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Abstract. We have investigated the effects of the intense laser field and nitrogen concentration on bound
state energy levels in GaxIn1−xNyAs1−y/GaAs quantum well. The results show that both intense laser
field and N-incorporation into the GaInNAs have strong influences on carrier localization. We hope that
our results can stimulate further investigations of the related physics, as well as device applications of
group-III nitrides.

1 Introduction

Dilute quaternary group-III arsenide nitride compounds
GaxIn1−xNyAs1−y have been intensively studied in the
past few years because of both their fundamental prop-
erties [1,2] and their potentials for 1.3 and 1.5 μm wave-
length laser applications [3,4]. Adding small amounts of
nitrogen to GaAs is found to decrease the lattice constant
and band-gap which leads to long wavelength emission [5].
Addition of In to GaAs has the effect of increasing the
lattice constant while decreasing the band-gap. For this
reason GaInNAs can be lattice matched to GaAs with
suitable material quality for the processing of long wave-
length lasers [6]. When a thin layer of GaInNAs is sand-
wiched between GaAs layers, very deep quantum wells can
be formed which strongly confine the electrons in the con-
duction band and thus improve the temperature charac-
teristics of such devices.

As known, intense laser field (ILF) considerably af-
fects the optical and electronic properties of semiconduc-
tors [7–13]. Because when an electronic system is irradi-
ated by ILF, the potential of the system is modified which
affects significantly the bound state energy levels, a feature
that has been observed in transition energy experiments.
So the effects of a high-frequency ILF on the confining
potential and the corresponding bound state energy lev-
els are a very important problem. This problem has been
a subject of great interest and an enormous amount of
literature has been devoted to this field [14–20]. Some of
these studies are as follows: Enders et al. have investigated
systematically the changes induced by intense, long wave-
length, nonresonant laser fields on some electronic prop-
erties, namely the bound state energies and the electron
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density of states for quasi-2D electrons in a square quan-
tum well (SQW) [14]. Their results showed that the effect
of laser field on bound state energies is to induce blueshift,
which depend on the laser intensity and frequency as well
as on the polarization direction. The effects of the high
frequency laser field on the subband structure and on po-
larizibilities of shallow donor in a GaAs/GaAlAs quan-
tum well (QW) were investigated by Burileanu et al. [15].
Pérez-Maldonado et al. have considered an electron in a
semiconductor nanostructure under a magnetic field per-
pendicular to its growth direction and monochromatic
electromagnetic radiation, linearly polarized in a direc-
tion perpendicular to the magnetic field [16]. They have
studied the time-dependent Schrödinger equation for a
quantum Gaussian well. Quasi-energies are calculated in
the Kramers-Henneberger approximation (KHA) as func-
tion of the cyclotronic orbit center position for different
values of laser intensity. Varshni [17] has studied the ef-
fects of the laser-field and the quantum confinement on
the ground and two excited states of an impurity located
at the center of a spherical quantum dot confined by an
infinite potential barrier. Radu et al. have investigated the
effects of a laser field on subband energy levels in finite dif-
ferent shaped quantum wells such as V-shaped, parabolic
and SQWs [18]. Neto et al. have derived the laser-dressed
quantum well potential for an electron in a SQW [19].
Lima et al. have investigated how the potential and the
corresponding bound states in a SQW are affected by a
nonresonant intense laser field [20]. They derived an ana-
lytical expression valid for all values of the laser-dressing
parameter.

The present work is concerned with the theoreti-
cal study of the effects of the intense laser field and
nitrogen concentration on bound state energy levels in
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Table 1. Bowing parameters for relevant compounds in units of eV.

CIn−Ga (InGaAs) CIn−Ga (InGaN) CAs−N (GaNAs) CAs−N (InNAs)

0.51a 1.4b 20c 4.22d

a Reference [21]; b reference [22]; c reference [23]; d reference [24].

GaxIn1−xNyAs1−y/GaAs quantum well for a constant in-
dium concentration. The paper is organized as follows.
In Section 2, we described the theoretical framework.
Section 3 is dedicated to the results and discussion, and
finally, our conclusions are given in Section 4.

2 Theory

In the effective mass approximation, the Hamiltonian for
the electron without the effect of intense laser field is
given by

H = − �
2

2m∗
∂2

∂z2
+ V (z) (1)

where m∗ is the effective mass of electron and V (z) is the
confinement potential in the z-direction. The functional
form of the confinement potential is given by

V (z) = V0θ (|z| − L/2) , (2)

where θ is the unit step function, L is the quantum well
width and V0 is the conduction band offset. Composi-
tional dependence of the band gap energy in the bulk
GaxIn1−xNyAs1−y, including stress is given by [21]:

Eg(x, y) = xyEg(GaN) + (1 − x)yEg(InN)
+ x(1 − y)Eg(GaAs) + (1 − x)(1 − y)Eg(InAs)

+ x(x− 1) [yCIn−Ga(InGaN) + (1 − y)CIn−Ga(InGaAs)]
+ y(y − 1) [xCAs−N(InNAs) + (1 − x)CAs−N(GaNAs)]

(3)

where CA−B (ABC) is the bowing parameter of ABC. The
relevant bowing parameters are listed in Table 1 [21–24].
The conduction band offset (V0) was taken to be 80% of
the total discontinuity between the band gap of GaAs and
GaxIn1−xNyAs1−y materials [25] (from a theoretical fit to
the experimental data, a type-I band alignment for the
heavy holes with a strained conduction-band offset ratio
of about 80% is obtained) and the values of the parame-
ters such as the effective mass and dielectric constant for
GaxIn1−xNyAs1−y material were obtained using a linear
interpolation between parameters of relevant binary semi-
conductors [26]:

P (GaxIn1−xNyAs1−y)=xyP (GaN)+(1−x)(1−y)P (InAs)
+ (1 − x)yP (InN) + x(1 − y)P (GaAs). (4)

The physical parameters for binary semiconductors used
in the calculation are listed in Table 2 [27–29].

When the intense laser effects are considered (the
polarization of the laser radiation is parallel to the

Table 2. Parameters for GaAs, InGa, GaN and InN materials
used in this calculation.

Material GaAsa InAsa GaNa InN

Eg(eV) 1.519 0.417 3.299 1.94b

Electron effective mass (m0) 0.067 0.022 0.15 0.14c

a Reference [27]; b reference [28]; c reference [29].

z-direction), the confinement potential in the equation (2)
takes the following form [20]

〈V 〉 (z;α0) =
V0

π

[
θ(α0 − z − L/2) arccos

(
L/2 + z

α0

)

+ θ (α0 + z − L/2) arccos
(
L/2 − z

α0

) ]
(5)

where α0 = eF0/m
∗ω2 is laser-dressing parameter and F0

is the field strength. Extended details about dressed po-
tential in equation (5) and the nonperturbative theory
developed to describe the atomic behavior in intense
high frequency laser field can be find in references [20]
and [30,31], respectively.

Taking into account the dressed-potential in equa-
tion (5), we obtain the quasi-stationary energy levels by
solving the Schrödinger equation:

− �
2

2m∗
∂2ψ(z)
∂z2

+ 〈V 〉 (z;α0)ψ(z) = Eψ(z) (6)

where E is the energy eigenvalue under the ILF. To solve
the Schrödinger equation in equation (6), we take as base
the eigenfunction of the infinite potential well with Lb

width. Lb is well width of the infinite well at the far end of
SQW with L width (Lb � L) and its value is determined
according to the convergence of the energy eigenvalues.
These bases are formed as [32]

ψn(z) =
√

2
Lb

cos
[
nπ

Lb
z − δn

]
, (7)

where

δn =

{
0 if n is odd,
π
2 if n is even,

and so, the wave function in the z-direction is expanded
in a set of basis function as follows:

ψ(z) =
∞∑

n=1

cnψn(z). (8)
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(a) (b)
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Fig. 1. The variation of the laser-dressed potential, bound states and squared wave functions related to these bound states in
GaxIn1−xNyAs1−y/GaAs quantum well which has the width L = 100 Å as a function of the position. In and N concentrations
are x = 0.87 and y = 0.005, respectively. The results are for (a) α0 = 25 Å, (b) α0 = 50 Å, (c) α0 = 100 Å and (d) α0 = 150 Å.
Dashed (solid) line corresponds to α0 = 0 (α0 �= 0).

In calculating the wave function ψ(z), we ensured that the
eigenvalues are independent of the chosen infinite poten-
tial well width Lb and that the wave functions are localized
in the well region of interest. This method which gives ac-
curacies greater than 0.001 meV, is well controlled, gives
the SQW eigenfunctions, and is easily applied to situations
of varying potential and effective mass. This technique al-
lows one to follow the development of SQW eigenstate out-
side the well and to determine the validity of quasi-bound
state approximation. As with many numerical approaches,
the algorithm can only be applied over a finite region of
space, which means that we must place arbitrary bound-
aries and boundary conditions on the solution. For states
that are sufficiently quasi-bound, then if the boundary is
sufficiently far away from the quantum well, it should have
no effect on the eigenstates. In fact, this can be used as
reasonable criteria for having a well-defined quasi-bound
state. For detailed information please check reference [33].

3 Results and discussion

In our calculations, equations (3) and (4) were used to
determine the physical parameters (V (z) and m∗) of

GaxIn1−xNyAs1−y material according to nitrogen and in-
dium concentrations, respectively. The electron effective
mass was assumed to be same in the well and barrier
regions.

In Figures 1a−1d and 2a−2d, we show the
laser-dressed potential, bound states and squared
wave functions related to these bound states in
GaxIn1−xNyAs1−y/GaAs single quantum well (SQW)
which has the width L = 100 Å for a constant indium
(In) concentration (x = 0.87) and different laser-dressing
parameters (α0) as a function of the position for two dif-
ferent nitrogen (N) concentrations y = 0.005 (Fig. 1) and
y = 0.05 (Fig. 2), respectively. Dashed (solid) line corre-
sponds to α0 = 0 (α0 �= 0). There are two bound states
in QW for α0 = 0, while there are three bound states for
α0 �= 0. Because as ILF increases the width of the well bot-
tom decreases by L−2α0, while the top width increases by
L + 2α0. Energy levels are closer to each other since ILF
creates an additional geometric confinement on the elec-
tronic states in the QW. Furthermore, for α0 values which
satisfy the condition α0 > L/2 SQW potential turns into
double quantum well (DQW) potential [20] (we have ob-
served in our previous study that DQW turns into triple
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Fig. 2. The variation of the laser-dressed potential, bound states and squared wave functions related to these bound states in
GaxIn1−xNyAs1−y/GaAs quantum well which has the width L = 100 Å as a function of the position. In and N concentrations
are x = 0.87 and y = 0.05, respectively. The results are for (a) α0 = 25 Å, (b) α0 = 50 Å, (c) α0 = 100 Å and (d) α0 = 150 Å.
Dashed (solid) line corresponds to α0 = 0 (α0 �= 0).

quantum well as α0 increases [31]. The arising of a DQW
enables one to create controllable resonant states located
in the well material. This obviously does not need any
growth of conventional DQWs, which are more difficult to
tune to the desired resonance states.

As seen in Figure 2, higher N-concentration causes the
deeper potential well which strongly confines the electrons
in the conduction band and so even for α0 = 0, there are
three bound states. N-incorporation into the GaInNAs has
strong influence on carrier localization.

In order to see the effect of the ILF on the electronic
states, the variations of energy levels for bound states
in GaxIn1−xNyAs1−y/GaAs quantum well which has the
width L = 100 Å as a function of the laser-dressing pa-
rameter for a constant In-concentration and two different
N-concentrations are given in Figures 3a and 3b, respec-
tively. As seen in these figures, as α0 increases the low-
est two energy levels increase while the bound state en-
ergies which are newly appeared with the effect of ILF
decrease and this can be appreciated as an important fac-
tor in forming the population inversion in optical pumping
laser systems. Change of energy spectrum with laser field

provides a new freedom degree in optical systems based
on interband and intersubband transitions and also im-
portant advantage in the field of application.

It should be noticed that when the energy of the elec-
tron is below the half-height of the QW the energy of the
electron increases with growing laser-dressing parameter,
i.e., E1 and E2 energy levels blue shifted with the α0.
At the same time, it implies a decreasing in the electron
confinement with growing laser-dressing parameter if the
energy of the electron is above the half-height of the well
and than they are red shifted.

Furthermore, it should be noted that the range
of laser intensities that are experimentally attainable
is 103−1015 kW/cm2. For α0 = 100 Å, output
power of laser source with frequency ν = 30 THz is
I ∼= 6.8 × 106 kW/cm2 (Intensity of laser source is
given by I = 0.0187 ε5/2

r ν4α2
0 kW/cm2, where εr =

11.0274 is the high-frequency dielectric permittivity
of Ga0.87In0.13N0.005As0.995 and aB = 94.8781 Å is effec-
tive Bohr radius under high-frequency AC fields). There-
fore, our results are experimentally attainable.



F. Ungan et al.: The effects of the intense laser field on bound states in GaxIn1−xNyAs1−y/GaAs single quantum well 93

(a)

(b)

Fig. 3. The variation of energy levels for bound states in
GaxIn1−xNyAs1−y/GaAs quantum well which has the width
L = 100 Å for a constant In concentration as a function of
the laser-dressing parameter. The results are for (a) y = 0.005
and (b) y = 0.05. Dashed line corresponds to V0 level.

4 Conclusions

In this work, we have investigated the effects of the intense
laser field, nitrogen and indium concentrations on energy
levels for bound states in GaxIn1−xNyAs1−y/GaAs quan-
tum well within the effective mass and the spherical con-
duction band approximations. Our results reveal that: ILF
creates an additional geometric confinement on the elec-
tronic states in the QW, the effect of the N concentration
on the electronic states increases with the effect of ILF. We
can tune the electronic structure and main optical prop-
erties of the system depend on intersubband transitions
by changing the nitrogen concentration together with the
laser field. We hope that our results can stimulate fur-
ther investigations of the related physics, as well as device
applications of group-III nitrides.
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