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Binding energy of the donor impurities in GaAs—Ga;_,Al, As
quantum well wires with Morse potential in the presence of
electric and magnetic fields*
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The behavior of a donor in the GaAs—Ga_, Al As quantum well wire represented by the Morse potential is examined
within the framework of the effective-mass approximation. The donor binding energies are numerically calculated for with
and without the electric and magnetic fields in order to show their influence on the binding energies. Moreover, how the
donor binding energies change for the constant potential parameters (De, 7e, and a) as well as with the different values of
the electric and magnetic field strengths is determined. It is found that the donor binding energy is highly dependent on the
external electric and magnetic fields as well as parameters of the Morse potential.

Keywords: Morse potential, electric field, magnetic field, the donor atom, quantum well wire

PACS: 03.65.Ge, 03.50.De, 41.20.—q

1. Introduction

During the last decade, especially, with the development
of low-dimensional semiconductor structures such as quantum
wells (QWs), quantum well wires (QWWs), and quantum dots
(QDs), numerous studies have been performed to investigate
the hydrogenic impurity states in semiconductor structures.
Understanding the effects of the impurities on the electronic
properties of the semiconductors is very important for their ap-
plications in electronics and optoelectronics devices. In partic-
ular, the external electric or magnetic fields play a vital role on
the band structure of the system causing a considerable change
on the energy spectra and binding energies of the donor atoms.
In this paper, we investigate the influence of the external fields
and the confining potential shape on the binding energy of the
hydrogenic donor in a quantum well wire which is made of
GaAs surrounded by Ga;_,Al,As for several quantum num-
bers. This configuration is often used for the investigation of
the electron transportation in QWW.!!]

With the development of experimental techniques and
analytical methods, a great number of papers related to the
hydrogenic impurity states in QWs, QWWs, and QDs have
been published.>1 A significant number of these works
were devoted to the study of the binding energy of hydro-
gen impurities in GaAs—Ga;_,Al,As QWW structures both
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experimentally and theoretically. !
mobility in semi-conducting wires was first investigated by
Sakaki. 44 Shortly after, Petroff et al. [43] fabricated GaAs—
AlAs quantum-well wires by molecular beam epitaxy and ex-

amined some of their optical properties experimentally. The
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understanding of the effect of the impurities in such systems
on the electronic and optical properties is very crucial because
they have a certain potential as new alternative structures for
high speed devices.

The influence of several external factors, such as elec-
tric and magnetic fields, on the binding energy of impurity
states in semiconductor structures have been studied by many
researchers. The investigation of the effects of external factors
on the binding energy of the confined system is one of the in-
teresting subjects from both the theoretical and technological
points of view. In this respect, many studies have been per-
formed on the electric,[z‘s] the magnetic fields,[®191 and their

(11 the hydrostatic pressure!'>!3] and the

combined effects,
temperature dependence!'*!3! of the binding energy in these
systems. In certain theoretical studies related to different low-
dimensional semiconductor structures, different confinement
potentials denote that the donor binding energy decreases as a

16-191 Most recently, Ghazi

function of external electric field.
et al. have investigated the effects of the external electric fields
on the (In,Ga)NGaN spherical quantum dots by using the Ritz
variational method based on the effective-mass approxima-
tion and finite potential.>”) Erdogan er al. have studied the
effects of both the external electric and magnetic fields on
the self-polarization and binding energy of hydrogenic impu-
rity confined in an infinite quantum wire.>!! Rezaei et al.[*?!
have investigated the combined effects of hydrostatic pressure
and an external electric field on the binding energy and the
self-polarization of a hydrogenic impurity in a finite confining
potential square QWW. In Refs. [23]-[27], the combined ef-

*“Project supported by the Turkish Science Research Council (TUBITAK) and the Financial Supports from Akdeniz and Nigde Universities.

Corresponding author. E-mail: bayrak @akdeniz.edu.tr
© 2016 Chinese Physical Society and IOP Publishing Ltd

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

100302-1


http://dx.doi.org/10.1088/1674-1056/25/10/100302
mailto:bayrak@akdeniz.edu.tr
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B Vol. 25, No. 10 (2016) 100302

fects of these factors on the binding energy of impurity states
have also been studied. Rezaei et al.[*8] have also investigated
the simultaneous effects of the external electric field, hydro-
static pressure and temperature on the off-center donor im-
purity binding energy in a spherical Gaussian QD by using
the effective-mass approximation within a matrix diagonaliza-
tion scheme. More recently, Baghramyan et al.[*’! have inves-
tigated the effects of hydrostatic pressure, temperature, alu-
minum concentration and impurity position on hydrogen-like
donor binding energy in GaAs/Ga;_,Al,As concentric double
quantum rings. All studies mentioned above have shown that
external factors play a crucial role for the investigations of the
binding energy of a donor.

In low-dimensional heterostructure, the binding energy
and other characteristic properties of the impurity depend on
the shape of the confining potential. For this reason, the au-
thors have studied many different types of confining poten-
tial in their studies. In Refs. [30]-[32], they have used the
effective-mass approximation and a variational procedure in
order to calculate the binding energy of a donor impurity in-
side a square finite depth quantum well. They have studied the
effects of hydrostatic pressure on the electronic states and the
binding energies of donor impurity. Simultaneous effects of
hydrostatic pressure and the temperature on the donor impu-
rity in a Poschl-Teller quantum well have been investigated
in Refs. [33] and [34]. Hakimyfard et al 135 have studied
the effects of hydrostatic pressure and magnetic field on inter-
subband optical transitions in a Pdschl-Teller quantum well.
Recently, Barseghyan et al.!3%! have considered the effects of
electric and magnetic fields as well as hydrostatic pressure
on the donor binding energy in Pdschl-Teller quantum rings.
Bosel*”l has used perturbation method to calculate the bind-
ing energies of the donor impurity states in spherical QDs
with parabolic confinement. Murillo and Montenegro*®! have
calculated the binding energy of a donor impurity in GaAs—
Ga;_,AlAs spherical QD with parabolic confinement for the
existence of an applied electric field. Very recently, Akankan
studied the effect of a spatial electric field on the binding en-
ergy and polarization of a donor impurity in a GaAs/AlAs
tetragonal quantum dot.3*) In this study, the authors have per-
formed an infinite confining potential calculation within the
effective-mass approximation by using the variational proce-
dure. For this physical system, the authors have studied the
effects of different confining potential shapes on the binding
energy of the donor. >

On the other hand, another potential model is the Morse
potential which has been considered over the years and it has
been used as one of the most useful models to describe the
interaction between two atoms in diatomic molecules. The
Schrédinger equation with the Morse potential has been solved
by using the super-symmetry (SUSY),!*®! the Nikiforov—
Uvarov method (NU),#7! the hypervirial perturbation method

(HV),!*8] the shifted and modified shifted 1/N expansion
methods!*’! as well as the variational method.®"! To the best
of our knowledge, there has been no previous study in which
the use of Morse potential has been considered as a confining
potential in order to explain the behavior of the binding en-
ergy of a donor in a semiconductor. In this respect, the aim
of this study is to understand the influence of the parameters
of the Morse type confining potential and electric or magnetic
fields on the binding energy of the donor in a quantum well
wire (QWW) within the framework of the effective-mass ap-
proximation by using the Runge—Kutta method.

In the next section, we present the theoretical framework
of the model and the numerical solution method called Runge—
Kutta. Our numerical results are presented and discussed in
Section 3. Finally, we give our conclusion and summary in
Section 4.

2. Theoretical analysis

The Hamiltonian for a charged particle moving in the con-
stant magnetic and linear electric fields can be written as

1
(p-2A47 +uU(r). M

where m* is the mass, g is the electric charge, p is the momen-
tum of the particle, A is the vector potential, and U (r) = er is
the linear electric field potential. Here, € is the strength of the
electric field. If the vector potential in the symmetric gauge is
chosen as A = —(1/2)(r x B) with a uniform magnetic field
B =Bk

n? v

2m*

qB q232

H= — L
2m* S 8m*

(@ +y)+U)+V(r), @

W, = gB/m* is the cyclotron frequency and V(r) is the con-
finement potential induced by QWW
1

n 1
— 5= Vi SOl om0l +er+V (), (3)

H =

and the Schrodinger equation becomes

. n’ 1 1
Hy(r)= 5 V2 — Ea)CLz—i—gm*wcer—f—er—&—V(r) y(r)
=Ey(r), “)

where V? is the two-dimensional Laplacian and L, is the an-

gular momentum operator, —izid/d¢, with eigenvalue 7im. In

the polar coordinates (r, ¢) using the following eigenfunction
e R(r)

‘P(T):\/Ziﬂ\/’i’. 5

According to the effective mass theory (EMT), the radial

Schrodinger equation for the donor in a spherical quantum dot
(SQD) is given by
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d’R  2m* 1
AR 2 e L ot

dr? + K2 2 2m*r?

where Zy is the donor charge number. In this paper, the
reduced atomic units are used so that energies are calcu-
lated in units of effective Rydberg R+ and correspond to a
length unit of one effective Bohr radius ag-. The Ry« and
ag+ can be determined by Ry = m*e*/2h?e? = 5.72 meV and
ag- = e /m*e® = 100 A, where m* and ¢ are, respectively,
the electron effective mass, m* = 0.065m,. and dielectric con-
stant of GaAs material, € = 12.4, respectively. In SI units
1 a.u. of the reduced electric and magnetic field strengths
is € = Ry /eap- =571 x 10° V-m~ - au."! as well as
B* =/e(ap)? = 6.567 T-a.u."!. As it is seen from Eq. (6),
in order to be able to investigate two-dimensional donor bind-
ing energy in an electromagnetic field, we need to solve the
radial Schrodinger equation for the following type of effective
potential

(m>—1/4)r* 1

* eZd
Veff(r): 2m*r2 +§m (DCZVZ—E"'S""‘V(V)?

(7
where V (r) is the donor confining potential and it is chosen as
follows: [46-31]

Worse () :De(ef2ax_zefocx)’ 3)

with x = (r —re)/re and o = are. Here, D, and a denote the
dissociation energy and Morse parameter, respectively. r. is
the equilibrium distance (bound length) between nuclei and
a is a parameter to control the width of potential well. The
term [(m? — 1/4)1?]/2m*r? comes from the two-dimensional
motion and behaves like a centrifugal potential. The radial
Schrodinger equation for the effective potential in Eq. (7) is
given by

d’R  2m"*

e + ?[En — Vege(r)]R(r) = 0, )
where

E,=E—(1/2)ow.hm.

The donor binding energy for any quantum state may be taken
as the difference in energy between eigenvalues in the absence
of the donor atom (Zyg = 0) and that in its presence (Zg = 1)

Ep() = En(Za=0) —Ep(Zg = 1). (10)

The model potential, which consists of 1/r> +r> —1/r4r+
(e 2" — e™") terms, cannot be solved analytically. Thus, we
have to use either approximation such as perturbation, vari-
ation, etc., or numerical methods (Runge—Kutta, Numerov,
etc.). In this study, we have solved the Schrodinger equa-
tion for Eq. (7) by using the Runge—Kutta 4-th order method.

(m*—1/4)p* 1

EZd
—m*@r?  —
Er

3 —V(r)—er|R(r)=0, (6)

The following ordinary first order differential equation can be
solved by using the Runge—Kutta method?!

—=f(xy), ¥(0)=yo. (1)

dx
According to the Runge—Kutta method, the solution of
Eq. (11)is

1
Ynt1 ZYn+6h<k1+2k2+2k3 +k4), (12)
Xpt1 =X, +h, n=0,1,2,... (13)
in terms of
k] == f(xm)’n)7
1 1
k2 = f (Xn + Ehuyn + 2hk1) )

1 1
k3 = nt shyn+ <hky ),
3 f(x tohynt s 2>

ks = f (X + h,yn + hk3), (14)

where & is the step size, and we used 4 = 0.05 in the cal-
culations. In order to apply the Runge—Kutta method to the
Schrodinger equation which is the second order, we rewrite the
Schrodinger equation as the first-order one so that we have the
two coupled first order linear ordinary differential equations.
Let us take dR(r)/dr = x(r), and then we have d*R(r)/dr* =
dy(r)/dr. Therefore the second-order Schrodinger equation
is reduced to the coupled first-order linear differential equa-
tions as follows:

ROy, RO)=0
) 2 VR =0,z =1 (15)

Integrating of the Schrodinger equation from ryy, = 0 to
Fmax = 25 A with the quantum mechanical boundary condi-
tions of the wave function which are R(0) = 0 and R(rmax) =0,
we can calculate the correct energy eigenvalues by using the
bisections method. In the calculations, we determine the radial
node of the wave functions by searching R(r) *R(r+h) < 0 for
the integration range. The energy eigenvalues are determined
in terms of the wave functions satisfying both boundary con-
ditions and radial number of nodes.

3. Numerical results

In Fig. 1, the influence of m quantum number and the ex-
ternal applied electric and magnetic fields on the effective po-
tential is shown. As can be seen in Fig. 1, when m is increased,
the forms of the potential pocket shown as black lines in Fig. 1
remain almost the same for m =0, 1, and 2. For m = 1, when
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the magnetic field is applied, the width of the potential pocket
becomes narrower. Moreover, as the strength of the magnetic
field increases, the potential pocket turns to a harmonic oscil-
lator for higher @, values. This situation can be understood
with the magnetic field represented by the harmonic oscillator
in Eq. (7). At the higher Larmor frequencies, since the har-
monic oscillator term is more dominant than other terms in the
effective potential, the system behaves as an harmonic oscilla-
tor. When the electric field is chosen as the positive direction,
the width of the potential pocket becomes wider. However,
when the electric field is in the negative direction, the width of
the potential pocket narrows.

300 g
m=0
m=2
200 m=1,e=10a.u.
m=1,e=-10a.u
m=1,w =10a.u
5 100 m=1,e=10a.u., w, =10 a.u.
<
>~ —_——
= oo\ =
X
—100 [
L
1
—200
i
I
—300 L .
0 1 2 3
r/a.u.

Fig. 1. (color online) The effective potential versus r for several quantum
numbers, the external electric and magnetic fields.

2.0

1.8

1.6

1.4
[

E/a.u.

1.2

1.0

0.8 1

D /a.u.

Fig. 2. (color online) The binding energies versus different D, values.

In Figs. 2, 3, and 4, we present our results for the binding
energy as a function of depth of the potential, equilibrium dis-
tance and potential width, respectively. In order to give a clear
picture of both electric and magnetic field effects on the bind-
ing energy, we also present the cases for without the electric
and magnetic fields for the confining potential parameters (D,
re, and a) for several quantum numbers. The obtained results
show that the binding energy increases as the potential depth
(D.) increases, as seen in Fig. 2. When the potential depth in-
creases, the ground state of the donor has a larger negative en-
ergy eigenvalue and hence the binding energy increases. But,

when the radial node and angular momentum quantum num-
bers are increased, the binding energy of the donor decreases
with increasing of these numbers as expected. The binding en-
ergy decreases approximately exponentially with the increas-
ing of the equilibrium distance (7.) and the binding energy of
the donor almost remains the same with increasing the quan-
tum numbers and r values in Fig. 3.

20 ——r———F——T———

0.5 1.0 1.5 2.0 2.5 3.0

r /a.u.

Fig. 3. (color online) The binding energies versus different r. values.

The reason for this decreasing of the binding energy of
the donor is the decreasing of the potential depth with increas-
ing the equilibrium distance. The binding energy of the donor
increases until a certain a value (approximately a = 1.5 ) and
then the binding energy decreases with increasing of the po-
tential width (a). When we increase the radial node and an-
gular momentum quantum numbers, the binding energy of the
donor decreases with increasing these numbers in Fig. 4. The
reason for this increasing and decreasing of the binding energy
of the donor is the potential which strongly depends on the pa-
rameter a. Firstly when parameter a increases the depth and
width of the potential increase and then the depth and width
of the potential decrease. Similar behavior can be seen in the
variation of the binding energy of donor versus a parameter in
Fig. 4.

2.0 , | ,

Eg/a.u.

1 2 3 4
a/a.u.

Fig. 4. (color online) The binding energies versus different a values.
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Fig. 5. (color online) The binding energies versus different electric and mag-
netic field (a.u).

In Fig. 5, we show the applied electric and magnetic field
dependence of the donor binding energy for the constant val-

ues of the confining potential parameters. These parameters
are D, = 100 a.u., re = 0.5 a.u,, and a = 1 a.u. In Fig. 5, the
effect of the electric field on the binding energy of the donor
for with and without electric field strength is shown. As can
be seen from the curve in Fig. 5, it is clear that the binding
energy is an increasing function of the negative electric field
strength. But the binding energy is a decreasing function of
the positive electric field strength. This is an expected result
since if the electric field in Eq. (7) is positive, the depth of
the effective potential decreases and the binding energy of the
donor decreases. In contrast, if the electric field is negative,
the depth of the effective potential increases and the binding
energy of the donor increases as well. We have shown that
the binding energy increases with increasing of the magnetic
field in Fig. 5. At the higher Larmor frequencies in Eq. (7),
the harmonic oscillator term becomes more dominant than the
other terms. Therefore when Larmor frequencies increase, the
binding energy of the donor increases.

In Table 1, we list our results for several n, and m quan-
tum numbers. It is clear that the binding energy decreases with
increasing quantum numbers when the electric and magnetic
fields are zero as well as for only the electric field being neg-
ative or positive. However, when only the magnetic field is
applied does the binding energy increase with the increasing
of quantum numbers, and the binding energy takes only the
positive values.

Table 1. E, , values for different quantum numbers, the electric and magnetic field strengths. In the
calculations, D, = 100 a.u., a = 1 a.u., r. = 0.5 a.u. are used and all other units are in unit a.u.

(ny,m) e=0,0.=0 e=-50=0 €£=50.=0 £=00.=20 £=0, 0. =50
(1,1) —78.9914 —75.3713 —82.7499 —46.2349 27.4083
(2,1) —65.8542 —61.4123 —70.4717 —22.4994 77.5060
(2,2) —60.5107 —55.5925 —65.6244 —1.4545 127.3770
(3,1) —53.8405 —48.5248 —59.3936 1.3268 128.3680
(3,2) —48.8310 —43.0250 —54.9089 22.6030 178.6610
(3,3) —43.8178 —37.5366 —50.4111 439174 228.8660

—n =1 m=1

) P B

I L |

P R .
0 0.5 1.0 1.5 2.0 2.5 3.0

r/a.u.

Fig. 6. (color online) Normalized wave functions for several quantum num-
bers.

Figure 6 shows the normalized wave function for sev-

eral quantum numbers and the absence of any external electric
and magnetic fields, the constant potential parameters used in
our calculations are taken as the following: D, = 100 a.u.,
re=05au.,anda=1a.u.

4. Summary and conclusion

In this paper, we have used the Runge—Kutta method and
the effective-mass approximation in order to investigate the ef-
fects of confining potential and applied electric and magnetic
fields on the binding energy of donor impurity in the GaAs—
Gaj_,Al,As quantum well wire. The binding energy of the
donor for without the applied electric and magnetic fields is
calculated. Our results can be summarized as follows. In the
case of without the external fields, (i) the binding energy in-
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creases with increasing the potential depth (D), (ii) the bind-
ing energy decreases with increasing of the equilibrium dis-
tance (r.) and the potential width (a). In the case of the con-
stant values of the confining potential parameters with exter-
nal fields, (iii) the binding energy of the donor increases or
decreases depending on the direction of the applied electric
field, (iv) the binding energy increases with increasing mag-
netic field. Actually, the reason for the increasing of the bind-
ing energy of the donor is increasing of the depth and width
of the effective potential due to the external fields. It should
be noted that the parameters in Morse potential would be used
for modeling some different effects which change the energies
of the donor in semiconductor studies. In addition to this, the
obtained results related with the external field effects on the
energies might be interesting for both experimental and theo-
retical studies on the impurities in the field.
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