
strength. Figure 4(b) shows the optical absorption spectra associated with donors in the cubic
quantum box with different equivalent side widths, as compared with the electric field strength
in figure 4(a). The results of figure 4(b) indicate that the width of the absorption spectra in
the cubic quantum box increases with the decrease in its dimension, which is similar to the
variation in the width of optical absorption spectra in the corner with the electric field. The
difference in optical absorption spectra between the corner and the cubic quantum box is that
there is no absorption peak on the low-energy side for the absorption spectra in the cubic
quantum box, as compared with that in the corner, and the absorption spectra of the corner
impurity levels is narrower than that of the cubic quantum box with equivalent side width.
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Figure 4. Optical absorption probability per unit time for the transitions from the first valence
subband to the donor impurities as a function of ¯hω − Eg (a) in the three-dimensional corner for
different electric fields and (b) in cubic quantum boxes with different equivalent side widths, where
the number in parentheses is the corresponding electric field strength.

As stated in our previous paper [16], because the electric field pushes the electrons
towards the corner, the electrons in the well material are confined in all three directions,
like the electrons confined in a quantum dot; so the electronic and impurity state behaviour
in the three-dimensional corner under the electric fields are analogous to that in the quantum
dots. As the electric field strength increases, the confinement of the electrons in the corner is
strengthened, and the peak impurity binding energy increases. The optical absorption spectra
associated with the donor impurities in the corner are related closely to the density of impurity
states. Two apparent absorption peaks for the absorption spectra in the corner indicate that
there are two peaks for the density of impurity states in the selected impurity distributed zone
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Figure 4. (Continued)

in the corner [20, 21]. The difference between the optical absorption spectra in the corner
and in the equivalent quantum box may be due to the electric field induced asymmetrical
electronic confining potential in the corner. The width of optical absorption spectra in the
corner corresponds to the width of donor impurity levels, as shown in figure 1. When the
maximum binding energy in the corner increases with the electric field, the lowest binding
energy changes little, as shown in figure 2(a), and therefore the width of donor levels in the
corner increases. This is the reason why the width of optical absorption spectra in the corner
increases with the electric field. The same situation also happens in the cubic quantum box,
as shown in figure 4(b). Because the peak binding energy in the equivalent quantum box is
larger than that in the corner, as shown in figures 2 and 3, the width of the absorption spectra
in the equivalent quantum box is larger than that in the corner.
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In conclusion, we have studied the impurity states and their related optical absorption
spectra in a three-dimensional corner under the applied electric field. It was found that the
peak impurity binding energy increases with the increase in the electric field strength, and
there are two apparent absorption peaks for the optical absorption spectra in the corner. The
width of the absorption spectra in the corner increases as the electric field strength increases,
which is analogous to the case where the width of the optical absorption spectra in the cubic
quantum box increases with the decrease in its dimension.
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