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Abstract. Within the framework of effective-mass and envelope wave function approach, using a variational
method, we have investigated the binding energy of shallow-donor impurities in an asymmetrical semi-
exponential quantum wells (ASEQW). The obtained numerical results show that the structure parameters (c
and, Vo) lead to significant changes in the impurity binding energy. Furthermore, these results show that the
hydrogenic donor impurity binding energy may be increased or decreased as a function of the impurity
position in quantum well.
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Asimetrik Yar1-Ustel Kuantum Kuyularindaki Safsizhklarin Baglanma
Enerjisi

Ozet. Etkin-kiitle ve zarf dalga fonksiyonu yaklasimi gercevesinde, varyasyonel bir metot kullanarak,
asimetrik yari-iistel kuantum kuyularinda sig-donor safsizliklarin baglanma enerjisini arastirdik. Elde edilen
sayisal sonuglar, yapi parametrelerinin (¢ ve Vo) Safsizlik baglanma enerjisinde 6nemli degisikliklere yol
actigin1 gostermektedir. Ayrica, bu sonuglar, hidrojen iceren donor safsizliklarin baglanma enerjisinin
kuantum kuyusundaki safsizlik pozisyonunun bir fonksiyonu olarak arttirilabilecegi veya azaltilabilecegini
gostermektedir.

Anahtar Kelimeler: Kuantum kuyusu, safsizlik.

1. INTRODUCTION

ASEQW are studied by Mou et al. [10].
Technological developments in the growth

Third-harmonic generation (THG) coefficients in

techniques in the past several years have made it
possible to prepare differently  formed
semiconductor quantum wells (QWSs). These
differently shaped semiconductor structures are
important because of their physical properties and
technological application in electronic and
optoelectronic devices. Therefore, there have been
attracted considerable interests on such structures
[1-12]. Li et al have studied theoretically linear
and nonlinear optical properties in ASEQW [9].
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It is well known that the issue of the hydrogenic
binding of an electron to a donor impurity which
is confined within low-dimensional
heterostructures has been a topic of considerable
interest. It is important to understand the
electronic and optical properties of impurities in
these systems, because the optical and transport
properties of the devices made of this material are
strongly influenced by the presence of shallow
impurities. Several studies have been done on the
hydrogenic  impurity  in  low-dimensional
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structures [13-20]. Sari et al. have investigated the
binding energy of shallow-donor impurities in
quantum-well wires (QWWSs) and quantum dots
(QDs) [13-16]. The problem of hydrogenic-like
donor impurity, located at the center of a spherical
semiconductor QD was investigated by Al-Hayek
et al. [17]. Zhang et al. researched the binding
energy of the shallow donor impurity in the
asymmetric semiconductor QW [18]. Hydrogen-
like donor impurity states in strongly oblate
ellipsoidal QD have been studied by Hayrapetyan
et al. [19]. Tshipa et al. have investigated the
binding energies of a donor charge assumed to be
located exactly at the center of symmetry of two
concentric cylindrical QWWs [20].
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In this work, we have investigated the binding
energy of shallow-donor impurities in an
ASEQW. The paper is organized as follows: in
Section 2, the theoretical framework is described.
Section 3 is dedicated to results and discussion.
Finally, the conclusion is given in Section 4.

2. THEORY

In the effective-mass approximation, the
Hamiltonian describing the interaction of an
electron with a hydrogenic impurity inside a QW
is given by

n (o
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where z represents the growth direction, m* is
electron effective mass, e is the electron charge,

the quantity &, is the dielectric constant of the
system, and V(z) is the confinement potentials for

the electron in the z-directions. The electron
confining potential, V (z), is taken as [9]

)

zlo >
o

where Vg and o are positive structure parameters.

Using the variational method, it is
possible to associate a trial wave function, which
is an approximated eigen-function of the
Hamiltonian described in Eq. (1). The ground-
state wave function of the impurity is given by

¥(r) =v(2)¢(p, 1) )

where the wave function in the (x-y) plane is
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where A is the variational parameter. The ground
state donor binding energy is calculated as

E, =E, -min{y|H|y) (5)

where E; is the ground-state energy of electron
obtained from the Schrédinger equation for the
motion along the z-direction without the
impurity.

3. RESULTS AND DISCUSSION

Numerical results are illustrated for a typical
GaAs/AlGaAs. The values of the physical
parameters used in our calculations are m”=
0.067 mo (mp is the free electron mass),

& =13.1 (the static dielectric constant is
assumed to be same everywhere).

In Fig. 1(a), the confinement potential profile and
the initial ground state energy level with their
squared wave functions for Vo = 40 meV, and
two different ¢ values is plotted. As seen in this
figure, the lower o value causes the deeper
potential well, which strongly confines the
electrons in the conduction band. Therefore, the
initial ground state energy levels clearly shift
towards higher energies with decrease in ¢ value.
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Figure la. The variation of the o value, the initial ground
state and squared wave functions related to these the initial
ground state in the asymmetrical semi-exponential
quantum wells for Vo = 40 meV as a function of the
position.

In Fig. 1(b), the confinement potential profile and
the initial ground state energy level with their
squared wave functions for ¢ = 5 nm, and two
different Vo values is plotted. As seen in this
figure, the higher Vo value causes the deeper
potential well, which strongly confines the
electrons in the conduction band. Therefore, the
initial ground state energy levels clearly shift
towards higher energies with increase in Vo value.

300

(b)

250

200

150 4

F.I{meV)

100 —V, = 40 meV

eV = 50 meV

50 o=5nm

2A)

Figure 1b. The variation of the Vo value, the initial
ground state and squared wave functions related to these
the initial ground state in the asymmetrical semi-
exponential quantum wells for = 5 nm as a function of
the position.

The variation of the binding energy as a function
of the of the impurity position for Vo = 40 meV
and for different values of ¢ is given in Fig. 2. The
figure clearly shows the reduction of the binding
energy as the o value increases. Because as the o

value decreases the geometric confinement of the
donor electron increases, the probability of finding
the electron around the impurity increases, and
this behavior gives an increment in the donor
binding energy. Furthermore, it can be observed in
Fig. 2 that the variation of the binding energy with
is sensitive to the impurity positon.
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Figure 2. The variation of the binding energy of an impurity as a
function of the impurity position for Vo = 40 meV for different
values of 6.

The variation of the binding energy as a function
of the of the donor impurity position for 6 = 5 nm
and for different values of Vo is given in Fig.3.
From this figure, as the Vo increases, the peak
position of the binding energy moves to the
smaller impurity position values; this is evident as
the donor electron distribution shifts to the left
side of the QW in the z-direction.

40

354

V0= 80 meV

V= 60 meV
V0= 40 meV

G =5nm

304

EB(m eV)

251

0 15 30 45 60 75
z(A)

Figure 3. The variation of the binding energy of an impurity as a
function of the impurity position for ¢ =35 nm and for different
values of Vo.
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4. CONCLUSION

As a summary, in this study we have
investigated the effects of the donor impurity
position, ¢ and Vo on the donor impurity
binding energy in an ASEQW. The obtained
results show that the structure parameters (¢ and,
Vo) lead to significant changes in the donor
impurity binding energy. This case gives a new
degree of freedom in device applications, such as
near-infrared electro-absorption modulators and
quantum well infrared detectors, and all optical
switches.

Acknowledgements:

The authors are grateful to The Scientific
Research  Project Fund of Cumhuriyet
University under the project number TEKNO-
023.

REFERENCES

[1]. Learitt R.P.,, Binding energies of
hydrogenic impurities in parabolic quantum
wells, Phys. Rev. B 36 (1987) 7650-7652.

[2]. Zang J.X., RustgiM.L., Energy levels of a
hydrogenic impurity in a parabolic quantum
well with a magnetic field, Phys. Rev. B 48
(1993) 2465-2469.

[3]. Niculescu E.C., Binding energy of a double
donor in a parabolic quantum well, Phys.
Lett. A 197 (1995) 330-334.

[4]. Niculescu E.C., Donor impurity in a finite
parabolic quantum well, Phys. Lett. A 213
(1996) 85-88.

[6]. Kasapoglu E., Sar1 H., Sokmen I., Binding
energies of shallow donor impurities in
different shaped quantum wells under an
applied electric field, Physica B 339 (2003)
17-22.

[6]. Karlsson K.F., Dupertuis M.A., Weman H.,
Kapon E., Fractional-dimensional excitonic
absorption theory applied to V-groove
guantum wires, Phys. Rev. B 70 (2004)
153306.

[7]. Restrepo R.L., Giraldo E., Miranda G.L.,
Ospina W., Duque C.A., Hydrogenic donor
impurity in parallel-triangular quantum

[8].

81

[10].

[11].

[12].

[13].

[14].

[15].

wires: Hydrostatic pressure and applied
electric field effects, Physica B 404 (2009)
5163-5166.

Yesilgul U., Linear and nonlinear
intersubband optical absorption coefficients
and refractive index changes in symmetric
double semi-V-shaped quantum wells,
Journal of Luminescence 132 (2012) 765-
773.

Liu G, Guo K. Wu Q., Linear and
nonlinear intersubband optical absorption
and  refractive  index change in
asymmetrical semi-exponential quantum
wells, Superlattices and Microstructures 52
(2012) 183-192.

Mou S., Guo K., Xiao B., Studies on the
third-harmonic generation coefficients in
asymmetrical semi-exponential quantum
wells, Superlattices and Microstructures 65
(2014) 309-318.

Xiao B., Guo K., Mou S., Zhang Z.,
Polaron effects on the optical rectification
in asymmetrical semi-exponential quantum
wells, Superlattices and Microstructures 69
(2014) 122-128.

Mou S., Guo K., Xiao B., Polaron effects
on the linear and nonlinear intersubband
optical absorption coefficients in quantum
wells with asymmetrical semi-exponential
potential, Superlattices and Microstructures
72 (2014) 72-82.

Sari H., Sokmen I, Yesilgul U,
Photoionization of donor impurities in
guantum wires in a magnetic field, J. Phys.
D: Appl. Phys. 37 (2004) 674-677.
Kasapoglu E., Yesilgul U., Sari H., Sokmen
I., The effect of hydrostatic pressure on the
photoionization cross-section and binding
energy of impurities in quantum-well wire
under the electric field, Physica B 368
(2005) 76-81.

Kasapoglu E., Yesilgul U., Sari H., S6kmen
I., The effect of intense laser field on the
photoionization cross-section and binding
energy of shallow donor impurities in
graded quantum-well wire under an electric
field, J. Phys.: Condens. Matter 18 (2006)
6263-6271.



[16].

[17].

[18].

Yesilgiil / Cumhuriyet Sci. J., Vol.39-4 (2018) 1015-1019

Yesilgul U., Sakiroglu S., Kasapoglu E.,
Sari H., Sokmen 1., The effects of
temperature and hydrostatic pressure on the
photoionization cross-section and binding
energy of impurities in quantum-well wires,
Superlattices and Microstructures 48 (2010)
106-113.

Al-Hayek 1., Sandouga A. S. , Energy and
binding energy of donor impurity in
qguantum dot with Gaussian confinement,
Superlattices and Microstructures 85 (2015)
216-225.

Zhang C., Wang Z. Liu Y. Guo K,
Binding energy of shallow donor impurity

[19].

[20].

in asymmetric quantum wells, Physica E 43
(2010) 372-374.

Hayrapetyana D.B., Ohanyana G.L.,
Baghdasaryana D.A., Sarkisyana H.A.,
Baskoutas S., Kazaryana E.M., Binding
energy and photoionization cross-section of
hydrogen-like donor impurity in strongly
oblate ellipsoidal quantum dot, Physica E
95 (2018) 27-31.

Tshipa M., Winkoun D.P., Nijegorodov N.,
Masale M., Donor impurity binding
energies of coaxial GaAs/AlGaAs
cylindrical quantum wires in a parallel
applied magnetic field, Superlattices and
Microstructures 116 (2018) 227-237.



