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Abstract: The ground state binding energy of hydrogenic impurity in a triple GaAs/Al,Ga;  As quantum well-
wire (QWW) system subjected to an external electric field applied perpendicular to the along axis of the wire
system is studied. The valance subband energies and wave functions in the presence of an electric field are cal-
culated using the fourth-order Runge-Kutta method. The variational method for the binding energy of hydro-
genic impurity in a triple GaAs/Al,Ga;.,As QWW has been used. Binding energy calculations were performed
as function of the wire thickness, the electric field and the impurity position. Numerical results for binding en-
ergy of hydrogenic impurity in a triple GaAs/Al,Ga; ,As QWW show a sharp decrease or increase, which may
be important in device applications, under suitable conditions.
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Elektrik alan altinda iiclii GaAs/AlxGal-xAs kuantum kuyu-tellerinde bir hidrojenik yabanci atomun baglanma
enerjisi

Ozet: Tel sisteminin ekseni boyunca dik uygulanan bir dis elektrik alan etkisine maruz kalan iiclii
GaAs/Al,Ga; As kuantum kuyu tel sisteminde, hidrojenik yabanci atomun taban durum baglanma enerjisi gali-
sildi. Elektrik alan etkisinde, valans subband enerjileri ve dalga fonksiyonlari dérdiincii derece Runge-Kutta
metodu kullanilarak hesaplandi. Uglii GaAs/Al,Ga, As kuantum kuyu telinde hidrojenik yabanci1 atomun bag-
lanma enerjisi i¢in varyasyonel metot kullanilmistir. Baglanma enerjisi hesaplari tel kalinliginin, elektrik alanin
ve yabanci atomun konumunun fonksiyonu olarak incelenmistir. Uclii GaAs/Al,Ga, 4 As kuantum kuyu telinde
hidrojenik yabanci atomun baglanma enerjisi i¢in niimerik sonuglar keskin bir artma veya azalma gosterir ki bu
uygun sartlar mevcut oldugunda devre elemanlari uygulamalarinda nemli olabilir.

Anahtar Kelimeler: baglanma enerjisi, elektrik alan, ticli GaAs/Al,Ga;_ As kuantum kuyu telleri.

Giris

Sakaki (1980) was the first to suggest mobility enhancement in thin semi-conducting wires. The electric
and optical properties of semi-conducting QWWs have recently attracted considerable attention (Chao and
Thoai, 1995; Ulas et al., 1997; Thoai, 1992). Lee and Spector (1983) have first treated a hydrogenic impurity
placed on the axis of QWW, assuming infinite confining potential, neglecting in this way the tunnelling effects
across the surface of QWW. They have shown that the enhancement of the binding energy for the ground state
is even greater than that in two dimensional quantum wells. The binding energy approaches infinity as the ra-
dius of the QWW decreases. Later on, many authors have investigated the binding energies for hydrogenic im-
purity states in QWWs (Vasilopoulos and Raichev, 2000; Montes et al.,1998).

The interest in these systems resides essentially in the possibility of various device applications. The effect
of an applied electric field on the physical properties of such devices constitutes considerable interest. For in-
stance, the application of an electric field in the crystal growth direction causes a polarization of the carrier dis-
tribution and shifts the quantum energy states, which can be used to control and modulate the intensity output
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of the device (Aktas et al, 2001; Chuu et al, 1992; Lee and Kim, 1998; Aghasyan and Kirakosyan, 2000, Aktas
et al., 2000). Therefore, QWWs may be very useful for the fabrication of new kinds of optoelectronic devices
(Korepov and Liberman, 1999; Kim and Lee, 2000; Okan et al., 2000).

The aim of this paper is to calculate the ground state binding energy of a hydrogenic impurity in rectangular
triple GaAs/Al,Ga;,As QWWs depending on the electric field strength, the wire thickness and the impurity
position. The geometric structure of the rectangular triple GaAs/Al,Ga; As QWW is shown schematically in
figure 1.
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Figure 1. Schematic view of a rectangular triple GaAs/Al,Ga; ,As QWW system.

Theory
Let us consider a rectangular QWW placed of external electric field perpendicular to wire axis. Within the

framework of the effective mass approximation, the Hamiltonian for the wire of rectangular cross-section, ly-
ing along the z-direction is given as
n ot o’
H, =- (a 5 +a =)+ V(x,y)+eF(xcosf+ ysinb) 1)
X 4

’ 2m’
*
where 71 is the effective mass of the electron, F is the electric field strength applied in along the X — )

plane and @ is the angle between the electric field and the X -axis. In eq. (1), the finite barrier potential
V(x,y) can be taken as
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where, the electron is free to move along the z-direction but constrained along X —and ) — directions. The

ground state wave function ¥/ (x, y) and the ground state energy EO are numerically obtained by using the
fourth order Runge-Kutta method (Bloss, 1989). In numerical calculates it is used FORTRAN program lan-
guage.

For an impurity at(x;, ,,0) , the Hamiltonian becomes
K o2 e’

* 2 -
2m 0z 8\/(x_xi)2+(y_yi)2+zz

where &is the static dielectric constant of the medium in which the electron moves,

H =H,- 3)

)
[(x -x) +(y—y,) +z° ]A is the distance between the carrier and the impurity site. As a trial wave func-
tion for the ground state of the impurity we have used

V(632 2) = Ny (2, 9) exp(—y (= x,) 7 + (= p,)> +2° J2) 4)

where NV, | 1s normalization constant and A is the variational parameter that is determined by minimizing the

expectation value El of the Hamiltonian in eq. (3).

<‘//1 |H1 |‘//1 >

E =
1 <‘//1 |‘//1>

)
Amin
The impurity binding energy F p1s defined as the difference between the lowest value of the electron en-

ergy EO and the impurity energy El (Aktas vd. 2001, Aktas vd. 2000).

E,=E,—-E, (©)
__ 1,24
A B
where
A= [ [dvdyy? (x. 0K (=2 +(v=3)* 2) ™

and

B= [ [dvdyy? eyn(e-x) + -y K, @J-x) + (-3 ) [ @
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K o and K 1 are the zero and first- order modified Bessel functions of the second kind, respectively.

Results and Conclusions
In this section we carry out the numerical calculations for different cases of the triple GaAs/Al,Ga; As
QWWs. The results are presented in reduced effective units of length and energy, which are given in term of

effective Bohr radius @ = hzé‘/ m’e’ and effective Rydberg constant R =m'e* / 2h*e? , respectively.

These units are @ =98 A and R* =~ 5.83 meV for hydrogenic donors in GaAs/Al,Ga; ,As QWWs. We have
considered the Al concentration x = (.3 which corresponds to a potential barrier of approximately V=220

meV. The external electric field is applied in the x-direction (6 = 0).

In Figs. 2 and 3, the binding energy with and without electric field are shown as a function of the outer
QWWs thickness Lxa, Lxc for a hydrogenic impurity localized at the center of the inner and of the right outer
QWW, respectively. In both figures, the Lxb=0.8 a* and the brb=bra=0.3 a* are constant. The Lxa=Lxc
changes from 0.4 a* to 1.5a*.

In Fig. 2, the impurity is at the center of right outer wire. As Lxa=Lxc increase, a slight decrease in the
binding energy is seen due to the weakening Coulomb interaction between impurity and electron for F=0.
While the thickness of outer wires is small in the first, the existence probability of the electron in outer wires is
also small. This causes the weakening Coulomb interaction. Therefore, the binding energy has been small. At a
critical value of Lxa=Lxc(~0.8a*), the outer QWW thicknesses are bigger than the inner QWW thickness.
The electron, within the inner QWW in the first place, passes to the outer QWWs with tunnelling. For this rea-
son, the electron becomes close to the impurity. This case causes an approximately three-fold increase in the
binding energy. When the electric fields, F=-5 kV/cm and F=-10 kV/cm, are applied, the binding energy shows
a slight increase in comparison with the field-off case. Owing to the existence probability of electron in right
outer QWW have more increased with the electric field effect, the critical transition point changes from 0.8 a*
to 0.6a*.
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Figure 2. Binding energies
2.00 of an electron bound to a hy-
drogenic impurity at the centre
of right outer QWW as a func-
tion of the outer QWWs thick-
ness Lxa=Lxc for various elec-
tric field strengths.
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In Fig. 3, the impurity is at the centre of inner wire. Unlike Fig. 2, the binding energy rapidly decreases
about Lxa=Lxc ~0.8a*. This is an expected behaviour. In the first, while the existence probability of the elec-
tron in inner wire is higher than outer wires, the existence probability of the electron in outer wires is increas-
ing together with increasing outer wire thicknesses. Therefore, the binding energy shows rapid a decrease due
to removing of the electron from the impurity.
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Figure 4. The electron distribution probability along the X axis. For five different outer wire thicknesses (A:0.4a*,
B:0.7a*, C:0.9a*, D:1.1a*, E:1.4a*) and three different electric field strengths.

The electron distribution probabilities have been shown in Fig. 4 for different outer wire thicknesses and
electric field strengths. In this figure, Lxb=0.8a* and bra=brb=0.3a* are constants. For the zero electric field,
the electron realises a transition from inner wire to outer wires as the outer wire thickness increases. This gives
a reduction or increase in the probability of the finding the electron and impurity in the same plane. These tran-
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sitions explain behaviour of rapid increase and decrease in the Figs 2-3. If the electric field is applied, the elec-
tron distribution probability is mostly confined to the right side of QWW.

In summary, we present numerically solved triple GaAs/Al,Ga,,As QWWs for different cases. The results
demonstrate that the binding energy of electron has changed with the electric field strength and the impurity
position. It may particularly be useful in technological applications that the electron binding energy suddenly
change with a small external electric field. In further studies the binding energy may also be investigated as a
function of inner wire thickness, barrier thickness and electric field strength.
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