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a b s t r a c t

The effects of intense high-frequency laser field on photoionization cross-section and binding energy of

shallow-donor impurities in GaAs/GaAlAs quantum dots are calculated using variational method with

the effective-mass approximation. From these calculations, it has been concluded that the dependences

of the impurity binding energy and photoionization cross-section on the intense laser field are very

significant.

& 2011 Elsevier B.V. All rights reserved.

1. Introduction

The effects of an intense high-frequency laser field on the
physical properties of bulk semiconductors have been a topic of
considerable interest. The development of intense high-frequency
laser field provided an opportunity to explore the properties of
matter in strong electromagnetic fields that greatly exceed the
Coulomb binding fields in an atom. There have been numerous
investigations about the effects of an intense high-frequency laser
field on the physical properties of bulk semiconductors over the
past 30 years [1–5]. More recently such studies have been
extended to semiconductor nanostructures, where intense elec-
tric fields are created by an applied ac voltage or a high-intensity
THz laser [6–8]. It was reported that the binding energy of an
impurity in low-dimensional systems decreases on increasing the
laser field amplitude [9,10].

The photoionization cross-section is mainly used in the char-
acterization of impurities in semiconductors. Several studies have
been done on the photoionization cross-section of hydrogenic
impurity in low-dimensional structures such as quantum wells,
wires and quantum dots [11–17]. Due to their advantages over
quantum wells and quantum wires, quantum dots have attracted
much interest as an optoelectronic structure [18,19]. The electro-
nic structure in quantum dots is found to be very sensitive to the
size quantization effect, and the modification of the effective

confining potential in the dots can affect dramatically the optical
properties of quantum dots [19].

In this work, we investigated the effects of an intense, high-
frequency laser field on the photoionization cross-section and the
binding energy of shallow-donor impurities in a semiconductor
quantum dot.

2. Theory

The photoionization process is an optical transition that takes
place from the impurity ground state as the initial state to the
conduction sub-bands, which requires sufficient energy in order
for the transition to occur. The excitation energy dependence of
the photoionization cross-section associated with an impurity,
starting from Fermi’s golden rule in the well-known dipole
approximation, as in the bulk case is [12–15,20–23]
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where nr is the refractive index of the semiconductor, aFS ¼ e2=_c

the fine structure constant and _othe photon energy; xeff =x0is the
ratio of the effective electric field xeff of the incoming photon to
the average field x0 in the medium [24]; ci
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impurity ground state and final state; Ef and Ei are the energies of
the final and initial states, respectively.
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The approach used in the present calculation is based on a
non-perturbative theory that was developed originally to describe
the atomic behavior under intense, high-frequency laser field
conditions [9,10]. We assume that the radiation field can be
represented by a monochromatic plane wave of angular fre-
quency o. For linear polarization, the vector potential of the
radiation field in laboratory frame is given as A(t)¼ A0 cosot ê,
where ê is the unit vector. By applying the time-dependent
translation r

!
- r
!
þ a!ðtÞ the semi-classical Schrödinger equation

in the momentum gage, describing the interaction dynamics in
the laboratory frame of reference, was transformed by Kramers as
follows [25]:
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where Vð r
!
Þ is the atomic binding potential and

a!ðtÞ ¼ a0 sinot ê ð3Þ

where the laser-dressing parameter a0 ¼ eA0=m�co represents
the quiver motion of a classical electron in the laser field and
Vð r
!
þ a!ðtÞÞ is the ‘dressed’ potential energy. In terms of the

average intensity of the laser, I, a0 can be written as [25]

a0 ¼ ðI
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where e and m* are the electric charge and effective mass of an
electron, respectively, c is the velocity of light, A0 is the amplitude
of the vector potential and ois the frequency in cgs units.

Following the Floquet approach [9,10], the space-translated
version of the Schrödinger equation, Eq. (2) can be cast in the
equivalent form of a system of coupled time-independent differ-
ential equations for the Floquet components of the wave function
j, containing the (in general complex) quasi-energy E. An itera-
tion scheme was developed to solve this; for the zeroth Floquet
component j0 the system reduces to the following time-inde-
pendent Schrödinger equation [8–10]:
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, a!0Þ is the ‘dressed’ potential, which depends on o
and I only through a0 [9]. For the Coulomb potential case,
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approximate form [26]:
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where e is the dielectric constant.
The Hamiltonian of a system consisting of an electron bound

to a donor impurity inside a quantum dot in the presence of an
intense high-frequency laser field (the laser field polarization is
along the z direction) is given by
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where Vcð r
!

, a!0Þ is the ‘dressed’ Coulomb potential. Vðx,yÞ is the
two-dimensional confinement potential for x–y and approxi-
mately can be written as Vðx,yÞ ¼ VðxÞþVðyÞ [27], where VðxÞ

and VðyÞ are the confinement potentials for the electron in the x

and y directions, respectively:
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Vbðz,a0Þ is the ‘dressed’ confinement potential, which is given
by the following expression [28]:
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where V0 is the conduction band offset at the interface and Yis
the step function.

The specification of the initial ground state and the conduction
sub-band state wave functions are required to calculate the
photoionization cross-section. Following the variational approach
and taking into account the electronic confinement in all the three
directions of the dot and the Coulombic interaction between the
impurity and the electron we will use for the ground state the
trial wave function
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where N is a normalization constant, wðxÞ, wðyÞ and wðzÞ are the
first sub-band wave functions of the electron that are exactly
obtained from the one-dimensional Schrödinger equation in the x,
y and z directions, respectively and lis a variational parameter,
which can be determined by minimizing the expectation value
ci

� ��H ci

�� �
with respect to that parameter. The ground state

impurity binding energy is given by

EB ¼ ExþEyþEz�min
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where Ex, Ey and Ez are the lowest donor electron sub-band
energies in the x, y and z-directions, respectively.

Due to the electronic confinement in all three directions of the
dot without the impurity potential, the eigenstates associated
with the Hamiltonian (7) of an electron emitted to the sub-bands
nx, ny and nz relative to the x, y and z directions of the dot,
respectively, are given by

cf ðrÞ ¼ wnx
ðxÞwny

ðyÞwnz
ðzÞ ð12Þ

where wnx
ðxÞ, wny

ðyÞ and wnz
ðzÞ are chosen to be solutions of one-

dimensional Hamiltonian for electron in the x, y and z-directions
of the QD, respectively. To calculate the photoionization cross-
section it is necessary to know the conduction sub-bands into
which the excited electron is transferred., For an on-center donor
impurity and for incident light polarized along the z-direction, the
transition that takes place from the impurity ground state to the
conduction sub-bands nx¼1, ny¼1 and nz¼2 is first dipole
allowed. For an off-center donor impurity and for incident light
polarized along the z-direction, the transition that takes place
from the impurity ground state to the conduction sub-bands
nx¼1, ny¼1 and nz¼1 is first dipole allowed.

In order to obtain an expression for the spectral dependence of
the photoionization cross-section as a function of the excitation
energy _o and the QD dimensions, we have replaced the d-
function in Eq. (1) by narrow Lorentzian with a width equal to
1 meV, [24,29]:

dðEf�Ei�_oÞ ¼
_G

p½ð_o�ðEf�EiÞÞ
2
þð_GÞ2�

ð13Þ

3. Results and discussion

The values of the physical parameters used in our calculations
are m*¼0.067m0 (m0 is the free electron mass), xeff =x0 ¼ 1,
e0 ¼ 13:1 (the static dielectric constant is assumed to be the same
everywhere), V0¼228 meV. These parameters are appropriate in
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